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Kurzfassung 

Ungleich der meisten Pilze sind Schimmelpilze der Gattung Trichoderma (Hypocreales, 

Ascomycota) aggressive Parasiten anderer Pilze sowie effiziente Zersetzer pflanzlicher 

Biomasse. Obgleich Nahrungsveränderungen in der Gattung der hypocrealen Pilze gängig sind, 

gibt es keine Beispiele für diese umfassenden Substrat-Vielseitigkeit in Trichoderma. Viele der 

Trichoderma Spezies werden als Biodünger und Biofungizide verwendet; T. Reesei dient als 

Modellorganismus in der industriellen Produktion zellulolytischer Enzyme. Außerdem 

verwüsten manche opportunistische Spezies Pilzfarmen und können so als Krankheitserreger 

dem Menschen gefährlich werden. Aus diesem Grund ist es erforderlich die immer größere 

Relevanz der ubiquitären Pilzgattung Trichoderma sowohl in ihrer Biologie als auch Evolution 

zu verstehen.  Eine vergleichende Analyse der drei ersten Genome hat ergeben, dass 

Mycoparasitismus eine angeborene Eigenschaft Trichodermas ist. Allerdings ist die Entwicklung 

anderer Eigenschaften weiterhin noch nicht entschlüsselt. Wir haben die am häufigsten 

vorkommenden Trichoderma Spezies ausgewählt und ihre genomische Entwicklung 

untersucht. Eine phylogenomische Untersuchung 23 hypocrealer Pilze (einschließlich neun 

Trichoderma spp. Sowie dem Verwandten Escovopsis weberi) hat ergeben, dass die Gattung 

Trichoderma und E. Weberi von einem gemeinsamen Vorfahren, welcher limitierte 

zellulolytische Fähigkeiten hatte und sich von anderen Pilzen oder Arthropoden ernährte, 

abstammen. Weiters litt das Escovopsis weberi Genom unter extensivem Genverlust, wodurch 

seine kohlehydrat-aktiven Enzyme dezimiert wurden. Die evolutionäre Analyse des 

Trichoderma Gens, welches für Pflanzenzellwand abbauende, kohlehydrataktive Enzyme sowie 

für Hilfsproteine (pcwdcazome, 122 Genfamilien) codiert – basierend auf einer 

Genbaum/Spezies Übereinstimmung - hat bewiesen, dass die Entstehung der Gattung durch 

bisher unbekanntes Ausmaß an lateralem Gentransfer (lateral gene transfer, LGT) 

einhergegangen ist. Nahezu die Hälfte der Gene im Trichoderma pcwdcazome (47%) wurden 

durch LGT pflanzennaher filamentöser Pilze, welche diversen Klassen der Ascomycota 

angehören, erhalten, während kein LGT von anderen potentiellen Spendern beobachtet 

werden konnte. Zusätzlich zu der Fähigkeit sich von nicht verwandten Pilzen (wie beispielsweise 

Basidiomycota) zu ernähren, können wir außerdem zeigen, dass Trichoderma in der Lage ist, 

Endoparasitismus an einer breiten Auswahl an Ascomycota, inklusive vorhandenen LGT 

Spendern, zu betreiben. Dieses Phänomen konnte jedoch nicht bei E. Weberi und nur sehr 



Komal Chenthamara Dissertation Kurzfassung 

10 | P a g e

selten bei anderen mycoparasitischen hypocrealean Pilzen beobachtet werden. 

Dementsprechend schlägt unsere Studie vor, dass LGT im Zusammenhang mit Trichodermas 

Fähigkeit, von taxonomisch verwandten Pilzen (genau genommen bis hin zu 

Adelphoparasitismus) zu schmarotzen, steht. Das könnte dazu geführt haben, dass der primär 

mycotrophische Pilz Trichoderma sich zu einem Pflanzenbiomasseverwerter entwickelt hat. Die 

Beurteilung des gesamten Proteoms bezüglich lgts bestätigt, dass diese Art von starkem LGT 

speziell auf das pcwdcazome zutrifft und nicht auf andere Genfamilien.  

Die Entwicklung Trichodermas hat in der Zeit des kreidezeitlich-Paläogenen Aussterbens vor 66 

(±15) Millionen Jahren stattgefunden; die Entstehung der noch vorhandenen taxonomical 

sections (Longibrachiatum und Trichoderma) sowie Kladen (Harzianum/Virens) geschah im 

Oligozän. Die Evolution der Harzianum Klade und des Bereichs der Trichoderma wurde von 

signifikantem Genzuwachs begleitet; der Vorfahre der Sektion Longibrachiatum jedoch 

durchlief rapiden Genverlust. Ankyrine sind die Gene, welche dabei am häufigsten erlangt 

wurden.  Die evolutionäre Analyse der Ankyrin-Domänen beinhaltenen Proteine, welche im 

Zuge dieser Doktorarbeit durchgeführt wurde, hat gezeigt, dass sie außerdem häufig in 

„Orphomes“ in allen Trichoderma Spezies vorkommen. Bei etwa der Hälfte der Trichoderma 

ankyrome handelt es sich um „orphan“-Proteine. Die erlangten Daten, welche in dieser 

Dissertation präsentiert werden, geben Einblick in die evolutionären Mechanismen des 

Mykoparasiten Trichoderma und dessen Entwicklung zu einem Generalisten.  
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Summary 

Unlike most other fungi, molds of the genus Trichoderma (Hypocreales, Ascomycota) are 

aggressive parasites of other fungi and efficient decomposers of plant biomass. Although 

nutritional shifts are common among hypocrealean fungi, there are no examples of such broad 

substrate versatility as that observed in Trichoderma. Many Trichoderma species are used as 

biofertilizers and biofungicides, and T. Reesei is the model organism for industrial production 

of cellulolytic enzymes. In addition, some highly opportunistic species devastate mushroom 

farms and become pathogens of humans. Thus, the growing importance of the ubiquitous 

fungal genus Trichoderma requires understanding its biology and evolution. A comparative 

analysis of the first three genomes revealed mycoparasitism as an innate feature of 

Trichoderma. However, the evolution of other traits remained not understood. We selected 

most commonly occurring Trichoderma species and studied the evolution of their genomes. A 

phylogenomic analysis of 23 hypocrealean fungi (including nine Trichoderma spp. And the 

related Escovopsis weberi) revealed that the genus Trichoderma and E. Weberi has evolved 

from an ancestor with limited cellulolytic capability that fed on either fungi or arthropods. 

Further, the genome of Escovopsis weberi has undergone extensive gene loss and became 

depleted in carbohydrate-active enzymes. The evolutionary analysis of Trichoderma genes 

encoding plant cell wall-degrading carbohydrate-active enzymes and auxiliary proteins 

(pcwdcazome, 122 gene families) based on a gene tree / species tree reconciliation 

demonstrated that the formation of the genus was accompanied by an unprecedented extent 

of lateral gene transfer (LGT). Nearly one-half of the genes in Trichoderma pcwdcazome (47%) 

were obtained via LGT from plant-associated filamentous fungi belonging to different classes 

of Ascomycota, while no LGT was observed from other potential donors. In addition to the 

ability to feed on unrelated fungi (such as Basidiomycota), we also showed that Trichoderma is 

capable of endoparasitism on a broad range of Ascomycota, including extant LGT donors. This 

phenomenon was not observed in E. Weberi and rarely in other mycoparasitic hypocrealean 

fungi. Thus, our study suggests that LGT is linked to the ability of Trichoderma to parasitize 

taxonomically related fungi (up to adelphoparasitism in strict sense). This may have allowed 

primarily mycotrophic Trichoderma fungi to evolve into decomposers of plant biomass. The 

whole proteome LGT assessment confirmed this kind of massive LGT is specific for pcwdcazome 

and not to any other gene families. 
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Trichoderma evolved in the time of the Cretaceous-Palaeogene extinction event 66 (±15) Mya, 

but the formation of extant sections (Longibrachiatum and Trichoderma) or clades 

(Harzianum/Virens) happened in the Oligocene. The evolution of the Harzianum clade and 

section Trichoderma was accompanied by significant gene gain, but the ancestor of section 

Longibrachiatum experienced rapid gene loss. Ankyrins are amongst the largest number of 

genes gained. The evolutionary analysis of ankyrin domain-containing proteins performed in 

the course of this dissertation revealed that they are also frequent in orphomes of all 

Trichoderma species. About one half of Trichoderma ankyrome are orphan proteins. The data 

presented in this dissertation offer insights into the evolutionary mechanisms of a mycoparasite 

Trichoderma towards becoming a generalist.
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Structure of the dissertation 

This semi-cumulative Ph.D. dissertation consists of six chapters and several supplementary 

sections such as a Glossary, Introduction, and Appendices. All the chapters are comprised 

mainly using results obtained throughout this Ph.D. Research that is based on the toolkits of 

Microbiology, Computational Biology, Bioinformatics and Big Data Analysis in general.  

Chapter 11 serves as an introduction for this dissertation and summarizes the post-genomic 

investigations on mycotrophic fungi from different taxonomic groups with a special focus on 

fungal-fungal interactions of hypocrealean molds. Chapter 22 describes the unique features of 

the genome of Escovopsis weberi, a strictly mycotrophic fungus taxonomically close to 

Trichoderma.  

The core of the Ph.D. dissertation research, however, is presented in the Chapter 33 that reports 

an extensive study about the evolution of plant cell wall degrading carbohydrate active 

enzymes in Trichoderma. The major outcome of this study was the detection of the massive 

lateral transfer of genes required for the degradation of plant biomass to Trichoderma genomes 

from some fungi that this fungus can parasitize. These exciting results allowed us to propose a 

concept of adelphoparasitism (parasitism on closely related organisms) as an important factor 

contributing to the architecture of Trichoderma genomes and prompted the follow-up research 

on the lateral gene transfer in fungi.  Chapter 3, presents the detailed evolutionary and LGT 

assessment of all Trichoderma cellulolytic enzymes that may serve as a reference for the 

scientists researching these genes for industrial applications.  

Following up the results of the Chapter 3, Chapter 4 presents the outcome of the pilot 

assessment of the contribution of putative xenologues genes in the development of 

hypocrealean genomes providing the list of putative LGT genes in 37 hypocrealean proteomes. 

1Chenthamara K, Druzhinina IS. Ecological Genomics of Mycotrophic Fungi. In Mycota IV Environmental and 

Microbial Relationships 2016 (pp. 215-246). Springer, Cham. Editors: Irina S. Druzhinina and Christian P. Kubicek, 

DOI: 10.1007/978-3-319-29532-9_12 
2 de Man TJ, Stajich JE, Kubicek CP, Teiling C, Chenthamara K, Atanasova L, Druzhinina IS, Levenkova N, Birnbaum 

SS, Barribeau SM, Bozick BA. Small genome of the fungus Escovopsis weberi, a specialized disease agent of ant 

agriculture. Proceedings of the National Academy of Sciences. 2016 Mar 9:201518501. 
3 Druzhinina IS, Chenthamara K, Zhang J, Atanasova L, Yang D, Miao Y, Rahimi MJ, Grujic M, Cai F, Pourmehdi S, 

Salim KA. Massive lateral transfer of genes encoding plant cell wall-degrading enzymes to the mycoparasitic fungus 

Trichoderma from its plant-associated hosts. PLoS Genetics. 2018 Apr 9;14(4):e1007322. 

https://doi.org/10.1007/978-3-319-29532-9_12
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Chapter 5 throws light on the expansion of ankyrins in the genomes of Trichoderma species. 

And in the end, Chapter 6 provides conclusive remarks from the comparative genomics of 

Trichoderma and related fungi interconnecting the first five chapters.  

Published articles included in the dissertation are supplemented by the statements on the 

contribution made by the Ph.D. Candidate. 

Appendix I refers to a CD attached to the hard copy of the dissertation that includes all files and 

the Supplementary materials for Chapter 4. 

Appendix II presents peer-reviewed scientific papers co-authored by the Ph.D. Candidate but 

not included in the dissertation; the contribution by the Ph.D. Candidate is nevertheless 

described.  

Appendix III comprises posters presented by the Ph.D. Candidate on the international scientific 

conferences.  
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Abbreviations 

ANK - Ankyrin 

Ankdc - Ankyrin domain containing 

BLAST - Basic Local Alignment Search Tool 

BUSTED - Branch-Site Unrestricted Statistical Test for Episodic Diversification 

FUBAR - Fast Unconstrained Bayesian approximation 

GTR - Generalized Time Reversible (model) 

Hdc-ankdc - Host-domain containing ankdc 

HET - Heterokaryon Incompatibility 

HGT – Horizontal gene transfer 

JGI - Joint Genome Institute 

LGT – Lateral gene transfer 

Mbp - Million base pairs 

MCL - Markov Cluster Algorithm 

MEME - Mixed Effects Model of Evolution 

ML - Maximum Likelihood 

MSA - Multiple Sequence Analysis 

MYA – Million years ago 

OG – Orthogroup 

Pcwdcazymes – Plant cell-wall degrading Carbohydrate-active enzymes 
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Glossary of some terms specific for this dissertation 

Ankyrome - All genes per genome encoding proteins with the ankyrin domain 

Environmental opportunist - An organism that is able to establish in a broad range of ecological 

niches rapidly. Such organisms are not only nutritionally versatile but are also capable of 

efficient dispersal, can survive biotic and abiotic stresses and win in competition with the other 

members of the microbial community  

Generalist - Nutritional versatility on dead or live biomass 

Homologous genes - Genes sharing a common evolutionary ancestor 

Horizontal gene transfer - When the gene transfer occurs from species of another domain of 

life. For instance, from a bacteria to a fungus 

Interactome - All the proteins or other molecules that are involved in molecular interactions in 

the cell under certain conditions 

Motus - Molecular operational taxonomical units 

Orphome - All the proteins in a genome/group of genomes that do not have homologs in close 

taxonomic relatives. Depending on the context, there might be orphomes of individuals, 

species, groups of species, sections or higher taxa 

Orthologous genes - Homologous genes derived as a result of speciation events 

Lateral gene transfer - When the gene transfer occurs from species within the same domain of 

life. For instance, from one fungus to another fungus 

Phylome (of smth) - An exhaustive collection of the phylogenetic trees of a certain taxonomic 

group, gene or protein family 

Proteome - All the proteins that are encoded in a genome 

Paralogues - Homologous genes derived as a result of gene duplication events 
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Parasite - Refer to any organism that feeds on a live biomass of any type 

Polyphags - Refer to any organism that feeds on a dead biomass of any type 

Xenologues - Genes gained as a result of lateral gene transfer/horizontal gene transfer 
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Preface 

Thanks to integration of technologies like Illumina (then Solexa) into DNA sequencing market 

in 2006 and introduction of next-generation sequencing in 2007 (Illumina-sequencing-history), 

the cost of genome sequencing has come down drastically since 2008 (genome.gov/sequencing 

costs). This drastic reduction of sequencing costs also impacted sequencing of fungal genomes 

and resulted in introduction of mass fungal genomes sequencing projects such as 1000 Fungal 

genomes project by Joint Genome Institute (JGI) of the Department of Energy under Mycocosm 

(https://genome.jgi.doe.gov/Mycocosm), a public database maintained by JGI whereby also the 

genomes sequenced outside the above-mentioned project are made publicly available.  

Figure 1.1A shows that Ascomycota fungi stand with most interest for genome sequencing 

among all fungal taxons of this level. Within Ascomycota, Eurotiomycetes, Sordariomycetes and 

Dothideomycetes fungi get most attention owing to their cosmopolitan occurrences and 

biotechnological applications. Hypocreales is the taxonomical order under class 

Sordariomycetes with highest number of sequenced genomes (51 as per october, 2018) 

investigated for varied reasons [1-15]. Hypocreales forms a monophyletic group that have 

originated somewhere between 170-200 mya and contains several species that follows wide 

variety of nutritional strategies apart from mycotrophy, such as saprotrophy, carnivory, 

phytotrophy [16, 17]. The diversity of nutritional strategies and ecophysiologies in Hypocreales 

[16, 18] is reflected in the diversity of genes responsible for the production of enzymes, 

secondary metabolites, and other compounds what makes the fungi from this order of interest 

for their potential applications.  

A plant pathogenic fungus (Fusarium graminearum PH-1) provided the first hypocrealean 

genome to be published [19] in 2007, closely followed by the mycotrophic fungus Trichoderma 

reesei QM 6a in 2008. This strain was sequenced because of its popularity as an industrial 

source of cellulases and hemicellulases and for its application in biofuel production [2]. 

Trichoderma is a cosmopolitan genus that contains species established in a diversity of habitats 

such as dead wood, other fungi, soil, phyllosphere including the rhizosphere, aquatic and indoor 
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environments [20-24]. Until now, around 300 species from this genus are described [25]. 

Species from this genus have unique ability to form variety of associations with bacteria [26], 

other fungi [27, 28], plants [21] and higher animals [29] ranging from saprotrophy, necrotrophy 

to biotrophy [30-33]. The variety of nutritional strategies of Trichoderma makes them 

interesting candidates for exploitation in many areas. For instance; To efficiently degrade 

lignocellulose in textile industries [2, 34], in biofuel [35], biorefinery industries [36], for 

biofungicides [37, 38, 39]. In addition, the ability of Trichoderma spp., to stimulate plant growth 

has lead to the use of these fungi as biofertilizers or bioeffectors [40-43]. Owing to their 

opportunistic property, more recently Trichoderma spp. Have been proposed in context of self-

healing of concrete cracks [44]. In spite of having above mentioned varied applications, 

Trichoderma are best studied to exploit and understand mycotrophy [4, 31, 45-48].  

Figure 1.1 A. Sunburst chart depicting proportion of fungi from different groups that have been currently sequenced under 

1000 genomes project in Mycocosm. B. A maximum likelihood phylogram including 37 hypocrealean genomes and 2 

sordarilean genomes as outgroups. This phylogenetic tree is based on over 13,000 orthologous genes considering the whole 

proteome from considered 39 strains and, with different nutritional strategies all (or subset) of which have been considered to 

answer questions raised in different chapter of this dissertation. All the clades in shown ML tree are strongly supported (Details 

of the ML tree in Chapter 4 of this dissertation) 

The availability of genomes from closely related species makes way for resolving evolutionary 

relationships of species of interest through the comparative genomics approach. Comparative 

genomics also helps to identify the genes/gene families that are essential for unique 
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characteristics of a particular species. Within this dissertation, genomes shown in Figure 1.1B 

are compared in six chapters in order to answer several questions related to ecological 

genomics of Trichoderma and evolution of these peculiar fungi. 
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Aims of the Dissertation 

The precise goal of this dissertation is to link phenotypes to genotypes of fungi from the genus 

Trichoderma using comparative genomics. 

To accomplish this goal, a number of self-contained analyses were done to study the following: 

 Genes from hypocrealean fungi that have been studied so far in context of fungal-fungal

interactions (Summarized in Chapter 1)

 Close genomic and ecophysiological comparison between Trichoderma spp. And closely

related Escovopsis weberi, a mycoparasite found in nature in fungal gardens cultivated

by leaf-cutting ants (Chapter 2).

 Evolution of carbohydrate-active enzymes required for the plant cell wall degradation

in nine Trichoderma spp. By phylogenomic and molecular evolutionary analyses

(Chapter 3).

 Inventory screening for the putative xenologues (laterally transferred genes) and

duplicated genes by analyzing the proteomes from 37 hypocrealean fungi (Chapter 4).

 Evolution of the ankyrin domain containing gene family that represents the major

genomic hallmark of Trichoderma (Chapter 5)
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Chapter 1 Ecological Genomics of Mycotrophic Fungi4 

Authors 

Komal Chenthamara and Irina S Druzhinina 

Affiliation 

Microbiology and Applied Genomics group, Research Area Biochemical Technology, Institute of 

Chemical, Environmental & Bioscience Engineering ICEBE, TU Wien, Gumpendorferstrasse 1a, 

A1060, Vienna, Austria 

Overview Interfungal interactions are common in both the ancient fungal lineages and in the 

most evolutionary derived “high” fungi. In this chapter, we focussed on then recent reports on 

genome-wide investigations of mycotrophic fungi. We described unique features that are 

present in intracellular mycoparasitic Cryptomycota and outlined similar and apparently 

convergent mechanisms employed by a diversity of fungicolous Asco- and Basidiomycota. The 

potential benefits and pitfalls of applications of mycoparasitic fungi for protection of 

agricultural crops were discussed. 

4
 Chenthamara K, Druzhinina IS. Ecological Genomics of Mycotrophic Fungi. In Mycota IV Environmental and 

Microbial Relationships 2016 (pp. 215-246). Springer, Cham. 

Editors: Irina S. Druzhinina and Christian P. Kubicek, DOI: 10.1007/978-3-319-29532-9_12 

Contribution by the PhD candidate 

1. Literature search according to the plan for the chapter designed by candidate’s

supervisor

2. Prepared draft of the chapter except the section “Conclusive Remarks on the Use

of Mycotrophic Fungi in Agriculture”.

3. The list of genes of Trichoderma that have been studied for their role in fungal–

fungal interactions (Table 12.1).

4. The list of genes of Clonostachys rosea, (another mycotroph) studied for their role

in fungal–fungal interactions (Table 12.2).

5. Dual confrontation experiments presented in Fig 12.2, 12.3 and 12.4.

6. Revision of the drafts and preparation of the final article.

https://doi.org/10.1007/978-3-319-29532-9_12
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Chapter 2 Small genome of the fungus Escovopsis weberi, a specialized 

disease agent of ant agriculture5 

Authors 

Tom. J. B. De Man1, Jason E. Stajich2, Christian P. Kubicek3, Clotilde Teiling4, Komal 

Chenthamara3, Lea Atanasova3, Irina S. Druzhinina3, Natasha Levenkova4, Stephanie S. L. 

Birnbaum1, Seth M. Barribeau1, Brooke A. Bozick1, Garret Suen5, Cameron R. Currie5, 

and Nicole M. Gerardo1

Affiliation 

1. Department of Biology, Emory University, Atlanta, GA 30322

2. Department of Plant Pathology and Microbiology, University of California, Riverside, CA

92521 

3. Microbiology and Applied Genomics group, Research Area Biochemical Technology, Institute

of Chemical, Environmental & Bioscience Engineering, TU Wien, Gumpendorferstrasse 1a 

4. 454 Life Sciences, Roche Company, Branford, CT 06405 

5. Department of Bacteriology, University of Wisconsin, Madison, WI 53706 

5 de Man TJ, Stajich JE, Kubicek CP, Teiling C, Chenthamara K, Atanasova L, Druzhinina IS, Levenkova N, Birnbaum 

SS, Barribeau SM, Bozick BA. Small genome of the fungus Escovopsis weberi, a specialized disease agent of ant 

agriculture. Proceedings of the National Academy of Sciences. 2016 Mar 9:201518501. 

Contribution by the PhD candidate 

1. Manual functional annotation of the all the genes in the genome of Escovopsis

weberi against the National Center for Biotechnology Information (NCBI)

nonredundant database (Dataset S3).

2. Experiments comparing growth of Escovopsis weberi on alternative carbon

sources to growth of Trichoderma atroviride using phenotype microarray plates

(Figure S2).

3. Dual confrontation experiments comparing mycoparasitism between Escovopsis

weberi and Trichoderma spp. which helped in designing of this research.

4. Contribution to the manuscript drafting.
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Dataset S3* 

Escovopsis 

gene ID 

Trichoderma virens based 

annotation 

Trichoderma spp. Based 

annotation 

NR database 

annotation 

ESCO_000001 GMP synthase GMP synthase GMP synthase 

ESCO_000002 Endo-§-1,4-glucanase CEL7B Endo-§-1,4-glucanase CEL7B Endo-§-1,4-

glucanase CEL7B 

ESCO_000003 Nmra family protein Nmra family protein Nmra family 

protein 

ESCO_000004 Secondary metabolite 

cluster that contains PKS 

(tre33804)  

Secondary metabolite cluster 

that contains PKS (tre33804) 

and PKS-NRPS hybrid 

(tre14836) genes 

Secondary 

metabolite 

cluster that 

contains PKS 

(tre33804) and 

PKS-NRPS hybrid 

(tre14836) genes 

ESCO_000005 PKS PKS PKS 

ESCO_000006 

ESCO_000007 Zn2Cys6 transcriptional 

regulator 

Zn2Cys6 transcriptional 

regulator 

Zn2Cys6 

transcriptional 

regulator 

ESCO_000008 Late sexual development 

protein lsda 

Late sexual development 

protein lsda 

Late sexual 

development 

protein lsda 

ESCO_000009 Zn2Cys6 transcriptional 

regulator 

Zn2Cys6 transcriptional 

regulator 

Zn2Cys6 

transcriptional 

regulator 

ESCO_000010 Unknown protein Unknown protein Unknown protein 

ESCO_000011 Zn2Cys6 transcriptional 

regulator 

Zn2Cys6 transcriptional 

regulator 

Zn2Cys6 

transcriptional 

regulator 
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ESCO_000012 Cytochrome P450 

monooxygenase 

Cytochrome P450 

monooxygenase 

Cytochrome P450 

monooxygenase 

ESCO_000013 GH28 GH28 GH28 

ESCO_000014 GH17 GH17 GH17 

ESCO_000015 Unknown protein Unknown protein 

ESCO_000016 Unknown protein Unknown protein Unknown protein 

ESCO_000017 C2H2 transcriptional 

regulator 

C2H2 transcriptional regulator C2H2 

transcriptional 

regulator 

ESCO_000018 Peroxisomal membrane 

protein pex16 

Peroxisomal membrane 

protein pex16 

Peroxisomal 

membrane 

protein pex16 

ESCO_000019 Zn2Cys6 transcriptional 

regulator 

Zn2Cys6 transcriptional 

regulator 

Zn2Cys6 

transcriptional 

regulator 

ESCO_000020 Fungal specific transcription 

factor domain-containing 

protein  

Fungal specific transcription 

factor domain 

Fungal specific 

transcription 

factor domain-

containing 

protein  

ESCO_000021 Transcription factor IWS1 Transcription factor IWS1 Transcription 

factor IWS1 

ESCO_000022 RNA polymerase Rpb1 RNA polymerase Rpb1 RNA polymerase 

Rpb1  

ESCO_000023 Flavin-containing 

monooxygenase 

Flavin-containing 

monooxygenase 

Flavin-containing 

monooxygenase 

ESCO_000024 Epl1/Sm1 Epl1/Sm1 

* The full dataset with annotation of 6870 genes can be accessed from here

http://www.pnas.org/content/113/13/3567/tab-figures-data
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Figure S2
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Chapter 3 Evolution of Trichoderma carbohydrate-active enzymes 

required for the degradation of plant biomass 
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Chapter 3.1 Massive lateral transfer of genes encoding plant cell wall-
degrading enzymes to the mycoparasitic fungus Trichoderma from its 
plant-associated hosts6

Authors 

Irina S. Druzhinina1, Komal Chenthamara1, Jian Zhang2, Lea Atanasova1, Dongqing Yang2, Youzhi Miao2, 

Mohammad J. Rahimi1, Marica Grujic1, Feng Cai1, 2, Shadi Pourmehdi1, Kamariah Abu Salim3, Carina 

Pretzer1, Alexey G. Kopchinskiy1, Bernard Henrissat4,5,6, Alan Kuo7, Hope Hundley7, Mei Wang7, Andrea 

Aerts7, Asaf Salamov7, Anna Lipzen7, Kurt labutti7, Kerrie Barry7, Igor V. Grigoriev7,8, Qirong Shen2, 

Christian P. Kubicek1 

Affiliation 

1. Microbiology and Applied Genomics group, Research Area Biochemical Technology, Institute of

Chemical, Environmental & Bioscience Engineering, TU Wien, Gumpendorferstrasse 1a

2. Jiangsu Provincial Key Lab of Organic Solid Waste Utilization, Nanjing Agricultural University,

Nanjing, China

3. Environmental and Life Sciences, Universiti Brunei Darussalam, Bandar Seri Begawan, Brunei

Darussalam

4. Architecture et Fonction des Macromole ćules Biologiques, CNRS,Aix-Marseille Universite’,

Marseille,France

5. INRA,USC1408AFMB, Marseille, France

6. Department of Biological Sciences, King Abdulaziz University, Jeddah, Saudi Arabia

7. US Department of Energy Joint Genome Institute, Walnut Creek, CA, United States of

America

8. Department of Plant and Microbial Biology, University of California Berkeley, Berkeley,

CA, United States of America

6 Druzhinina IS, Chenthamara K, Zhang J, Atanasova L, Yang D, Miao Y, Rahimi MJ, Grujic M, Cai F, Pourmehdi S, 

Salim KA. Massive lateral transfer of genes encoding plant cell wall-degrading enzymes to the mycoparasitic fungus 

Trichoderma from its plant-associated hosts. PLoS Genetics. 2018 Apr 9;14(4):e1007322. 
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Contribution by the PhD candidate 

Together with her advisor and Christian P. Kubicek, the PhD candidate was the 

major contributing scientist performing data mining, data analysis, ms writing and 

preparation of the figures. The detailed list of tasks for which the PhD candidate was 

solely responsible is listed below: 

1. Comparison between properties of fungal genomes that were used in this study (S1

Table)

2. Assessment of the growth on plant and fungal biomass (S1 Figure).

3. Neutrality tests of 100 orthologous proteins that were used in phylogenomic

analyses (S2 Table).

4. Evolutionary phylogenomic analysis based on 100 orthologous neutrally evolving

proteins of Hypocreales and two other Sordariomycetes (Fig 1a).

5. The complete Phylome of Trichoderma carbohydrate-active enzymes required for

the plant cell-wall degrading including accessory proteins and respective regulator

proteins. Exemplary fragments of this phylome are listed in Fig 3,4,5, S2 Figure, S3

Table), and the detailed analysis is summarized in the sub-Chapter 3.

6. Carried out statistical tests like T-Rex and NOTUNG to examine Lateral Gene

Transfer and Gene Duplication (S2 Figure, S4 Table).

7. Multilocus phylogeny of 128 Ascomycota fungi (Fig 6A, S7 Table).

8. Dual confrontation tests of Trichoderma sp. with other Trichoderma sp.; and other

hypocrealean species (Fig 10, S3 Figure).

9. Intensive participation in visualization, writing – original draft, review and editing.
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Protein accession numbers (Protein Id) for 23 genomes used in the phylogenomic analysis.
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S3 Table 

Distribution of pcwdcazymes in GH families in Hypocreales 

GH family The Tgui Tv Tas Tat Tp Tr Tl Tc Ew Cm Man Mac Bb Os Fg Fo Nc Ncr Cg 

GH5 4 4 4 4 4 3 3 3 3 5 7 8 8 7 2 13 22 18 6 10 

GH6 1 1 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 3 4 

GH7 2 2 2 2 2 2 2 2 2 1 0 0 4 0 0 2 3 2 5 6 

GH12 3 3 4 3 3 2 2 2 2 2 0 0 0 0 1 1 4 6 2 4 

GH45 1 2 1 1 1 1 1 1 1 0 0 0 0 0 0 1 1 1 1 2 

GH1 4 2 2 2 4 2 2 2 2 2 2 4 4 2 0 4 6 5 1 1 

GH3 17 19 17 17 16 15 13 13 13 10 9 7 6 10 3 22 32 38 11 13 

GH10 2 2 2 2 1 1 1 1 1 0 0 0 0 1 0 5 5 3 4 7 

GH11 4 4 4 4 4 3 3 3 3 0 0 0 0 0 0 2 3 3 2 9 

GH30 3 3 3 2 2 2 2 2 2 0 0 0 0 0 0 1 3 0 2 2 

GH74 1 1 1 1 1 1 1 1 1 1 0 0 0 0 5 1 6 5 6 9 

GH26 2 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 
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GH27 9 11 10 9 9 8 8 6 8 1 1 2 2 2 0 2 3 1 0 2 

GH36 1 2 1 1 1 1 1 1 1 1 2 2 1 2 1 3 2 1 0 0 

GH43 4 4 4 6 8 3 3 2 3 1 2 1 1 2 1 17 30 32 7 16 

GH51 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 2 2 1 1 1 

GH54 2 2 2 3 3 2 2 2 2 0 1 1 0 1 0 1 1 1 1 0 

GH62 2 2 2 2 2 1 1 1 1 0 0 0 0 0 0 1 1 2 0 4 

GH67 2 2 2 2 2 1 1 1 1 1 0 0 0 0 0 1 2 0 1 1 

GH95 4 5 4 4 4 4 4 4 4 3 0 0 0 1 0 2 2 3 0 1 

GH28 6 7 6 5 6 5 4 3 5 1 0 0 0 0 1 6 15 11 2 1 

GH35 1 7 1 1 1 1 1 1 1 1 3 2 1 3 1 3 6 8 2 2 

GH78 2 1 2 4 3 1 1 1 1 0 0 0 0 0 0 6 16 11 1 1 

GH79 4 2 4 4 4 4 4 4 4 1 3 2 2 2 0 1 6 1 2 4 

GH88 3 2 3 1 2 0 0 0 0 1 1 1 0 1 0 1 3 5 0 0 

GH105 2 1 2 2 2 2 2 2 2 0 0 1 0 0 1 2 3 4 2 1 

GH115 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 2 2 2 1 2 
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GH121 1 1 0 1 1 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 

GH127 2 2 1 2 2 0 0 0 0 1 1 2 2 1 1 2 1 3 0 1 

  90 95 88 88 91 67 64 60 65 35 34 35 32 36 19 106 182 169 65 106 

GH - glycosyl hydrolase 

                  
Colors indicate conditional formatting from high (red) to low (green) applied to each GH family individually 
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S4B Table
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S4C Table
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S7 Table 

Accession numbers of genes used for the multilocus phylogeny of Ascomycota fungi 

Species 

Accession numbers as available in NCBI 

Translation 

initiation factor eif-

5, FG832 

NAD-dependent 

glutamate 

dehydrogenase, FG570 

Histone 

acetyltransferase 

subunit of the RNA 

polymerase II 

holoenzyme, FG533 

Tsr1p, a protein 

required for 

processing of 

20S pre-rrna, 

MS277 

Acremonium chrysogenum ATCC11550 KFH40585 KFH43944 KFH45370 KFH40757 

Arthroderma otae CBS113480 XP_002846695 XP_002846871 XP_002844936 XP_002846635 

Aspergillus clavatus NRRL1 XP_001267824 XP_001275231 XP_001273950 XP_001275563 

Aspergillus flavus AF70 KJJ32228 KOC07435 KOC07671 KOC10454 

Aspergillus nidulans XP_663671 AAP97491 XP_659898 XP_663870 

Aspergillus ruber CBS135680 EYE91640 EYE93860 EYE93445 EYE97746 

Aspergillus terreus NIH2624 XP_001218500 XP_001215968 XP_001218036 XP_001208611 

Aureobasidium melanogenum 

CBS110374 KEQ58250 
KEQ59374 KEQ66829 KEQ63129 

Aureobasidium namibiae CBS14797 XP_013430091 XP_013425835 XP_013425056 XP_013425617 

Aureobasidium pullulans EXF150 KEQ84828 KEQ82009 KEQ89537 KEQ83917 

Aureobasidium subglaciale EXF2481 XP_013340846 XP_013348192 XP_013345346 XP_013346410 

Beauveria bassiana D15 KGQ04568 KGQ04719 KGQ07699 KGQ03110 

Bipolaris sorokiniana ND90Pr XP_007700521 XP_007700378 XP_007697141 XP_007694048 

Bipolaris victoriae FI3 XP_014550811 EUC37283 XP_014553743 XP_014553549 

Blastomyces dermatitidis ER3 EEQ83302 EEQ87716 EEQ87135 EEQ87580 

Blumeria graminis f. Sp. Hordei strain 

DH14 CCU77913 
CCU76728 CCU82742 CCU74971 

Botrytis cinerea B0510 XP_001551174 XP_001546005 XP_001555701 XP_001554581 
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Byssochlamys spectabilis No5 GAD93061 GAD98634 GAD97915 GAE00117 

Ceratocystis platani KKF97397 KKF93380 KKF92520 KKF92488 

Chaetomium globosum  - XP_001229575 XP_001225084 XP_001225627 

Chaetomium thermophilum.var. 

Thermophilum DSM1495 XP_006692916 
XP_006693160 XP_006697164 XP_006690768 

Claviceps purpurea 201 CCE32248 CCE27530 CCE31916 CCE27229 

Coccidioides immitis RS XP_001247026 XP_001247210 XP_001242149 XP_001245726 

Colletotrichum fioriniae PJ-7 XP_007594157 XP_007595829 XP_007598740 XP_007589696 

Colletotrichum gloeosporioides 

Naragc5 XP_007273022 
XP_007280717 XP_007274706 XP_007273210 

Colletotrichum graminicola M1001 XP_008097338 XP_008089298 XP_008089925 XP_008094082 

Colletotrichum higginsianum CCF33365 CCF32485 CCF41278 CCF45682 

Colletotrichum orbiculare MAFF240422 ENH81153 ENH86491 ENH79595 ENH87819 

Colletotrichum sublineola KDN66453 KDN62274 KDN62435 KDN65981 

Cordyceps militaris CM-01 XP_006672614  - XP_006672345 XP_006666974 

Diaporthe ampelina KKY36125 KKY39469 KKY34351 KKY37242 

Diplodia seriata KKY23327 KKY20064 KKY20486 KKY13651 

Endocarpon pusillum Z07020 XP_007785442 XP_007803903 XP_007805190 XP_007799778 

Erysiphe necator KHJ35773 KHJ31305 KHJ33459 KHJ32223 

Escovopsis weberi KOS19785 KOS21092 KOS21982 KOS19159 

Eutypa lata UCREL1 XP_007790145 XP_007791048 XP_007797253 XP_007796337 

Exophiala oligosperma KIW41174 KIW41230 KIW45276 KIW39858 

Fusarium avenaceum KIL84745 KIL86715 KIL90440 KIL88831 

Fusarium fujikuroi IMI58289 CCT71378 CCT73629 CCT72218 CCT74024 

Fusarium graminearum PH-1 XP_011323961 XP_011321519 XP_011317913 XP_011321202 
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Fusarium oxysporum Fo5176 EGU75640 EGU88652 EGU85888 EGU81020 

Fusarium pseudograminearum CS3096 XP_009254976 XP_009251531 XP_009256525 XP_009257718 

Fusarium verticillioides 7600 EWG46746 EWG51267 EWG47370 EWG52526 

Gaeumannomyces graminis var tritici 

R3111a1 XP_009217808 
XP_009217057 XP_009222623 XP_009220373 

Glarea lozoyensis ATCC 20868 XP_008087910 XP_008079266 XP_008087199 XP_008081765 

Grosmannia clavigera kw1407 XP_014173332 XP_014172124 XP_014170080 XP_014175688 

Hirsutella minnesotensis 3608 KJZ76027 KJZ76246 KJZ77117 KJZ70383 

Macrophomina phaseolina MS6 EKG10915 EKG17612 EKG15858 EKG21725 

Madurella mycetomatis KOP47172 KOP40389 KOP40728 KOP46878 

Magnaporthe oryzae 7015 XP_003713892 XP_003712804 XP_003710346 XP_003717850 

Magnaporthiopsis poae ATCC64411 KLU87916 KLU89090 KLU85714 KLU91947 

Marssonina brunnea f.sp. 

Multigermtubi mbm1 XP_007288264 
XP_007295000 XP_007288845 XP_007296894 

Metarhizium acridum cqma102 XP_007814679 XP_007807988 XP_007808318 XP_007808144 

Metarhizium album ARSEF1941 KHO00830 KHO01177 KHN97240 KHN97747 

Metarhizium anisopliae KFG80865 KFG82462 KJK84401 KJK83283 

Metarhizium brunneum ARSEF3297 XP_014542319 XP_014547521 XP_014544685 XP_014549619 

Metarhizium majus ARSEF297 XP_014579347 XP_014580572 XP_014576767 XP_014580192 

Metarhizium robertsii ARSEF23 XP_007819774 XP_007818669 XP_007821021 XP_007821580 

Microsporum gypseum CBS118893 XP_003174667 XP_003170010 XP_003173533 XP_003174717 

Myceliophthora thermophila 

ATCC42464 XP_003663021 
XP_003663104 XP_003661902 XP_003666824 

Nectria haematococca mpvi77134 XP_003048814 XP_003044810 XP_003047642 XP_003048538 

Neofusicoccum parvum UCRNP2 XP_007580981 XP_007582601 XP_007585848 XP_007586119 

Neosartorya fischeri NRRL181 XP_001260399 XP_001260222 XP_001266021 XP_001260747 
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Neosartorya udagawae GAO86840 GAO90996 GAO82244 GAO87169 

Neurospora crassa OR74A XP_957252 XP_956780 XP_961595 XP_956952 

Neurospora tetrasperma FGSC2508 XP_009851134 XP_009851230 XP_009848039 XP_009851930 

Oidiodendron maius Zn KIN07422 KIM94856 KIN05890 KIN02578 

Ophiocordyceps sinensis CO18 EQK99425 EQL03134 EQL00966 EQL02306 

Ophiostoma piceae UAMH11346 EPE03528 EPE04279 EPE08587 EPE07763 

Penicillium brasilianum CEJ61108 CEJ62475 CEJ60592 CEO60456 

Penicillium camemberti CRL25325 CRL29131 CRL26538 CRL31076 

Penicillium digitatum Pd1 XP_014532577 XP_014535831 XP_014534415 XP_014535368 

Penicillium italicum KGO73776 KGO64856 KGO75861 KGO72170 

Penicillium oxalicum 1142 EPS29411 EPS31216 EPS34317 EPS33764 

Penicillium roqueforti FM164 CDM27092 CDM36374 CDM35772 CDM35340 

Penicillium rubens Wisconsin 541255 XP_002558796 XP_002564843 XP_002557524 XP_002557595 

Pestalotiopsis fici W1061 XP_007838617 XP_007832371 XP_007837762 XP_007835675 

Podospora anserina Smat XP_001907948 XP_001907978 XP_001911227 XP_001909286 

Pseudocercospora fijiensis CIRAD86 XP_007924684 XP_007928020 XP_007927750 XP_007922079 

Pseudogymnoascus destructans 

2063121 XP_012740663 
XP_012740546 XP_012739073 XP_012741102 

Pseudogymnoascus pannorum 

VKMF4520 (FW2644) KFZ13121 
KFZ15543 KFZ09205 KFZ22821 

Pyrenophora teres f teres 01 XP_003305639 XP_003296979 XP_003305194 XP_003301224 

Pyrenophora tritici repentis Pt1C BFP XP_001939654 XP_001941809 XP_001931645 XP_001942331 

Rasamsonia emersonii CBS39364 XP_013327757 XP_013329006 XP_013328538 XP_013325377 

Rosellinia necatrix GAP87460 GAP87731 GAP92789 GAP83847 

Schizosaccharomyces cryophilus OY26 XP_013021759 XP_013024449 XP_013024728 XP_013024541 
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Sclerotinia borealis F4157 ESZ92634 ESZ91548 ESZ93290 ESZ98487 

Sclerotinia sclerotiorum 1980 XP_001585325 XP_001597916 XP_001592077 XP_001593672 

Sordaria macrospora k-hell XP_003344256 XP_003348872 XP_003348083 XP_003345570 

Sphaerulina musiva SO2202 EMF13312 EMF12921 EMF11758 EMF16254 

Sporothrix schenckii ATCC58251 ERS99084 ERS98033 ERT00617 ERS94971 

Stachybotrys chartarum IBT 7711 KEY67454 KEY65600 KEY72911 KEY72726 

Stachybotrys chlorohalonata IBT40285 KFA63476 KFA64546 KFA69092 KFA61210 

Talaromyces cellulolyticus GAM35703 GAM34038 GAM35977 GAM37634 

Talaromyces islandicus CRG90567 CRG84640 CRG88591 CRG88913 

Talaromyces marneffei ATCC18224 XP_002146590 XP_002144568 XP_002148005 XP_002148829 

Talaromyces stipitatus ATCC10500 XP_002478899 XP_002340968 XP_002482232 XP_002485387 

Thielavia terrestris NRRL8126 XP_003655551 XP_003655469 XP_003649459 XP_003657675 

Thielaviopsis punctulata KKA26865 KKA30551 KKA30016 KKA28760 

Tolypocladium ophioglossoides CBS 

100239 KND92606 
KND90861 KND87416 

KND92841 

Torrubiella hemipterigena CEJ81407 CEJ92104 CEJ94403 CEJ94139 

Trichoderma asperellum CBS 433.97 149508 147189 62284 72524 

Trichoderma atroviride IMI206040 298941 195239 156760 132866 

Trichoderma citrinoviride 1129948 1121793 1126893 1136381 

Trichoderma guizhouense NJAU 4742 OPB46086.1 OPB41095.1 OPB44921.1 OPB46249.1 

Trichoderma harzianum CBS 226.95 322295 98433 93763 556214 

Trichoderma longibrachiatum ATCC 

18648 1423421 16127 1342124 1379254 

Trichoderma parareesei CBS 125925 OTA08872.1 OTA02151.1 OTA00115.1 OTA04911.1 

Trichoderma reesei QM 6a 71410 120943 4989 79817 
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Trichoderma virens Gv29-8 83678 155799 46168 77118 

Trichophyton tonsurans CBS112818 EGD93608 EGE00928 EGD92577 EGD93652 

Uncinocarpus reesii 1704 XP_002541248 XP_002541415 XP_002544814 XP_002583466 

Ustilaginoidea virens GAO16418 KDB16499 KDB11495 KDB12964 

Verticillium alfalfae vams102 XP_003003264 XP_003003088 XP_003000323 XP_003007415 

Verticillium dahliae vdls17 XP_009653581 XP_009653395 XP_009652650 XP_009656273 

Agaricus bisporus 114395 113776 119162 119186 

Arthrobotrys oligospora 2379 6097 11173 6523 

Aspergillus flavus 30845 38067 36853 36445 

Aspergillus fumigatus 2404 2222 6414 2763 

Auricularia subglabra 1271474 1276760 1305816 1202878 

Gymnopus luxurians 69825 67202 164030 37524 

Neofusicoccum parvum 3316 5160 8692 9017 

Pleurotus ostreatus 1097707 40761 1073399 1112540 

Plicaturopsis crispa 145990 106373 41305 37427 

Punctularia strigosozonata 94231 49580 104430 121264 

Sphaerobolus stellatus 183735 29602 208026 225108 

Thermoascus aurantiacus 37335 5956 2972 4101 

Trametes versicolor 109140 156153 164836 160557 

Tulasnella calospora 242038 213963 142430 27765 
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Chapter 3.2 Phylome of Trichoderma carbohydrate-active enzymes 

involved in degradation of plant cell wall (pcwdcazome) and regulatory 

proteins 

One of the main prerequisites for the study presented in the Chapter 37 was the detailed 

evolutionary analysis of all carbohydrate-active enzymes required for the plant cell wall 

degradation, assessor proteins, and their regulators. These were also necessary to carry out 

the subsequent statistical analyses necessary to test the hypothesis of lateral gene transfers. A 

reduced version of this phylome is presented in the supplement to Druzhinina et al. (2018).  

The purpose of this subchapter to be highlighted in the dissertation is to provide a detailed 

overview on the evolution/acquisition of Carbohydrate-Active enzymes (cazymes) in 

Trichoderma species. The putative donors of laterally transferred pcwdcazymes might be of 

interest to researchers studying cellulases. For instance, the gain of CEL6A that proceeds from 

the nonreducing cellulose ends complements the presence of CEL7A that acts at the reducing 

end, and therefore allows a processive movement along cellulose and an increase the speed of 

its degradation, reveal that improvements in cellulose and hemicellulose degradation were a 

key trait for the phytophagy of this fungus. It is worthwhile to note that the version of the 

phylome presented in the dissertation also describes cases of the lateral gene transfers that 

took place before the diversification between Trichoderma and Escovopsis genera that were 

omitted from Druzhinina et al. (2018). It includes the major secreted cellobiohydrolase CEL7A 

(CBH1) used in industrial applications, the GH 5 Endo-ß-1,4-mannanase and the pectate lyase 

PL1.  

The sub-chapter comprises of Bayesian phylogenetic trees and uses schematic symbols to show 

loss, duplication, plesiomorphic and in total 53 gene transfer events that enriched the ability of 

initially mycotrophic Trichoderma to feed on dead plant biomass.  

Next to species name are the accession number as published in NCBI. The ids which start with 

Triat, Trias, Triha, Trici, Trilo, Trire, Trivi are protein ids as published in JGI (Joint Genome 

7 Druzhinina IS, Chenthamara K, Zhang J, Atanasova L, Yang D, Miao Y, Rahimi MJ, Grujic M, Cai F, Pourmehdi S, 

Salim KA. Massive lateral transfer of genes encoding plant cell wall-degrading enzymes to the mycoparasitic fungus 

Trichoderma from its plant-associated hosts. PLoS Genetics. 2018 Apr 9;14(4):e1007322. 
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Institute) for that particular species. The protein ids for T. Guizhouense, T. Parareesei, and 

Escovopsis weberi (except those which starts with KOS) are as available in TUCIM (The TU 

Collections of Industrial Microorganisms) local database. 
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GH36 EC 3.2.1.22 α-1,4-galactosidases clade B 164

GH43 EC 3.2.1.55, EC 3.2.1.37  α-L-arabinofuranosidase and ß-xylosidase 165

GH51 EC 3.2.1.55 α-L-arabinofuranosidase and ß-xylosidase 166

158
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GH54 EC 3.2.1.55  α-L-arabinofuranosidase 

GH62 EC 3.2.1.55  α-L-arabinofuranosidase 

GH67 EC 3.2.1.131  (xylan) α-1,2-glucuronidase 

167

GH115 EC 3.2.1. Α-(4-O-methyl)-glucuronidase  170

GH95 EC 3.2.1.51 α-L-fucosidase  171

GH28 EC 3.2.1.67, EC 3.2.1.171 exo-polygalacturonase and rhamnogalacturonase 172

GH28 EC 3.2.1.15 Polygalacturonase 173

GH28 EC 3.2.1.- Exo-xylogalacturan hydrolase 174

GH78 EC 3.2.1.40 α-L-rhamnosidase 175

PL1 EC 4.2.2.2 Pectate lyase 

GH35 EC 3.2.1.23 ß-galactosidase 177

GH79 EC 3.2.1.31 β-(4-O-methyl)-glucuronidase  178

GH88 EC 3.2.1 Δ-4,5-unsaturated β-glucuronyl hydrolase 179

GH105 EC 3.2.1.172 Unsaturated rhamnogalacturonyl hydrolase 180

168

176

169
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GH121 EC 3.2.1.- ß-L-arabinobiosidase 181

GH127 EC 3.2.1.185 β-L-arabinofuranosidase Clade A 182

GH127 EC 3.2.1.185 β-L-arabinofuranosidase Clade B 183

AA9 (formerly "GH61") Copper-dependent lytic polysaccharide monooxygenase 184

Swollenin 186

pcwdCAZYme Regulator Proteins 

XYR1 187

ACE2 188

ACE3 189
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Chapter 4 The pilot assessment of the contribution of putative 

xenologues genes in the development of Hypocrealean genomes 
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The unique property of Trichoderma spp. To be capable of various associations with fungi 

(ranging from allo- up to adelphoparasitism) and degradation of plant biomass (Described in 

Chapter 3), unlike other closely related fungi which are usually nutritionally specialized or they 

have limited versatility makes the whole proteome of Trichoderma spp. A promising dataset to 

study genes that may be facilitating such opportunism. As suggested by the discovery of 

Druzhinina et al. (2018) (Chapter 3), some of the required genes may have been acquired by 

Trichoderma by events such as Lateral Gene Transfer or Duplications. To list all the putative 

xenologues and paralogues in Hypocreales an orthofinder [49] analysis was carried out 

implementing DIAMOND [50] for faster results using whole proteomes from every genome 

shown in Table 4.1.  

Order Family Species Strain NCBI accession 
Genome 

size  
[Mbp] 

Nr. Of 
proteins 

Refs 

H
yp

o
cr

ea
le

s 

H
yc

o
cr

ea
ce

ae
 

Trichoderma reesei Qm 6a PRJNA225530 33.39 9,115 [51] 

T. Reesei Rut C-30 PRJNA207855 32.68 9,849 [52] 

T. Parareesei CBS 125925 LFMI00000000 32.07 9,062 [53] 

T. Longibrachiatum ATCC 18648 MBDJ00000000 32.2 10,934 

[15] 

T. Citrinoviride TUCIM 6016 MBDI00000000 33.13 9,735 

T. Guizhouense T37 

N/A 

12,251 

T. Guizhouense S000 11,297 

T. Guizhouense NJAU 4742 LVVK00000000 38.33 11,255 

T. Afroharzianum T6776 PRJNA252551 39.72 11,498 [54] 

T. Harzianum CBS 226.95 MBGI00000000 40.98 14,065 [15] 

T. Harzianum TR274 PRJNA397414 40.87 13,925 [55] 

T. Virens Gv29-8 PRJNA264113 39.02 12,406 [56] 

T.hamatum GD-12 PRJNA178391 38.42 10,520 [57] 

T. Asperellum CBS 433.97 MBGH00000000 37.46 12,557 [15] 

T.gamsii T6085 PRJNA342687 37.90 11,171 [13] 
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T.gamsii A5MH PRJNA361020 38.49 10,994 NA 

T. Atroviride IMI 206040 PRJNA264112 36.14 11,816 [4] 

Escovopsis weberi CC031208-10 PRJNA253870 27.20 6,870 [58] 

C
la

vi
ci

- 
p

it
ac

ea
e 

Metarhizium acridium Cqma102 PRJNA38715 38.05 9,849 [5] 

M.anisopliae ARSEF 549 PRJNA184754 38.49 10,891 [59] 

M.rileyi RCEF 4871 PRJNA72739 32.01 8,764 [60] 

Pochonia chlamydosporia 170 PRJNA342685 44.21 14,204 [61] 

C
o

rd
yc

ip
it

ac
ea

e 

Beauveria bassiana ARSEF 2860 PRJNA225503 33.69 10,364 [9] 

Calviceps purpurea 20.1 PRJEA76493 32.09 8,823 [10] 

Cordyceps militaris CM01 PRJNA225510 32.26 9,651 [6] 

C. Confragosa RCEF 1005 PRJNA72733 35.59 11,030 [60] 

Ophiocordycipitaceae 

Ophiocordyceps sinensis CO18 PRJNA59569 78.51 6,972 [62] 

Purpureocillium lilacinum PLFJ-1 PRJNA342689 38.53 11,763 

[63] 

P. Lilacinum PLBJ-1 PRJNA308626 38.14 11,773 

N
ec

tr
ia

ce
ae

 

Fusarium graminearum PH-1 AACM00000000 36.45 13,313 [19] 

F. Pseudograminearum CS3096 AFNW00000000 36.97 12,397 [11] 

F. Oxysporum f. Sp. Lycopersici 4287 PRJNA342688 61.38 27,347 [64] 

F. Fujikuroi IMI 58289 PRJEB185 43.83 14,810 [65] 

Nectria haematococca Mpvi 77-13-4 PRJNA51499 51.23 15,708 [3] 

Stachybotryaceae 

Stachybotrys chartarum IBT 7711 PRJNA185811 36.87 11,530 

[66] Stachybotrys chartarum IBT 40293 PRJNA185808 36.48 11,453 

S.chlorohalonata IBT 40285 PRJNA185807 34.39 10,706 

Ustilaginoidea virens IPU 010 PRJDB3318 33.56 6,451 [67] 

Sordariales 

Sordariaceae Neurospora crassa OR74a AABX00000000 41.1 10,812 [68] 

Chaetomiaceae Chaetomium globosum CBS 148.51 PRJNA12795 34.34 11,048 [69] 

Table 4.1: Properties of fungal genomes that were used in this study. 

H
yp

o
cr

ea
le

s 

H
yc

o
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ce

ae
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STAG [70] was used in conjunction with the orthofinder [49]. Each orthogroup with all species 

present is used to infer gene trees using fastme [71, 72] and a greedy consensus tree [73] is 

taken of all of the individual estimates to get the final consensus tree. The support of each 

bipartition in the STAG consensus species tree is equal to the proportion of individual gene 

trees that contain this bipartition and the branch lengths in the STAG consensus species tree 

are the average branch lengths for each bipartition in the individual gene trees [70]. The tree 

produced by STAG is unrooted. The orthofinder analysis was repeated using rooted species tree 

(rooted against known outgroups Figure 1.1A, Node shared between Chaetomium globosum 

and Neurospora crassa). This introduces slight changes in orthogroups and reconcile gene 

trees. STRIDE [74] was then implied to decipher Gene-Duplication events by analysing each 

gene tree against the newly rooted species tree as described by Emms and Kelly (2018). The 

same comparison of each gene tree to the rooted species tree results in a list of putative 

xenologues too for each species. 

Number of total genes from 39 genomes 4,52,007 

Number of genes in orthogroups 4,24,362 

Number of unassigned genes 27,645 

Percentage of genes in orthogroups 93.9% 

Percentage of unassigned genes 6.1% 

Number of orthogroups 20,924 

Number of species-specific orthogroups 102 

Number of genes in species-specific orthogroups 414 

Number of orthogroups with at least 4 genes (Number of 
individual trees) 

13,754 

Percentage of genes in species-specific orthogroups 0.1 

Mean orthogroup size 20.3 

Number of orthogroups with all species present 2,796 

Number of single-copy orthogroups 1,220 

Table 4.2 Overall statistics of the orthofinder analysis implementing both STAG and STRIDE 
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As a result of this analysis, a list of nodes where duplication has occurred was obtained by 

comparing of 13,754 individual gene trees with the rooted species tree (Figure 1.1). Duplication 

events in terminals (within the single genome) and at shared nodes (between two or more 

genomes) were obtained. Only nodes with 100% support that suggested a duplication event 

would be considered for further investigations. 

This approach showed that 17,726 duplication events have occurred in 6088 orthogroups. The 

detailed table with these strongly supported 17,726 duplication events in 39 genomes is provided 

as in Appendix I provided in a CD with this dissertation along with the 13,754 reconciled gene 

trees ( Appendix I). 

Simultaneously, a list of 196 putative Horizontally8/Laterally9 transferred genes was obtained 

by similar comparison of individual 13,754 gene trees to the rooted species tree. Figure 4.1 

shows the distribution of these laterally transferred genes among each species.  

8 When the transfer occurs from species of another domain of life. For instance, from bacteria to fungi 

9 When the transfer occurs from species within the same domain of life. For instance from one fungi to another 

fungi 
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Figure 4.1: Bar chart showing laterally transferred genes in each of the species when 39 proteomes listed in Table 4.1 were 
analysed. Species with zero putative laterally transferred genes (Such as E. Weberi) are not shown. 

It can be seen that the number of such genes are higher in Trichoderma than compared to their 

close carnivory phylogenetic neighbours. This may be explained by Trichoderma’s capability to 

parasitize diverse fungi [15, 75]. To support this hypothesis, there are species like Escovopsis 

weberi with a specialized genome with very specific nutritional strategy (so far isolated only 

from the fungal gardens of leaf cutting ants and its close neighbours [76]) where not a single 

gene has been putatively laterally transferred. 

All of the 196 putative laterally transferred genes were searched against NCBI for their 

description. Most of them were hypothetical proteins, and some were of unknown functions. 

Those proteins with a function assigned to them are shown in Table 4.3. A detailed table with 

an accession number of all 196 genes is provided in Appendix I.  

It is important to note that these 196 putative laterally transferred genes cannot be directly 

compared with lateral transferred gene events of plant cell wall degrading enzymes described 

in Chapter 3 and Chapter 3, because in case of latter most of the gene events have occurred to 

last common ancestral node for all present Trichoderma spp., which is not similar but 

complementary to the cases presented here.  
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S.No 
Gene Accession 

Number 
Species Description 

1 XP_003039268 Nectria haematococca mpvi 77-13-4 SET domain protein, partial 

2 XP_018239816 Fusarium oxysporum f. Sp. Lycopersici 4287 Argininosuccinate lyase 

3 XP_023437029 
F. Fujikuroi IMI 58289 

Related to protoporphyrinogen 
oxidase 

4 XP_007816010 
Metarhizium acridum cqma 102 

ATP-binding cassette transporter, 
putative 

5 KID60642 
M. Anisopliae ARSEF 549 

Cytochrome P450 oxidoreductase, 
partial 

6 OAA57342 

Cordyceps confragosa RCEF 1005 

Acyl transferase/acyl 
hydrolase/lysophospholipase 

7 OAA70101 Major facilitator superfamily 
domain, general substrate 
transporter 

8 XP_018138597 Pochonia chlamydosporia 170 Fungal specific transcription factor 

9 XP_013946518 

T. Atroviride IMI 206040 

Mpr-like GPCR protein 

10 XP_013945054 Putative ankyrin repeat protein, 
partial 

11 XP_018656148 

T. Gamsii T6085 

Acyl-coa desaturase 

12 XP_018659459 Ankyrin repeat and SAM domain-
containing protein 

13 XP_024405772 Cytochrome P450 3A24 

14 XP_018655719 Dihydroflavonol-4-reductase 

15 XP_018655727 Fungal specific transcription factor 
domain-containing protein 

16 XP_024405808 General alpha-glucoside permease 

17 XP_013957351 

T. Virens Gv29-8 

Ankyrin domain protein 

18 XP_013959919 Glycoside hydrolase family 18 
protein 

19 XP_013960079 Non-ribosomal peptide synthetase 

20 KKP05589 
T. Afroharzianum T6776 

Aflatoxin B1 aldehyde reductase 
member 3 
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21 KKP06488 Pfs domain-containing protein 

22 KKP06686 Polyketide synthase 

23 KKP00718 Riboflavin aldehyde-forming 
enzyme 

24 KKO99967 Scytalone dehydratase 

25 XP_024744676 

T. Citrinoviride 

Actin-like atpase domain-containing 
protein, partial 

26 XP_024744760 PBD-domain-containing protein, 
partial 

27 PTB79931 

T. Longibrachiatum ATCC 18648 

Ankyrin 

28 PTB71047 The ubiquitin-conjugating enzyme, 
partial 

Table 4.3: Putative laterally transferred genes among 39 proteomes listed in Table 4.1 that have a described protein function 

It is recognized that lateral gene transfer, especially in eukaryotes studies, should be treated 

with caution [77]. Therefore, further investigations should be done with these 196 genes to 

test the hypothesis of Lateral Gene Transfer with sophisticated statistical analyses such as 

NOTUNG [78], eccetera [79] and RANGER-DTL [80]. In addition, the genomic claims should be 

carefully supported showing the phenotypic outcomes like in case of Druzhinina et al., 2018 

[6]. 
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Figure 4.2 Genome evolution in Trichoderma. 

A. The time scaled evolutionary tree: red branches indicate only gains; blue branches only losses; black branches both gains and losses. Numbers 
over the branches indicate the number of gene changes per Mya; numbers below the branches indicate the number of gains (red) and losses 
(blue). B Heat map is representing Pfam domains identified for orthomcl clusters that were gained or lost in the course of Trichoderma evolution.  

Interestingly, in our other study, we have detected the highest number of gene gain events that 

putatively occurred in the course of the evolution of T. Virens when compared among other 

commonly occurring Trichoderma species (Figure 4.2). These findings correlate directly with 

the outcome of the LGT assessment of this chapter where T. Virens is the species with the 

maximum number of laterally transferred genes (Figure 4.1). It would be tempting to speculate 

here that the correlation between the results of these two analyses suggest that LGT is the 

essential, if not the major, mechanism of genome expansion in T. Virens. On the other hand, 

the gene loss in species of the Section Longibrachiatum correlates to almost no cases of LGT in 

these group. Symmetrically, it may suggest that these fungi were deprived of LGT and their 

genomes were not expanded in the way seen in such clades/sections as Harzianum/Virens or 

Trichoderma. We will refrain from such claims as more experimental or analytical evidence 

would be required.  
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This study further allows us to speculate that the abundance of transfer of genes to 

Trichoderma from a particular gene family is confined to only plant cell-wall degrading 

carbohydrate active enzymes and not any other gene families.  

The data generated in this chapter should be helpful when the DOE JGI approved project 

“Genus-Wide Genomics of Trichoderma” will start producing new genomes (300 are expected). 

The new genomes can be incorporated into dataset presented here without having to repeat 

the similarity search using BLAST and orthofinder by integrating STAG and STRIDE, for updated 

phylograms, updated list of duplication events and updated list of xenologues. This will give a 

more accurate insight on the consequence of adelphoparasitism in context of lateral gene 

transfer.  
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Chapter 5 Ankyrin domain containing proteins are frequent in 

orphomes of all Trichoderma species 10 

The first detailed comparative genomics study by Kubicek et al., (2011) [1] with the first three 

Trichoderma spp. Compared with other Pezizomycotina fungi revealed the relative expansion 

of certain gene families in Trichoderma through Markov cluster algorithm (MCL) analysis. This 

study published and considered strongly opportunistic and cosmopolitan T. Atroviride and T. 

Virens and performed the first comparative genomics study with already published T. Reesei 

genome. Inspired by this study, a more extensive Markov cluster algorithm (MCL) analysis of 

44 Pezizomycotina genomes in total, including the three previously mentioned Trichoderma 

spp. Was done. The MCL analysis revealed that Trichoderma spp. Contained an increased 

number of ankyrin-domain-containing (ankdc) proteins compared to the average number of 

these genes in considered Pezizomycotina species (Figure 5.1) [2]. Furthermore, within 

Trichoderma genus, in strongly opportunistic and cosmopolitan T. Atroviride and T. Virens, 

ankdc-proteins were even more expanded than in T. Reesei. 

10 Chenthamara K, Gojic V, Druzhinina IS. Ankyrin domain containing proteins are frequent in orphomes of all 

Trichoderma species 

ms in preparation 
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Figure 5.1 MCL analysis of gene families in 44 Pezizomycotina genomes 

The ankyrin- (ANK-) repeat is a protein-protein interaction motif found in proteins in all living 

organisms (Figure 5.2)  
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Figure 5.2 A sunburst diagram showing the distribution of ankdc-proteins across all domains of life. The number next to 
species name is the respective number of ankdc-proteins reported in the respective species. 

Ankyrin was named after a cytoskeletal protein ankyrin which contains 22 copies of the ANK-

repeat [3]. A single ANK-repeat consists of 33-amino acid residues that form a motif of a helix-

turn-helix-beta-hairpin/loop fold, which is shown in Figure 5.3A. The two helices are arranged 

in antiparallel fashion followed by a loop region that points outward at an approximately 90° 

angle, resembling a structure similar to letter L [4]. Specific residues often referred to as 

signature residues, are relatively conserved to keep the structural integrity of the motif. The 

positions 4-7 are usually occupied by T-P-L-H (Threonine-Proline-Leucine-Histidine) amino 
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acids. Proline at 5th position is responsible for the L-shaped structure by forming the tight turn 

and initiating the first helix. Hydrogen bonding between the hydroxyl group of threonine and 

the imidazole ring of histidine contribute to the stability of ANK-domain. In positions 17-22, 

amino acids V/I-V-X-L/V-LL (Valin/Isoleucine-Valin-XX(hydrophilic)-Leucine/Valine-Leucine-

Leucine) form the central part of the second alpha-helix and inter- and intra-hydrophobic 

networks to stabilize the whole ANK-domain [5]. Solvent accessibility affects the amino acid 

composition, so those residues that do not come into contact with solvent are usually 

hydrophobic and constitute the hydrophobic core of the ANK-domain. Some of these residues 

are replaced with hydrophilic residues in terminal ANK-repeats of an ANK-domain-containing 

(ankdc)-protein because the solvent has access to them.  

Figure 5.3 Conserved structural features of the ANK-repeat and ankdc-proteins with high-resolution structures in the PDB.Al-
Khodor & Souhaila, et al., 2010 

In ANK-domains, helices of one ANK-repeat pack against the helices of the adjacent ANK-repeat 

while the beta-hairpin/loop region, in some cases, forms a continuous beta-sheet as shown in 

Figure 5.3B. The tips of beta-hairpins/loop region and the surface of packed helices facing them 

A 

B 
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are responsible for binding of the target molecule. The residues constituting these regions of 

ANK-domain are generally variable to ensure functional and binding specificity (Sedgwick and 

Smerdon 1999). On average there are 4-7 ANK-repeats per ankdc-protein, and proteins with 

more ANK-repeats generally have more compact and concave structure which reflects their 

modular nature and enables their wide functional diversity [6]. 

The ankdc-proteins can be loner-proteins, containing exclusively ANK-domain(s), or they can 

be multidomain proteins where ANK-domain(s) are associated with a functional (host) domain. 

These functional domains are involved in transcription regulation, signal transduction, cell-cell 

signaling, cell-cycle regulation, inflammatory response, cytoskeleton integrity, toxin-encoding, 

transport phenomena, etc. [6, 7]. The function of ankdc-proteins in Trichoderma and fungi, in 

general, is not well understood. 

 This chapter is mainly aimed to set a foundation towards explaining the expansion and roles of 

ankdc (ANK domain containing) genes in Trichoderma. For this, representative genomes of 

Trichoderma and other closely related species for a comparative genomics study of their ankdc-

protein were selected.  

An inventory of all ankdc-proteins from 10 Trichoderma spp. And eight closely related non-

Trichoderma hypocrealean genomes (nthgs), referred to as hypocrealean ankyrome was built 

and were re-annotated using interproscan within the frame of a master thesis, supervised by 

the Ph.D. Candidate.  

Objectives set within the realm of this dissertation 

1. Molecular dating of selective/representative hypocrealean species used in this study

2. To verify if the expansion of ankdc proteins is exclusive to Trichoderma within

Hypocreales, as previously thought

3. Re-annotation of ankdc genes in Hypocreales
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4. To find out how many of ankdc containing proteins are pure ankyrins, and how many

are associated with other pfam domains

5. To find out the percentage of Orphan ankdc containing genes in Hypocreales

One-hundred genes were randomly selected from the genomes of the nine Trichoderma spp. 

And 12 reference Hypocreales (Escovopsis weberi, Metarhizium acridium, M. Robertsii, 

Calviceps purpurea, Ophiocordyceps sinensis, Beauveria bassiana, Cordyceps militaris, Fusarium 

graminearum, F. Oxysporum f. Sp. Lycopersici strain 4287, F. Pseudograminearum, F. Fujikuroi, 

and Nectria haematococca) based on two requirements: (a) they should display a syntenic 

position in all genomes, and (b) be true orthologues (no other gene encoding a protein with 

amino acid similarity >50% present; 5. Statistical analysis to test the neutral theory of evolution 

[8] was carried out using dnasp V5.10.01 [9] based on Tajima’s D test [10] as described by Rozas 

(2009)[11]. Neurospora crassa and Chaetomium globosum from the order Sordariales were 

chosen as outgroups. Accession numbers of all genes used in the phylogenomic analysis are 

given in Additional file Table S2B under Chapter 3. The concatenated set of 100 proteins for 

each species was subjected to alignment using the stand alone MAFFT tool [12] using accurate 

parameters. Selection of conserved blocks was made using relaxed conditions in Gblocks [13]. 

The final conserved concatenated alignment contained 47726 amino acids from each genome 

and was subjected to Bayesian analysis using mrbayes v3.2.5 [14], 1 million generations and 

the Dayhoff amino acid substitution model [15]. Two simultaneous, completely independent 

analyses starting from different random trees were run, using 3 heated chains and one "cold" 

chain. Once the analysis was completed, 7500 trees were summarized after discarding the first 

25% of the obtained 10,000 trees, resulting in a consensus tree.  

Concatenated set of corresponding 100 nucleotide sequences were also subjected to the 

similar analysis described as above (Data not shown). Maximum likelihood trees based on 

corresponding best substitution model [16] were also constructed individually for each of the 

100 protein sequences to confirm the topology obtained using concatenated set. 

Based on the resultant phylogenomic analysis of amino acid and nucleotide sequences, 

respectively, clade ages were estimated using the tool cladeage [17] as described in Matschiner 

et al.[18]. Two ancestral nodes were used for the time calibration: a common ancestral node of 
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the order Hypocreales was calibrated for a central 95% range of 192-194 Mya [19], and a 

common ancestral node between carnivore-fungivore families (Hypocreaceae, 

Ophiocordycipitaceae and Clavicipitaceae) was calibrated for a central 95% range of 164-166 

Mya [20]. Species within these clades were forced to form a monophyletic group in order to 

constrain the tree topology. Two independent MCMC analyses were carried out in BEAST 

V2.4.0, using JTT I+G+F for amino acid and GTR for nucleotides, respectively. The best fit models 

were determined based on BIC criterion as implemented in phyml [16, 21] with smart model 

selection (http://www.atgc-montpellier.fr/phyml-sms/). A strict clock rate was estimated. Two 

mirror analyses for each dataset were carried out in CIPRES (http://www.phylo.org). Their 

combined logs for the analyses for each dataset were diagnosed using Tracer v1.6 [17] to 

confirm that the effective sample size (ESS) is above 200 for the estimated parameters. Trees 

of respective mirror analyses were combined manually by the aid of a text editor. In each case, 

25% of the first total trees were discarded using Tree annotator v2.4.0 [22] before summarizing. 

A maximum clade credibility tree was obtained by summarizing the trees that occurred at least 

50% of times with a posterior probability of over 0.5. Node heights were estimated using mean 

heights. The final trees with node ages and an automatic reverse scale axis were visualized and 

obtained using figtree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/). Approximate 95% 

confidence interval is obtained by selecting “Height Highest Probable Density of 95%” for node 

bars in figtree to show the age in the chronogram. 

http://www.atgc-montpellier.fr/phyml-sms/
http://www.phylo.org/
http://tree.bio.ed.ac.uk/software/figtree/
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Figure 5.4 Chronogram of selective Hypocreales species.

The subsequent phylogenetic analysis revealed that the monophyletic fungivorous family 

Hypocreaceae represented here by Escovopsis and Trichoderma genera, shared their last 

common ancestor with fungi from families Cordycipitaceae, Ophiocordycipitaceae, and 

Clavicipitaceae that are dominated by extant entomotrophic fungi (Figure 5.4). The branch 

leading to plant-associated Nectriaceae family diverged earlier in the course of evolution of the 

Hypocreales. The results show that the common ancestor of Trichoderma and E. Weberi existed 

approximately 150 Mya, while the common ancestor of all modern Trichoderma species (the 

origin of the genus) can be dated back to approximately 70-90 Mya. Our phylogram is 

concordant with an earlier analysis which showed that T. Atroviride (section Trichoderma) most 

closely represents the ancestral state of the genus, while T. Reesei (section Longibrachiatum) 

was the evolutionary most derived species [23]. The closest and youngest Trichoderma species 

in our dataset are T. Harzianum and T. Guizhouense, respectively, that are separated by 

approximately 4-8 Mya while the other sibling species T. Reesei and T. Parareesei are divided 

by at least 7-10 Mya of independent evolution (Figure 5.4). 
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Statistical comparison of genomes from the taxonomical order Hypocreales (available at that 

time), including those that were considered in this study for detailed comparison, are 

presented in Table 5.1 

Organism Name 
Genome 

Size [Mbp] 
N° of Gene 

Models 
N° of ankdc-

proteins 
Share of ankdc-

proteins [%] 

Ilyonectria robusta PMI 751 59.65 20499 345 1.68 

I. Europaea CBS 129078 62.83 20870 326 1.56 

Trichoderma virens Gv29-8  39.02 12423 194 1.56 

Clonostachys rosea CBS125111 52.44 18639 267 1.43 

T. Harzianum TR274  40.87 13932 182 1.31 

T. Atroviride IMI 206040 36.14 11828 154 1.30 

T. Harzianum CBS 226.95  40.98 14095 179 1.27 

T. Gamsii T6085 37.97 10944 134 1.22 

T. Guizhouense NJAU 4742 38.29 11297 138 1.22 

Pochonia chlamydosporia 170 44.22 14204 172 1.21 

Metarhizium robertsii ARSEF 23 41.66 11688 135 1.16 

Stachybotrys elegans LAHC-LSPK-M15 43.47 14925 169 1.13 

Fusarium fujikuroi IMI 58289 43.83 14813 163 1.10 

F. Redolens A4 52.56 17051 185 1.08 

Nectria haematococca 51.29 15707 170 1.08 

T. Asperellum TR356 35.39 12320 133 1.08 

T. Asperellum CBS 433.97 37.46 12586 135 1.07 

T. Parareesei  TUCIM 717 31.13 9318 95 1.02 

Myrothecium inundatum CBS 120646 39.21 13553 134 0.99 
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Table 5.1: Hypocreales genomes that were used for genome characteristics comparison  

The listed Trichoderma spp. Belong to four different taxonomical sections the Longibrachiatum, 

Harzianum, Trichoderma, and Virens, respectively. Within the Trichoderma genus, average 

genome size is 36.3 Mbp, while the average number of gene models is 11,618. T. Harzianum 

CBS 226.95 is the largest genome with the highest number of gene-models among all 

T. Citrinoviride TUCIM 6016  33.22 9737 96 0.99 

Neonectria ditissima R09/05 45.72 12685 123 0.97 

F. Oxysporum f. Sp. Lycopersici 4287 61.36 27347 264 0.97 

Beauveria bassiana ARSEF 2860 33.69 10364 98 0.95 

M. Acridum cqma 102 39.42 9849 92 0.93 

F. Pseudograminearum CS3096 36.33 12395 115 0.93 

F. Verticillioides 7600 41.78 20553 188 0.91 

T. Reesei Qm6a 33.45 9143 83 0.91 

Mariannaea sp. PMI_226 42.25 12638 113 0.89 

T. Longibrachiatum ATCC 18648 32.24 10938 96 0.88 

F. Graminearum v1.0 36.45 13322 114 0.86 

Niesslia exilis CBS 358.70 v1.0 35.38 13499 99 0.73 

Tolypocladium inflatum NRRL 8044 30.35 9998 67 0.67 

Purpureocillium sp. Udea0106 v1.0 36.08 13642 90 0.66 

Acremonium strictum DS1bioAY4a v1.0 35.79 13158 84 0.64 

Cordyceps militaris CM01 32.27 9651 61 0.63 

A. Chrysogenum ATCC 11550 28.56 8899 51 0.57 

Ustilaginoidea virens 33.57 6451 29 0.45 

Valetoniellopsis laxa CBS 191.97 v1.0 22.13 8026 36 0.45 
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Trichoderma spp., whereas T. Parareesei TUCIM 717 is the smallest genome. The 

Longibrachiatum section’s genomes are generally smaller when compared to the rest of 

considered Trichoderma spp. And this is also the youngest section among Trichoderma spp. 

The results of ankdc-proteins abundance comparison in Hypocreales genomes are summarized 

in Table 5.1. Species in the table are arranged in decreasing order of proportion of ankdc genes 

to the total number of genes present within them. It can be seen that Ilyonectria sp., which are 

the fungi belonging to nectriacea family and are phytotrohs share the top place with T. Virens, 

a strong mycotroph (and also phytosaprotroph) and Clonostachys rosea [24], another 

mycotroph. In T. Virens ankdc-proteins account for 1.56 % of all gene models which is only 

superseded by Ilyonectria robusta PMI 751 inside the Hypocreales order. Some of the highest 

shares of ankdc-proteins among considered Hypocreales species are found in T. Atroviride with 

1.3 %, T. Harzianum with 1.27 %, T. Gamsii with 1.22 % and T. Guizhouense with 1.22 % of all 

genes. Below 1 % share of ankdc-proteins are found in Trichoderma spp. From Longibrachiatum 

section. These findings are in concordance with results from the Kubicek and Steindorff et al.11 

(also described in Chapter 6) and confirm that the expansion of ankdc-proteins in most 

aggressive Trichoderma spp. Is present. However, according to these updated results, the 

expansion is not exclusive to Trichoderma spp. Even if only the species from Hypocreales order 

are taken into account. Two Ilyonectria spp. Had the highest share of ankdc-genes and also the 

highest total number of ankdc-proteins. These genomes were sequenced and published in 2016 

and 2017, so the data was not available at the time of preliminary investigation by Kubicek et 

al. In 2011 [23]. 

All the fungi listed in Figure 5.4 are categorized into four groups based on their nutritional 

strategy. And a tree map on ankdc gene content in each of these groups is presented in Figure 

5.5. Because in this study, we focus on the expansion of ANK genes in Trichoderma, we compare 

the number of ankyrins with taxonomically close relatives (Figure 5.4, and [25]). Figure 5.5 

further highlights strikingly low number of ANK repeats in Escovopsis weberi. Note that: 

Trichoderma and Escovopsis share a close common ancestor (Figure 5.4 and [25]). And so far 

11 Kubicek C, Steindorff A, Chenthamara K, Manganiello G, Henrissat B, Zhang J, Cai F, Kopchinskiy A, Kubicek E, 

Kuo A, Baroncelli R, Sarrocco S, Noronha E, Vannacci G, Shen Q, Grigoriev I, Druzhinina IS. Evolution and 

comparative genomics of the most common Trichoderma  species Revised manuscript submitted for peer-review 

in Studies in Mycology. 
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Escovopsis spp. Have been isolated only from fungal graden of certain Leaf-cutting ants[26]. An 

indication that expansion of ankyrins is not exclusive to Trichoderma, but also closely related 

phytopathogens that are common soil fungi compels to look at the transcriptomic response of 

Trichoderma when interacting with plants or growing in soil. 

Here it is important to notice, Trichoderma’s ankdc content is more similar to Phytotrophs than 

to Entomotrophs, with who Trichoderma shares the last common ancestor suggesting 

evolutionary mechanisms such as lateral gene transfer as one of the probable cause of this 

expansion. 

Figure 5.5 Tree map based on genome mining for ANK proteins of 38 hypocrealean species. It highlights the abundance of ANK 
proteins in fungi that feed on other fungi (but are also well-studied for their interactions with plants) and in those fungi that 
feed on other plants. 

All the 2406 retrieved proteins from shown hypocreales in (Figure 5.4) were retrieved with a 

text-search “Ankyrin” in JGI and were re-annotated using interproscan [27] in BLAST2GO [28]. 

INTERPRO considers in total 14 different protein databases. It annotates whole genes, for all 

the different domains that are present, and since the output is an excel table including start 
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and stop position for different domains within one gene, overlaps could be excluded, and all 

the annotated domains could be filtered.   

Of 2406 proteins annotated, only 2382 proteins could be annotated with e-value less than 

0.0003. So, this means out of 2406 retrieved proteins from JGI; only 2272 had an ANK domain 

in the genes, suggesting 134 genes that were retrieved as ankdc are false positives. Figure 5.6 

shows the percentage of false positives that are annotated as ankdc containing genes in public 

databases in several genomes. The highest percentage of false positives of ankdc genes are in 

the genomes that were among first to be sequenced and annotated, like T. Reesei (2008) and 

N. Haematococca (2009). This naturally reflects improvement in the annotation of pfam 

domains in fungal genomes as the algorithms for annotation improved with years, in addition 

to the development of reference protein databases. 

Figure 5.6 Percentage of false positives of ankdc genes in public databases 

This re-annotation and correction of the base inventory of ankdc genes of all the considered 

hypocrealean species was done for most accurate interpretations (that is possible in the 

present date). 
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According to interproscan analysis results, Out of 2,272 ankdc-proteins in the Hypocreales, 

1,215 genes (53.4%) contained ANK-domain as the only identified domain (pure ankyrins ). The 

ankdc-proteins that contain other associated pfam domains are referred to as host-domain 

containing ankdc-proteins (hdc-ankdc-proteins) were 1,057 (47.6%).  

Within the Trichoderma ankyrome, T. Guizhouense and T. Afroharzianum ankyromes contained 

the highest share of hdc-ankdc-proteins with 63% and 59%, respectively. T. Virens ankyrome 

has the lowest share of hdc-ankdc-proteins with 37.1%, implying that most of the ankdc 

proteins in T. Virens are pure ankyrins. 

Orthofinder analysis (as described in Chapter 4) with total of 2272 ANK-dc proteins resulted in 

200 putative orthogroups that had to be filtered by visual inspection based on homology 

between motus. After this step, 140 orthogroups containing 1053 proteins, as well as 1353 

proteins as putative orphans (these proteins were not assigned to any orthogroup) were 

obtained. To verify their orphan status, a new orthofinder analysis was performed with only 

putative orphans from the previous step. After visual inspection, further 43 orthogroups, 

containing 119 proteins, were identified.  The main reason why further orthogroups were 

identified is the calculation of rbnhs (Reciprocal Best Length-Normalized hit) which led to the 

less strict lower limit for acceptance of putative orthologs. 

In conclusion, out of 2272 proteins, 1172 were assigned to 183 separate orthogroups, while 

the remaining 1000 proteins could be considered as orphan proteins. 

A closer look into the number of orphan ankdc-protein per species is shown in Figure 5.7. The 

results reveal that the largest share of Nectria haematococca ankyromes is orphans with 71% 

of all ankdc-proteins. Within the Trichoderma genus, 61% of T. Virens ankyrome are orphans, 

followed by T. Asperellum ankyrome which has 60.7 % orphans. In the ankyromes from T. 

Parareesei and T afroharzianum orphans account for 33.7 % and 36.7 %, respectively.  
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Figure 5.7 Share of orphan ankdc-proteins per species 

Orthofinder orthology inference found 1172 homologous proteins distributed between 183 

orthogroups of which 18 were identified as the core for Trichoderma spp. And 11 as core to all 

considered fungi from the taxonomical order Hypocreales. In most Hypocreales species the 

larger share of their respective ankyrome consisted of orphan ankdc-proteins. Phylogenetic 

analysis of 18 Trichoderma spp. Core ankdc-proteins resulted in tree topologies that were 

congruent with the multilocus chronogram (Figure 5.4) without any deviation. Selection 

pressure analyses of the same core ankdc-proteins using hyphy [29] methods BUSTED, MEME 

and FUBAR confirmed a significant (p < 0.05 and P > 0.95) purifying selection acting across all 
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of 18 core ankdc-proteins. Data for this section is not shown in detail because it has been already 

described in a master thesis12 supervised by the Ph.D. Candidate. 

The ankdc-gene expansion was confirmed in strongly opportunistic Trichoderma spp. It has 

been also shown that this expansion is not exclusive to Trichoderma spp. The high abundance 

of orphans in Trichoderma ankyrome suggests the occurrence of evolutionary mechanisms 

such as segmental duplications and lateral gene transfer (LGT) events by which these genes 

may have originated. Horizontal gene transfer between Prokaryotes and Eukaryotes as one of 

the gene expansion mechanisms has been suggested first by Bork (1993) [30], but later 

questioned by Al-Khodor et al. (2010) [31]., who suggested that expansion of ankdc-genes 

probably occurred by gene duplication and convergent evolution. Their hypothesis is based on 

the fact that genes containing repeats are generally more prone to such mechanisms [32], but 

also that ANK-repeats interact with universal proteins in nature.  

As described in Druzhinina et al. [25], LGT of plant cell wall degradation enzymes from a wide 

range of phytopathogenic Ascomycota species to Trichoderma which Trichoderma could 

penetrate is massive, LGT could be a probable reason for this expansion. However, based on 

the findings alone from this study, it cannot be concluded whether the orphan ankdc-genes 

were obtained by means of convergent evolution or LGT. The most probable hypothesis is that 

these genes originated by a combination of multiple mechanisms. Further research is necessary 

to investigate these possibilities. Finally, the selection pressure analysis of core ankdc-proteins 

indicates that they have a key function in Trichoderma interactomes that is maintained by 

purifying selection. 

Transcriptomic data was searched of Trichoderma interacting with several fungi, but a 

significant number of expressed ankdc genes were not found in such data13. However, 

revelation that expansion of ankyrins is not exclusive to Trichoderma, but also closely related 

phytopathogens that are common soil fungi compels to look at the transcriptomic response of 

Trichoderma when interacting with plants or growing in soil. The trends demonstrated in the 

12 Master thesis of DI Vladimir Gojic: Convergent evolution of ankyrin domains the main genomic hallmark of an 

industrially relevant fungus Trichoderma. 

Supervisors: Chenthamara K, Druzhinina IS 
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Trichoderma ankyrome cannot be explained, until the purpose of these proteins is understood 

in more detail.  
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Chapter 6 Conclusive notes on the comparative analysis of the core 

genome of Trichoderma species and respective orphomes14  

The growing importance of the ubiquitous fungal genus Trichoderma requires understanding 

its biology and evolution. The Sordariomycetes, one of the largest classes in the Division 

Ascomycota, display a wide range of nutritional strategies, including saprotrophy and 

biotrophic interactions with bacteria, plants, animals, fungi or other organisms [1]. The 

Sordariomycetes order with the highest number of genera is Hypocreales [2], and it comprises 

half of the whole-genome sequenced species of Sordariomycetes (Nov. 2017, NCBI Taxonomy 

Browser and Mycocosm (Figure 1.1)). Molecular data suggest that the ancestors of the 

Hypocreales evolved some 170 – 200 Mya as fungi associated with plants as either parasites or 

saprotrophs [3]. Diversification into extant taxa was accompanied by several intra- and 

interkingdom host shifts involving fungi, higher plants, and animals [4]. Among them, parasites 

of animals likely appeared first in the Jurassic period, and specialized entomoparasitic families 

developed during the Cretaceous period, thereby following the diversification of herbivory 

insects and angiosperms [3]. 

Mycoparasitic fungi are found in species from several fungal taxa [5], but only the Hypocreales 

contain exclusively fungicolous genera, i.e., Hypomyces, Escovopsis, and Trichoderma. Among 

these fungicolous fungal genera, Trichoderma is the largest taxon, with many ubiquitously 

distributed species. Detailed ecological and biogeographic surveys of Trichoderma [6-9] 

revealed that species of this genus are most frequently found on the fruiting bodies of other 

fungi and the dead wood colonized by them. While mycoparasitism in Hypomyces is frequently 

species-specific and restricted to fruiting body-forming Basidiomycota [10], the genus 

Trichoderma is unique, as many of its species can also act as parasites on Ascomycota and even 

phylogenetically close species [11]. 

14 This chapter includes materials presented in  

Kubicek C, Steindorff A14, Chenthamara K, Manganiello G, Henrissat B, Zhang J, Cai F, Kopchinskiy A, Kubicek E, 

Kuo A, Baroncelli R, Sarrocco S, Noronha E, Vannacci G, Shen Q, Grigoriev I, Druzhinina IS. Evolution and 

comparative genomics of the most common Trichoderma  species Revised manuscript submitted for peer-review 

in Studies in Mycology. 

that is not included in this dissertation 



Komal Chenthamara Dissertation Chapter 6 

226 | P a g e

An analysis of the genomes from three species of Trichoderma (T. Reesei, T. Virens, and T. 

Atroviride) suggested that mycoparasitism is an innate property of Trichoderma [12] but that 

these species are also characterized by considerable nutritional versatility [13]. In addition to 

acting as mycoparasites, which promotes its use as a biocontrol agent against plant pathogenic 

fungi [12, 14], Trichoderma has become an opportunistic infectant of humans [15]. 

Trichoderma is rarely reported as a parasite on plants and invertebrates, but it can colonize 

plants as a symptomless endosymbiont [12]. Finally, many species of the genus grow efficiently 

on dead plant biomass, and one of its species - T. Reesei - is a major industrial source of 

cellulases and hemicellulases. Interestingly, the most opportunistic Trichoderma species may 

also grow in soil, where they can either establish in a bulk soil or colonize the rhizosphere. As 

plants usually positively respond to the presence of Trichoderma, this property attracts 

attention for the use of these fungi in biofertilizers. The fact that some Trichoderma species can 

feed on the plant, fungal and animal bodies characterizes them as generalists. (Figure 6.1). 

Figure 6.1 Nutritional versatility  of Trichoderma

It was not known how generalism evolved from the phytosaprotrophic background of the 

Hypocreales. Chaverri and Samuels [16] compared a phylogenetic tree of the genus 

Trichoderma with the habitats from which the individual species had been isolated and 

concluded that the evolution of the genus involved several interkingdom host jumps and that 

preference for a special habitat was gained or lost multiple times. It has been argued that the 

versatility of Trichoderma nutritional strategies is described by expansions of the spectrum of 

hosts and substrates due to the enrichment of its genome by the laterally transferred genes 

required for feeding on the plant biomass [11].  
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The hypothesis of the comparative genomic15 was that comparative genomic analysis of those 

species of Trichoderma that are most frequently sampled (and therefore must be the most 

successful generalists) and an analysis of their pattern of gene evolution would reveal the 

evolutionary events that shaped their nutritional diversification and environmental generalism. 

In addition, the elucidation of the gene inventory of the Trichoderma core genome (i.e., the 

genes that are present in all Trichoderma species) and its intersection with genomes of other 

fungi revealed the specific genomic features of these industrially relevant fungi.  

Although the sequences of several Trichoderma genomes have already been published 

[11],[17-25] detailed genome-wide analyses have been published for only three Trichoderma 

species (T. Reesei, T. Virens and T. Atroviride [11, 17, 26-28]). To test the hypothesis raised 

above, the evolution and gene inventory of the genomes from 13 Trichoderma isolates (Figure 

6.3), that together represent 12 species with a worldwide distribution and are members of 

three major infrageneric groups, was analyzed [8]. These 12 species were also most frequently 

found in our own studies of soil or rhizosphere sampled in different geographic regions such as 

the Canary Islands, Sardinia, Columbia, Egypt, China, Israel, South-East Asia, and Siberia [7-9, 

13] and may, therefore, be called cosmopolitan. Because several of the 12 species that were

selected are used as bioeffectors in biocontrol products against plant pathogenic fungi, 

stimulate plant growth and immunity, are opportunistic pathogens of immunocompromised 

humans and are causative agents of the green mould disease on mushroom farms [7, 13], they 

can be considered environmental opportunists in a broad sense. Although species in each of 

the sections and clades of Trichoderma have unique morphological features, their overall 

ecological features are similar: They are mycoparasites, can feed on cellulolytic material and 

can establish themselves in soil and then colonize the rhizosphere. These features suggest that 

these species possibly maintained the “opportunistic” features from a common ancestor, which 

may be reflected in the core genome.  

The evolution and the changes that have arisen from this process in the gene inventory of the 

selected 12 species was therefore investigated. Although all the genomes were still incomplete, 

15 Kubicek C, Steindorff A15, Chenthamara K, Manganiello G, Henrissat B, Zhang J, Cai F, Kopchinskiy A, Kubicek E, 

Kuo A, Baroncelli R, Sarrocco S, Noronha E, Vannacci G, Shen Q, Grigoriev I, Druzhinina IS. Evolution and 

comparative genomics of the most common Trichoderma  species Revised manuscript submitted for peer-review 

in Studies in Mycology. 
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the small percentage of predicted missing genes (2-5 % for all species except T. 

Longibrachiatum) makes it probable that most gene families that are relevant for the 

interpretations and conclusions have been identified. It was particularly emphasized that the 

differences in gene numbers that were considered relevant were in most cases several folds 

higher than the number of putatively missing genes. 

The results in this study16 and Chapter 5 revealed that the mycoparasitic Hypocreales diversified 

between 140 and 100 Mya, the ancestor of Trichoderma evolved around the time of the K-Pg 

event and the formation of the three infrageneric groups studied (Clade Trichoderma, Clade 

Longibrachiatum and the Harzianum/Virens clade) occurred 45 - 40 Mya after the K-Pg event. 

The uncertainty in chronological dating makes determining whether the genus Trichoderma 

arose before or after the K-Pg event impossible.  

Figure 6.2 Bayesian chronogram obtained based on the concatenated alignment of 638 core orthologous proteins of Hypocreales and the 
two other Sordariomycetes revealing the evolution of 13 most common Trichoderma isolates. All nodes were supported with posterior 
probability=1. Chronological estimations are given on a geological time scale in Mya, and the numbers represent the corresponding node 
age. Numbers with asterisks at nodes indicate calibration points against the origin of Hypocreales (see Materials and Methods for details). 

16 Kubicek C, Steindorff A16, Chenthamara K, Manganiello G, Henrissat B, Zhang J, Cai F, Kopchinskiy A, Kubicek E, 

Kuo A, Baroncelli R, Sarrocco S, Noronha E, Vannacci G, Shen Q, Grigoriev I, Druzhinina IS. Evolution and 

comparative genomics of the most common Trichoderma  species Revised manuscript submitted for peer-review 

in Studies in Mycology. 
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Bars correspond to 95% confidence interval in time estimation based on the lognormal relaxed clock. The chronogram shown in this picture 
is unlinked from the one shown in Chapter 5 (Figure 5.7) in terms of their locii and the number of motus.

However, since it was shown that the genus Trichoderma had obtained most of the genes 

encoding plant cell wall-degrading cazymes required for phytosaprotrophic growth by a lateral 

gene transfer that likely took place before the diversification into infrageneric groups [11]. The 

most likely interpretation of these data is therefore that Trichoderma was one of the fungal 

genera that participated in the strong burst in fungal populations that fed on the decaying 

biomass of the plants killed by the K-Pg event [29]. Whether or not this increase in the number 

of fungi stimulated mycoparasitism can only be speculated, but successful antagonism and the 

ability to kill its competitor clearly may have aided Trichoderma in establishing a high population 

density on decaying plant biomass. Moreover, the ability to endoparasitise closely related 

species (up to adelphoparasitism) could favour host/parasite DNA exchanges and further 

contribute to the formation of the unique core genome of Trichoderma [11].  

Despite the standard deviation in the dating of fungal phylogenies, our data strongly suggest 

that the evolution of the three Trichoderma sections/clades investigated occurred after the K-

Pg event. The origin of extant species in the three sections/clades occurred in the early 

Oligocene (30 – 20 Mya), a phase characterized by cooler seasons and a significant extinction 

of the invertebrate marine fauna [30]. It is intriguing that this split led to an increased rate of 

gene gain and genome expansion in the HV clade, whereas the formation of Section 

Longibrachiatum was accompanied by significant gene loss. Kelkar and Ochman [31] reported 

that Pezizomycotina genomes with sizes from 25 to 75 Mb (which includes all Trichoderma spp. 

Investigated) exhibit a negative correlation between genome size and genetic drift. At first 

glance, this observation may be inapplicable to genome contraction in Section Longibrachiatum 

because it concerned genes from nearly all functional categories and was thus not specifically 

directed to support a certain trait. Alternatively, the results could be explained by the 

streamlining hypothesis [32], which considers selection for a more economical lifestyle the 

major driving force for genome reduction. According to this model, the presence or absence of 

multiple genes for the same function may produce only a small effect on the performance of 

the organism and thus have only little benefits for the cell. Sun and Blanchard [33] considered 

this scenario most likely to occur in relatively stable environments where competition for 

nutrients is severe and a smaller genome has the ecological advantage of spending less energy 

on growth and development. It was speculated that the Harzianum/Virens clade and Section 
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Trichoderma – but not Section Longibrachiatum – used this alternative to further their 

ecological success.  

It was shown that the core genome of the genus Trichoderma consists of 7,000 genes and is 

generally similar to that of other Hypocreales. Therefore, the unique ecology and physiology of 

Trichoderma is probably explained by convergent evolution of orphomes of individual clades or 

species.  

Figure 6.3 Ratio of core genome vs. The genome size in 13 isolates of 12 most frequently isolated Trichoderma species.

One of the hypotheses for this work17 was that gene families that were gained during 

Trichoderma evolution and are more abundant in Trichoderma than in other related fungi could 

give further insights into how this genus became an environmental opportunist. Gene families 

that were gained by Trichoderma in the highest number were those encoding proteins with an 

ankyrin repeats, proteins with a HET domain and MFS transporters. In addition, protein families 

that were present in higher numbers in Trichoderma than in other Sordariomycetes were the 

PNP_UDP_1 nucleotide phosphorylases and nmra-like transcriptional regulators. However, all 

of their analysis was beyond the scope of this dissertation. It was revealed within the realm of 

this dissertation that about 50% of Ankyrins in genus Trichoderma are Orphomes (Chapter 5). 

17 Kubicek C, Steindorff A17, Chenthamara K, Manganiello G, Henrissat B, Zhang J, Cai F, Kopchinskiy A, Kubicek E, 

Kuo A, Baroncelli R, Sarrocco S, Noronha E, Vannacci G, Shen Q, Grigoriev I, Druzhinina IS. Evolution and 

comparative genomics of the most common Trichoderma  species Revised manuscript submitted for peer-review 

in Studies in Mycology. 
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Also, complemented by the unlinked comparative genomic analysis of 12 Trichoderma species 

by Kubicek, Steindorff et al.4 revealing that when the two closely related strains of the same 

agamospecies were compared, proteins with ankyrin repeats accounted for the highest 

number of orphan genes with predicted function (Figure 6.5).  

Figure 6.4 Comparison of orphan genes with predicted functions between T. Harzianum CBS226.95 marked with “T” and
T. Harzianum TR274 

So far, proteins with ankyrin repeats have not been systematically characterized from 

Pezizomycotina, but an expansion of proteins containing ankyrin repeats has been reported for 

the insect endosymbiotic bacterium Wolbachia [34]. Ankyrins have therefore been suggested 

to play an important role in the endosymbiosis of this bacterium [34]. The fact that more 

proteins with this protein-protein interaction module are present in Trichoderma than in other 

fungi (with Nectria being the only exception) suggests that signalling and metabolic processes 

are more tightly coordinated in Trichoderma than in other fungi, which could ultimately result 

in enhanced fitness in its habitat. 

In general, a striking feature in all Trichoderma genomes was the high number of orphan genes, 

of which only a very small number is also present in the core genome. Orphan genes have been 

postulated to originate either as a consequence of gene duplication events, rearrangement 

processes, and subsequent fast divergence or from de novo evolution out of non-coding 

genomic regions [35]. Kubicek, Steindorff et al.18 showed that - in the case of T. Reesei - only a 

fifth of the orphan genes are in clusters that could be indicative of gene duplications and that 

only a very small portion of orphans (clustered and non-clustered) are near the telomeres, a 

18 Kubicek C, Steindorff A18, Chenthamara K, Manganiello G, Henrissat B, Zhang J, Cai F, Kopchinskiy A, Kubicek E, 

Kuo A, Baroncelli R, Sarrocco S, Noronha E, Vannacci G, Shen Q, Grigoriev I, Druzhinina IS. Evolution and 

comparative genomics of the most common Trichoderma  species Revised manuscript submitted for peer-review 

in Studies in Mycology 
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frequent area for gene duplication. Last but not least, these orphan genes are not preferred 

targets for RIP (repeat-Induced point mutation), which inactivates duplicated genes. Therefore 

the hypothesis of gene duplication as the major mechanism for the emergence of orphan genes 

is not supported. Published transcriptome data from T. Reesei and T. Virens [36, 37] show that 

approximately 40 % of the orphan genes are indeed expressed and therefore represent 

protogenes, which are exposed to natural selection [38]; the presence of this pressure was 

verified by showing that the orphan genes present in the core genome are under purifying 

selection (Chapter 5). It was therefore interesting to see the species-specific orphan genes 

evolve so fast that their sequences diverged beyond recognition, as discussed previously [39, 

and Chapter 5].  

This dissertation highlights the evolution of several Trichoderma species that are most 

frequently observed in nature. The data reveal a high genomic diversity at both the 

section/clade level and the species level. The high polymorphism in ankyrin-containing proteins 

correlates with the expansions in HET genes as well as the transcription factors and enzymes 

for carbohydrate and secondary metabolism encoded by these genes. It possibly illustrates that 

Trichoderma constantly reshaped its genome for fast responses and successful competition in 

potentially novel habitats. These properties are exactly what one would expect from an 

environmental opportunist and a generalist.  
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Appendix II 

HFB7 – A novel orphan hydrophobin of the Harzianum and Virens clades of Trichoderma, 

is involved in response to biotic and abiotic stresses 19 
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Contribution by the PhD candidate 

1. Phylogenetic analysis showing HFB7 forms a novel clade of class II hydrophobins (Figure
1). 

2. Comparison of whether the variations in the HFB7 protein sequence of 49 strains from
genus Trichoderma would be consistent with their evolution by constructing a Bayesian
phylogeny of these 49 HFB7 sequences (Figure 2 and Supplementary Figure S1)

3. Species identification by performing a phylogenetic analysis of sequences of the 4th and
5th introns of the elongation factor 1-a gene tef1 of former T. harzianum species
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Supplementary Figure S1 

Supplementary Figure 1. Bayesian phylogram based on tef1 sequences for taxonomic and 

strain specific identification. The color of branches corresponds to their respective posterior 

probabilities. Strains used in our study are shown in bold. 
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Diverse Plant-Associated Pleosporalean Fungi from Saline Areas: Ecological Tolerance and 

Nitrogen-Status Dependent Effects on Plant Growth20 

Authors 

Yuan Qin1, Xueyu Pan1, Christian Kubicek2, Irina Druzhinina2, Komal Chenthamara2, Jessy Labbé3 and 
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Supplementary figure S1 

Bayesian consensus phylograms for individual genetic regions (LSU, SSU, and tef1) showing the 

relationships between novel isolates and currently described pleosporalean fungi. The color of 

branch corresponding to the posterior probabilities percentage. 
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Appendix III 

Exploring Phylogenomics of Trichoderma – European Molecular Biology Conference-2013 
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The origin and architecture of Trichoderma Hydrophobome – Vienna Young Scientists 

Symposium 2018
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