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Abstract 
The comparative genomics study of the industrially relevant Trichoderma spp. (Hypocreales, 

Ascomycota) revealed a considerable expansion of ankyrin-domain-containing- (ANKdc-) 

proteins when compared to other ecologically similar Pezizomycotina fungi. Ankyrin-(ANK-) 

domains are found in all domains of life as the only identifiable structural motif or as associates 

of other PFAM (host) domains that may be involved in a diversity of functions such as signal 

transduction, transport, transcription regulation, inflammatory response and other essential 

cell processes. The role of ANKdc-proteins in fungi remains poorly understood. In this thesis, a 

comprehensive in silico analysis of Trichoderma ANKyrome was performed to uncover the role 

of expansion of ANKdc-proteins in the ecology of Trichoderma spp. and provide the first 

hypotheses into their role in Trichoderma interactomes. A comparative genomics approach 

was used for genome mining, annotation, enumeration and classification of proteins with ANK-

repeats in 10 Trichoderma species. In total, eighteen Hypocreales genomes were mined for 

ANKdc-proteins and 2406 of these proteins were retrieved. Our study revealed that the 

expansion of ANKdc-proteins is not exclusive to Trichoderma, but also evident in closely related 

fungi such as phytopathogenic Nectriaceae and Bionectriaceae. Indication that expansion of 

ANKdc is characteristic of phytopathogens as well, compels to look at more transcriptomic data 

of Trichoderma when interacting with plants or growing in soil to understand the role of ANKdc-

proteins. By orthology inference, 1172 homologous ANKdc-proteins were distributed between 

183 orthogroups of which 18 orthologous ANKdc-proteins were identified as core in 

Trichoderma spp. and 11 as core in all of 18 considered Hypocreales fungi. Thus, the results 

indicate that the larger share of ANKdc-proteins is unique to most species (orphans). All ANK-

repeats in Trichoderma ANKyrome were annotated by InterProScan within Blast2GO using 

three databases, Pfam, SMART, and Prosite. Additionally, all host-domains were annotated 

within Trichoderma ANKyrome using the same approach but with all 14 databases available in 

InterProScan. This study revealed that two most frequent host-domains in Trichoderma 

ANKyrome are P-loop containing nucleoside triphosphate hydrolase and nucleoside 

phosphorylase, but also that majority of these ANKdc-proteins are orphan proteins. As 

nucleoside phosphorylases are known to play a role in immune responses, these results allow 

us to hypothesize that abundance of ANK-repeats in Trichoderma might be contributing to 

general fitness of this genus. Furthermore, SignalP and TMHMM analyses revealed that only a 

small share of Trichoderma ANKyrome consists of proteins involved in cell signaling or 
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transmembrane proteins, respectively. Evolutionary analyses of the core Trichoderma 

ANKyrome were performed using vertical evolution and purifying selection acting across each 

of 18 core ANKdc-proteins from Trichoderma spp.   
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Kurzfassung 
Die komparative genomische Studie der industriell relevanten Pilze Trichoderma spp. 

(Hypocreales, Ascomycota) zeigte eine beträchtliche Expansion von Ankyrin-Domäne-

enthaltenden- (ANKdc-) Proteinen im Vergleich zu anderen ökologisch ähnlichen 

Pezizomycotina-Pilzen. Ankyrin- (ANK-) Domäne finden sich in allen Domänen des Lebens als 

das einzige identifizierbare Strukturmotif oder assoziiert mit anderen PFAM (host) Domänen, 

die an einer Vielfalt von Funktionen wie Signaltransduktion, Transport, 

Transkriptionsregulation, Entzündungsantwort und anderen essentiellen Zellprozessen 

beteiligt sein können. Die Rolle von ANKdc-Proteinen in Pilzen ist noch weitgehend ungeklärt. 

In dieser Arbeit wurde eine umfassende in silico Analyse der Trichoderma ANKyrome 

durchgeführt, um die Rolle der Expansion von ANKdc-Proteinen in der Ökologie von 

Trichoderma spp. zu erforschen und die ersten Hypothesen über ihre Rolle in Trichoderma 

Interaktomen zu stellen. Ein komparativer genomischer Ansatz wurde für Genom-Mining, 

Annotierung, Verzeichnis und Klassifizierung von Proteinen mit ANK-Repeats in zehn 

Trichoderma-Arten verwendet. Insgesamt wurden 18 Hypocreales-Genome nach ANKdc-

Proteinen durchsucht und 2406 dieser Proteine gefunden. Unsere Studie zeigte, dass die 

Expansion von ANKdc-Proteinen nicht ausschließlich bei Trichoderma auftritt, sondern auch 

bei nahe verwandten Pilzen wie phytopathogenen Nectriaceae und Bionectriaceae.  

Der Hinweis, dass die Expansion von ANKdc auch für Phytopathogene charakteristisch ist, 

zwingt dazu, mehr transkriptomische Daten von Trichoderma zu betrachten, wenn sie mit 

Pflanzen interagieren oder im Boden wachsen, um die Rolle von ANKdc-Proteinen zu 

verstehen. Durch Orthologie-Inferenz wurden 1172 homologe AKNdc-Proteine auf 183 

Orthogruppen verteilt, von denen 18 orthologe ANKdc-Proteine als Core-Proteine in 

Trichoderma spp identifiziert wurden und 11 als Core-Proteine in allen der 18 betrachteten 

Hypocreales-Pilzen. 

Somit zeigen die Ergebnisse, dass der größere Anteil an ANKdc-Proteinen für die meisten Arten 

einzigartig ist (Orphan). Alle ANK-Repeats in Trichoderma ANKyromen wurden annotiert durch 

InterProScan in Blast2GO mit drei Datenbanken, Pfam, SMART und Prosite. Darüber hinaus 

wurden alle Host-Domänen in Trichoderma ANKyromen mit dem gleichen Ansatz, aber mit 

allen 14 Datenbanken in InterProScan annotiert. Diese Studie ergab, dass die beiden häufigsten 

Host-Domänen in Trichoderma ANKyromen P-Loop-haltige Nucleosidtriphosphat-Hydrolase 

und Nucleosidphosphorylase sind, aber auch, dass die Mehrheit dieser ANKdc-Proteine 
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Orphan-Proteine sind. Da bekannt ist, dass Nucleosidphosphorylasen eine Rolle bei 

Immunantworten spielen, erlauben diese Ergebnisse die Hypothese, dass die Häufigkeit von 

ANK-Repeats in Trichoderma zur allgemeinen Fitness dieser Gattung beitragen könnte. SignalP- 

und TMHMM-Analysen zeigten, dass nur ein kleiner Teil vom Trichoderma ANKyrom aus 

Proteinen die an der Zellsignalisierung beteiligt sind bzw. Transmembranproteinen besteht. 

Evolutionäre Analysen des Core-ANKyrom von Trichoderma wurden durchgeführt unter der 

Verwendung von vertikaler Evolution und reinigender Selektion, die in jedem der 18 Core-

Proteine in Trichoderma spp. wirkt. 
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Abbreviations 
AICc - Akaike Information Criterion corrected 

ANK - Ankyrin  

ANKdc - Ankyrin domain containing 

BIC - Bayesian Inference Criterion 

BLAST - Basic Local Alignment Search Tool 
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DGE - Differential Gene Expression 

FUBAR - Fast Unconstrained Bayesian AppRoximation 

GARD - Genetic Algorithm for Recombination Detection 

GTR - Generalized Time Reversible (model) 

hdc-ANKdc - host-domain containing ANKdc  

HET - Heterokaryon Incompatibility  

JGI - Joint Genome Institute 

JTT - Jones, Taylor, and Thornton model 

LG - Le and Gascuel model 

LRT - Likelihood Ratio Test 

Mbp - Million base pairs 

MCL - Markov Cluster Algorithm 

MEME - Mixed Effects Model of Evolution 

ML - Maximum Likelihood 

MSA - Multiple Sequence Analysis 

NTHGs - Non-Trichoderma Hypocrealean Genomes 

NP - Nucleoside Phosphorylase 

NTPase - Nucleoside Triphosphatase 

OG - Orthogroup 

PK - Protein Kinase 

PSRF - Potential Scale Reduction Factor 

PLNTPH - P-loop containing Nucleoside Triphosphate Hydrolase 
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1. Introduction 
1.1 Trichoderma and their neighbors 
Species of Trichoderma are filamentous Ascomycota found all over the world occupying vastly 

different ecological habitats, which is why many of them are often referred to as cosmopolitan 

and opportunistic organisms (Druzhinina et al. 2011; Gupta et al. 2014). 

Taxonomically, Trichoderma belongs to the order of Hypocreales and the class of 

Sordaryomycetes. Trichoderma spp. are haploid organisms, but most also possess a functional 

heterothallic mode of sexual reproduction system, that is possible only between two different 

mating type individuals, namely mat1-1 and mat1-2 mating locus types (bipolar heterothallism) 

(Seidl et al. 2009). 

Some members of Trichoderma genus secrete large amounts of certain CAZymes and find their 

application mainly in biotechnology as cellulase and hemicellulase producers for the food and 

biofuel industries. The most studied species for this application and in general is the industrial 

cellulase producer T. reesei (see Druzhinina et al. 2016 for the references; Stricker, Mach, and 

De Graaff 2008; Seiboth, Ivanova, and Seidl-Seiboth 2011). For this reason, T. reesei was 

sequenced in 2008, becoming the first genome from this genus to be studied (Martinez et al. 

2008). 

Druzhinina et al. (2018) described the expansion of nutritional strategies adapted by 

Trichoderma. These species have developed multiple nutritional modes which enable them to 

occupy vastly different ecological niches like other fungi, plants, dead wood, soil etc. Their 

ability to parasitize and kill other fungi, called mycoparasitism, as well as their production of 

antifungal secondary metabolites is applied as a biocontrol against plant pathogenic fungi 

(Harman et al. 2004). Furthermore, some Trichoderma spp. are used for stimulation of plant 

growth as associates or endophytes of plants, contributing to resistance to plant stresses and 

diseases (Harman 2011). Although there are many advantages of Trichoderma spp. 

applications, there are studies showing certain Trichoderma spp. causing green mold disease 

on mushroom farms (Komoń-Zelazowska et al. 2007). More importantly, some Trichoderma 

spp. act as pathogens of immunocompromised patients, especially organ transplant recipients 

(Chouaki et al. 2002). Due to above reasons, the interest to study their genotypes resulted in 

availability of 15 different genomes of Trichoderma in 2018. However, only 10 Trichoderma 

genomes were publicly available at the time of beginning of this master thesis. 

  



 

 

TU WIEN Diplomarbeit Vladimir Gojic 

 

14 

In 2011, Kubicek et al. sequenced strongly opportunistic and cosmopolitan T. atroviride and T. 

virens and performed the first comparative genomics study with already published T. reesei 

genome (Kubicek et al. 2011). 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 (Irina Druzhinina, personal communication). 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 1). Furthermore, within Trichoderma genus, in strongly 

opportunistic and cosmopolitan T. atroviride and T. virens, ANKdc-proteins were even more 

expanded than in T. reesei. With this thesis, we aim to set foundation towards explaining the 

expansion and roles of ANKdc genes. Therefore, we selected genomes of Trichoderma and 

other closely related species for a comparative genomics study of their ANKdc-protein. 

 

Figure 1: MCL analysis of gene families in 44 Pezizomycotina genomes. Irina Druzhinina, unpublished  
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Druzhinina et al. (2018) performed a multilocus phylogenetic analysis with 100 housekeeping 

genes from 21 Hypocreales genomes and two species from Sordariales order (Figure 2; 

adapted from Druzhinina et al. 2018), revealing the close neighbors of Trichoderma. This 

phylogenetic analysis confirmed the assumed classification of Trichoderma spp. into 

taxonomical sections Longibrachiatum, Harzianum, Virens and Trichoderma. It is evident from 

the phylogram that species of the Longibrachiatum section are evolutionarily most derived, 

while the Trichoderma section is closest to the last common ancestor of all Trichoderma spp. 

Furthermore, E. weberi (de Man et al. 2016) shares the last common ancestor with 

Trichoderma genus and it is a specialized mycoparasite, reflecting the ancestral state of 

Trichoderma spp. Moreover, it was revealed that Trichoderma spp. are closer to 

entomopathogens (carnivory) than their plant-associated hosts (herbivory). Availability of 

these eight other Hypocrealean genomes and their well-studied ecology (Smith 2007; Roy et 

al. 2010; Xiao et al. 2012) make them interesting candidates for comparison with the genomes 

of Trichoderma, in order to reveal clues about ANKdc-proteins expansion in Trichoderma.  
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 Figure 2: Phylogram of Hyocreales spp. based on 100 orhtologous proteins (~50,000 resdiues). Modified from Druzhinina et 
al. 2018 
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1.2 Ankyrin-domain-containing proteins 
The ankyrin- (ANK-) repeat is a protein-protein interaction motif found in proteins in all living 

organisms (Figure 3, Chenthamara et al. unpublished). It was named after a cytoskeletal 

protein ankyrin which contains 22 copies of the ANK-repeat (Lux, John, and Bennett 1990).  

 

Figure 3: A sunburst diagram showing 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. Chenthamara et al; unpublished  
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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 4A. 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 (Gorina and Pavletich 1996). 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 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 (Mosavi, Minor, and Peng 

2002; Li, Mahajan, and Tsai 2006). 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. 

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 4B. The tips of beta-hairpins/loop region and the surface of packed helices facing them 

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 (Mosavi et al. 2004). 

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. (Bork 1993; Mosavi et al. 2004). The function of ANKdc-proteins in 

Trichoderma and fungi, in general, is not well understood. 
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Figure 4A and 4B: Conserved structural features of the ANK-repeat and ANKdc-proteins with high-resolution structures in the 
PDB.Al-Khodor & Souhaila, et al., 2010 
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2 Aims of the study and hypothesis  
The hypothesis of our study is that the overrepresentation of ANKdc-proteins in Trichoderma 

spp. is linked to the fitness and thereby to the environmental success of this genus. Therefore, 

the aim of this thesis is a comprehensive in silico inventory and evolutionary analysis of 

Trichoderma ANKyrome. To achieve this aim the following tasks should be completed:  

 

o Building an inventory of all ANKdc-proteins from 10 Trichoderma spp. and eight closely 

related non-Trichoderma Hypocrealean genomes (NTHGs), referred to as Hypocrealean 

ANKyrome  

o Re-annotation of ANK-repeats and other associated host-domains (where present) in 

Hypocrealean ANKyrome using InterProScan  

o Domain architecture analysis  

o Comparison of Trichoderma ANKyrome to other closely related Hypocreales. 

o Orthology inferences within the Hypocrealean ANKyrome  

o Phylogenetic and selection pressure analysis of core ANKdc-proteins from considered 

Trichoderma spp.   
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3 Materials and Methods 
3.1 Preliminary investigation 

3.1.1 Whole Genome and ANKdc-protein statistics among Hypocreales 
JGI (Joint Genome Institute) Mycocosm website 

(https://genome.jgi.doe.gov/programs/fungi/index.jsf)  enables filtering of species at different 

taxonomical levels by using an interactive phylogram (Grigoriev et al. 2013). Genome statistics 

of all species from a selected subdivision, order or genus were downloaded and transferred 

into excel for data analysis. This data was used to create box plots of genome sizes and N° of 

gene models at different taxonomic levels from Ascomycota (division) to Trichoderma 

(species). 

All species belonging to Hypocreales taxonomical level were filtered and by searching for 

“ankyrin” keyword in JGI search total number of ANKdc-proteins per species was obtained. All 

hits were transferred into excel and counted to obtain the number of ANKdc-proteins per 

species.  

 

3.1.2 Retrieval of putative ANKdc-protein sequences 
All ANKdc-proteins from Trichoderma guizhouense NJAU 4742 (Druzhinina et al. 2018), T. 

parareesei TUCIM 717 (Yang et al. 2015) and T. afroharzianum LTR were obtained from a non-

public local database based on already available annotations by InterProScan (Jones et al. 

2014). The ANKdc-proteins from other 15 Hypocreales species were downloaded from JGI’s 

Mycocosm website. The keyword “ankyrin” was used in JGI website´s search function to find 

all proteins that contained at least one ANK-domain, based on JGI’s annotation. The ANKdc-

protein sequences were downloaded in amino acid fasta format from genomes listed in Table 

1.  

Hypocrealean ANKyrome is the inventory of all ANKdc-proteins from 10 Trichoderma spp. and 

eight closely related non-Trichoderma Hypocrealean Genomes (NTHGs). 

Note: This study is based on the assumption that protein domain assignations of the genomes 

carried out by JGI using their custom annotation pipelines are correct. 
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Genome Reference NCBI Accession 

Trichoderma reesei Qm6a  Martinez et al. 2008b PRJNA225530 

T. parareesei TUCIM 717 Yang et al. 2015 LFMI00000000 

T. longibrachiatum ATCC 18648  
 

Druzhinina et al. 2018 

MBDJ00000000 

T. citrinoviride TUCIM 6016 MBDI00000000 

T. guizhouense NJAU 4742 LVVK00000000 

T. harzianum CBS 226.95 MBGI00000000 

T. afroharzianum LTR  

T. virens Gv29-8  PRJNA264113 

T. asperellum CBS 433.97 Kubicek et al. 2011 MBGH00000000 

T. atroviride IMI 206040 PRJNA264112 

Metarhizium acridum CQMa102 
Gao et al. 2011  PRJNA38715 

M. robertsii ARSEF 23 PRJNA245140 

Beauveria bassiana ARSEF 2860 Xiao et al. 2012 PRJNA225503 

Cordyceps militaris CM01 Zheng et al. 2012 PRJNA225510 

Fusarium graminearum PH-1 Cuomo et al. 2007 AACM00000000 

F. oxysporum f. sp. lycopersici strain 4287 Ma et al. 2010 PRJNA342688 

F. fujikuroi IMI 58289 Wiemann et al. 2013 PRJEB185 

Nectria haematococca MPVI-77-13-4 Coleman et al. 2009 PRJNA51499 

Table 1: Hypocreales species from which ANKdc-proteins were retrieved 

3.2 Re-annotations of Hyporcrealean ANKyrome 
ANK-repeat annotations 

The re-annotation of domains present in Hypocrealean ANKyrome was performed in batch by 

using Blast2GO software (Conesa et al. 2005, 2) with inbuilt InterProScan tool (Jones et al. 

2014).  

Three main databases for ANK repeat domain annotation implemented in InterProScan were 

Pfam (Bateman et al. 2004), Prosite (Hofmann et al. 1999) and SMART (Letunic, Doerks, and 

Bork 2011). The assigned IPR signature in InterProScan for ANK-repeat is IPR002110. ANK-

repeats were filtered and to avoid duplicates specific database signature IDs for ANK-repeat 

were used. SMART database hits were filtered first, and the corresponding annotated proteins 

removed from the list. Then, the remaining proteins were filtered by Prosite and Pfam 

annotations, respectively. 

 

Host-domain annotations 

The annotations of various host-domains associated with ANK-domains within the 

Hypocrealean ANKyrome were obtained from 14 different databases. Therefore, duplicate 

annotations had to be removed after a consensus for each host-domain was determined. The 



 

 

TU WIEN Diplomarbeit Vladimir Gojic 

 

25 

cured annotations were used to find those host-domains that were present in higher 

abundance in Trichoderma spp. or in NTHGs. Then, these domains were compared at species 

level for each of 18 considered Hypocreales genomes. Furthermore, the most common host-

domains in orphan proteins were investigated and compared to host-domain annotations in 

orthogroup proteins in Trichoderma spp. 

 

Determination of positional preference of ANK-repeats in T. virens ANKyrome 

After reannotation the position of each ANK-domain in ANKyrome from T. virens was visually 

determined and classified into 3 groups, N-terminal, C-terminal or Mid-section. T. virens was 

selected because it had the largest number of ANKdc-proteins in its ANKyrome. 

 

3.3 Orthology Analysis of Hypocrealean ANKyrome 
OrthoFinder v1.1.8 (Emms and Kelly 2015) was used to identify orthologs within the 

Hypocrealean ANKyrome obtained in 3.1.2 and then to group them into independent 

orthogroups. A complete OrthoFinder analysis was performed consisting of BLAST all-vs-all and 

MCL clustering, as described in the following paragraph. A multiple sequence alignment (MSA) 

of each orthogroup was performed as part of the OrthoFinder algorithm by using MAFFT auto 

strategy that selects an alignment method based on data size (Katoh et al. 2002; Katoh and 

Standley 2013). 

 

Curing and filtering of putative orthogroups 

The inferred MSAs of putative orthogroups were visually inspected and realigned in AliView 

(Larsson 2014) with MUSCLE (Edgar 2004) to detect misaligned regions more precisely. Certain 

putative orthogroups were split into separate orthogroups and some were rejected as 

orthogroups. ANKdc-proteins that were not assigned to any orthogroup will be referred to as 

orphan proteins in this thesis. 

To confirm their orphan status, orphan ANKdc-proteins were subjected to second OrthoFinder 

analysis. The resulting orthogroups had to be filtered and cured as previously explained. Based 

on visual inspection of each orthogroup’s alignment using Geneious (Kearse et al. 2012), a 23 

% pairwise identity was accepted as threshold for orthogroups.  
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OrthoFinder algorithm 

An overview of steps in OrthoFinder algorithm is described in Figure 5 . The first step of the 

algorithm is a BLAST all-versus-all (Altschul et al. 1990) with a higher than recommended E-

value threshold of 10−3 to prevent exclusion of very short sequences (Figure 5b).  

In the second step BLAST bit scores are normalized to ensure that the best hit is assigned score 

independent of protein length or phylogenetic distance Bit scores are used because the lowest 

E-value is e-180 and no resolution of sequences with high similarities is achieved (Figure 5c). 

In the next step, RBNHs (Reciprocal Best Length-Normalized hit) is calculated for each protein 

to set the lower limit for acceptance of putative orthologs (Figure 5d). 

In the last two steps, putative orthologs are connected in the orthogroup graph based on 

normalized BLAST bit scores and then clustered into orthogroups using MCL (Figure 5f). 

 

 

Figure 5: Overview of the steps in the OrthoFinder algorithm. Emms and Kelly 2015 
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3.3.1 UpSet analysis to reveal shared ANKyrome and core orthologous genes  
Universal ANKdc-proteins shared by species of different taxonomical sections were 

determined by analyzing inferred orthogroups. The results were summarized and visualized 

using an R-package (Team 2013) UpSet (Lex et al. 2014). This tool visualizes set intersections 

quantitatively in a matrix layout. A set is defined as a collection of distinct elements that 

describes a common characteristic. ANKdc-proteins (distinct elements) inventory, or 

ANKyrome, from one species (common characteristic) was considered a single set. If at least 

one ortholog from each of two different species is present in same orthogroup, this orthogroup 

is considered an intersection between ANKyromes of these two species. By counting all 

orthogroups where at least one representative from each of these two species is present, the 

number of intersections between them is obtained. Accordingly, core Trichoderma 

orthogroups were considered to be those orthogroups that contained at least one 

representative of each of the 10 considered Trichoderma spp. 

 

3.4 Evolutionary Analysis for core orthologous genes 

3.4.1 Phylogenetic Analysis 
BLAST with representatives from core orthogroups 

Only four sequences, one from each taxonomical section of Trichoderma genus, T. harzianum, 

T. virens, T. atroviride and T. reesei, from each core orthogroup were used for similarity search 

by Geneious 10.2.2. batch BLAST (Kearse et al. 2012). A batch BLAST was performed by using 

an E-value cutoff of e-30. The BLAST results were merged with the original orthogroups before 

curing. After preliminary alignment using Muscle, duplicates were removed, and only unique 

sequences were retained. Furthermore, accession numbers without species names were 

searched in NCBI Protein (Coordinators 2016) to find their corresponding source. Each 

orthogroup was visually inspected and realigned with MUSCLE. Non-homologs were removed 

in multiple iterative steps. 

 

Multiple sequence alignments 

The sequences were realigned using MAFFT accurate algorithm. Next, Gapstreeze tool 

(https://www.hiv.lanl.gov/content/sequence/GAPSTREEZE/gap.html) was used to remove 

flanking regions by assigning a threshold of 84-90% for gaps in aligned columns. Cured MSAs 

were used in following phylogenetic analysis.  
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Maximum Likelihood phylogeny inference 

Cured protein alignments were subjected to maximum likelihood phylogenetic estimation by 

uploading them to PhyML 3.0 public server (http://www.atgc-montpellier.fr/phyml/) 

(Stephane Guindon et al. 2005; Stéphane Guindon et al. 2010). An automatic substitution 

model selection was performed by SMS (Lefort, Longueville, and Gascuel 2017) by using the 

Bayesian Information Criterion. For the branch support of maximum likelihood phylogeny, 

1000 bootstrap replicates were performed.  

 

Bayesian phylogeny inference  

Two simultaneous, independent analyses starting from different random trees were run in 

MrBayes (Ronquist et al. 2012), each using three heated chains and one "cold" chain. Once the 

analyses were completed, 7500 trees were summarized after discarding the first 25% of the 

obtained 10,000 trees, resulting in a consensus tree. 

The output was assessed based on a convergence diagnostic PSRF (Potential scale reduction 

factor) which compares variance within and between runs and had to be close to 1.0, otherwise 

the analysis had to be ran longer. If PSRF value was close to 1.0 the trees were summarized by 

removing 25 % of samples. The output contained a phylogram with mean branch lengths. The 

same substitution models selected for each alignment by SMS previously were also used in the 

Bayesian analyses.  

 

3.4.2 Selection Pressure Analysis 
Preparation of codon alignments with Pal2Nal 

Corresponding cDNA sequences for core protein ANKyrome were retrieved from JGI. PAL2NAL 

(Suyama, Torrents, and Bork 2006) online tool (http://www.bork.embl.de/pal2nal/) uses a 

protein MSA and its corresponding cDNA sequences to prepare a cDNA-MSA. Since cDNA 

sequences of proteins from T. guizhouense NJAU 4742, T. parareesei TUCIM 717 and T. 

afroharzianum LTR were not available, these genomes were excluded from subsequent 

analyses.  
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Preparation of Bayesian trees for Selection Pressure analyses 

The protein MSA alignments with reduced MOTUs that correspond to MOTUs in cDNA MSA 

were subjected to Bayesian phylogenetic analyses according to the procedure described in 

3.4.1. Inferred trees were combined with codon alignments to obtain a nexus file necessary for 

selection pressure analyses. 

 

Selection Pressure Analysis 

It has been shown that recombinant sequences lead to the false positive detection of positive 

selection in selection pressure analyses (Shriner et al. 2003). This can be prevented if the MSA 

is split into respective non-recombinant parts. For this purpose, Genetic Algorithm for 

Recombination Detection (GARD) for identification of non-recombinant fragments in an MSA 

was developed by Kosakovsky Pond et al. 2006. The nexus files containing both MSAs and trees 

were subjected to GARD. If a recombination breakpoint is detected in an MSA, the MSA is split 

into non-recombinant parts, which can be independently subjected to selection pressure 

analyses.  

The first selection pressure analysis was performed by using BUSTED (Branch-Site Unrestricted 

Statistical Test for Episodic Diversification), a protein-wide positive selection pressure analysis. 

This tool indicates if at least one site or one branch in the protein has evolved under positive 

selection. The significant result is not conclusive, so further analyses at site-level are necessary 

for a complete hypothesis testing (Murrell et al. 2015). 

In the next step, MEME (Mixed Effects Model of Evolution) tool was used. MEME is an 

algorithm for detection of episodic (on a subset of branches) positive selection pressure 

analysis at individual sites that allows the levels of positive selection to vary from branch to 

branch (Murrell et al. 2012). For the visualization of results  -  ( is the relative rate of 

nonsynonymous substitutions,   is the relative rate of synonymous substitutions) is used as a 

measure of the intensity of selection, because for small  values the ratio / =  is misleading 

(ω =1 represents neutral evolution, ω < 1 negative selection and ω > 1 positive selection). Both 

MEME and BUSTED were used as online implementations on datamonkey.org server (Delport 

et al. 2010). 

In the last step of selection pressure analysis, FUBAR (Fast, Unconstrained Bayesian 

AppRoximation) tool was used. This tool is used for detection of pervasive (across whole 
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phylogeny) positive or purifying selection at individual sites based on a Bayesian approach 

(Murrell et al. 2013). The selection pressure for each site is constant along the whole phylogeny 

and the inferred rates are supported by their corresponding posterior probabilities. FUBAR was 

used as part of the offline HyPhy tool package (Pond and Muse 2005). 

Inferences of selection pressure analysis were made based on results from all of the above-

mentioned tools.  

 

3.5 TMHMM and SignalP analyses 
The Hypocrealean ANKyrome was subjected to signal peptide cleavage site prediction on the 

online server http://www.cbs.dtu.dk/services/SignalP/ (Petersen et al. 2011). Furthermore, 

these proteins were also subjected to the prediction of transmembrane helices in proteins on 

the public server http://www.cbs.dtu.dk/services/TMHMM/ (Sonnhammer, Von Heijne, and 

Krogh 1998). These analyses were used to detect trends in the share distribution of signal 

peptides and transmembrane helices in Hypocrealean ANKyrome and compare them on the 

species level. 

 

3.6 Transcriptomic data analysis 
Each protein from Trichoderma ANKyrome was screened against differentially expressed genes 

(RNA deepseq) obtained during dual confrontation assays of Trichoderma guizhouense NJAU 

4742 and Trichoderma harzianum TUCIM 916 (=CBS 226.95) against Fusarium oxysporum f. sp. 

cubense 4 strain (Foc4). Transcriptional response was investigated in a confrontation of T. 

guizhouense against itself, against T. harzianum and finally against Foc4. The same approach 

was employed for T. harzianum (Zhang, Miao, Rahimi, Shen, Druzhinina, unpublished).  
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4  Results and discussions 
4.1 Inventory of the Trichoderma ANKyrome 

4.1.1 Genome and ANKdc-protein statistics comparison 
Genomes from the taxonomical order Hypocreales, including those that were considered in 

this study, that were selected for statistical comparison are presented in Table 2. The listed 

Trichoderma spp. belong to four different taxonomical sections also shown in the phylogram 

from  Figure 2, 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 11618. T. harzianum CBS 226.95 is the largest genome with highest number of gene-

models among all 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.  

 

Genome 
Genome size 

[Mbp] 
N° of gene 

models 
TAXONOMICAL SECTIONS 

Trichoderma reesei Qm6a  34.1 9129  
 

LONGIBRACHIATUM 
T. parareesei TUCIM 717 31.13 9318 

T. longibrachiatum ATCC 18648 32.2 10938 

T. citrinoviride TUCIM 6016 33.22 9737 

T. guizhouense NJAU 4742 38.29 11297  
HARZIANUM 

T. harzianum CBS 226.95 40.98 14095 

T. afroharzianum LTR - - 

T. virens Gv29-8 39 12518 VIRENS 

T. asperellum CBS 433.97 37.5 12586  
HARZIANUM 

T. atroviride IMI 206040 36.1 11863 

T. gamsii T6085 37.97 10944 

Escovopsis weberi CC031208-10 29.45 6870  

Metarhizium acridum CQMa102 39.42 9849  
 
 
 

M. robertsii ARSEF 23 39.15 10583 

Calviceps purpurea 20.1 32.09 8979 

Ophiocordyceps sinensis CO18 78.52 6972 

Beauveria bassiana ARSEF 2860 33.69 10364 

Cordyceps militaris CM01 32.27 9651 

Fusarium graminearum PH-1 36.45 13322  
 
 
 

F. pseudograminearum CS3096 36.93 12448 

F. oxysporum f. sp. lycopersici strain 4287 61.36 17708 

F. fujikuroi IMI 58289 43.83 14813 

Nectria haematococca MPVI-77-13-4 51.49 15707 
Table 2: Hypocreales genomes that were used for characteristics comparison  
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Comparison of Genome sizes between Hypocrealean and Non Hypocrealean spp 

Data from JGI was used to compare all available species from Ascomycota level to Hypocreales 

level. At both Ascomycota and Pezizomycotina levels the largest genome is almost 180 Mbp, 

specifically the Cenoccum geophilum 1.58 from Dothideomycetes group. The second largest 

genome among all Ascomycota is Blumeria graminis f. sp. tritici 96224. The results are 

visualized in a box plot in Figure 6a. 

In the second box plot in Figure 6b number of gene models (or JGI predicted gene) per species 

is compared. The largest number of genes are found in Fusarium oxysporum f. sp. lycopersici 

strain 4287.  

 
Figure 6a and 6b: Box plots showing range of genome sizes and number of total proteins at different taxonomical levels  

511 446 133 38 11 
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ANKdc-protein expansion in species of higher taxonomical orders 

The results of ANKdc-proteins abundance comparison in Hypocreales genomes are 

summarized in Table 3. 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 Druzhinina 

et al. unpublished work and confirm that the expansion of ANKdc-proteins in most aggressive 

Trichoderma spp. is present. But, 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. 

The species from Ilyonectria genus are common soil fungi that cause root rot as opportunistic 

phytopathogen but can also be found as endophytes of healthy plants (dos Santos et al. 2014). 

 

4.1.2 Retrieval of putative ANKdc-proteins from selected Hypocreales 
Total number of mined ANKdc-proteins from the respective source species, along with 

minimum and maximum protein lengths are summarized in Table 4. The highest number of 

ANKdc-proteins are found in Fusarium oxysporum, which also hast the largest number of 

proteins in general. Among Trichoderma spp. the most ANKdc-proteins were obtained from T. 

virens, while the least were present in T. reesei. 
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Table 3: N° of ANKdc-proteins in different Hypocreales fungi publicly available in JGI, 6th Nov, 2017 

  

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 

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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Genome 
N° of proteins 

downloaded 

Average N° 

of proteins 

per 

taxonomical 

section 

Max 

Sequence 

Length 

[AA] 

Min 

Sequence 

Length [AA] 

Trichoderma parareesei TUCIM 717 95 

92.5 

2125 97 

T. reesei Qm6a  83 2123 88 

T. longibrachiatum ATCC 18648 96 2120 72 

T. citrinoviride TUCIM 6016 96 1924 63 

T. guizhouense NJAU 4742 138 

152 

2563 154 

T. harzianum CBS 226.95 179 2113 56 

T. afroharzianum LTR 139 2645 154 

T. virens Gv29-8 194 194 2147 57 

T. atroviride IMI 206040 154 

144.5 

2105 68 

T. asperellum CBS 433.97 135 2114 53 

Beauveria bassiana ARSEF 2860 98 

96.5 

2259 118 

Cordyceps militaris CM01 61 2106 181 

Metarhizium robertsii ARSEF 23 135 2251 91 

M. acridium CQMa102 92 1849 87 

Fusarium oxysporum f. sp. lycopersici strain 4287 264 

177.5 

2209 107 

F. graminearum PH-1 114 2087 65 

F. fujikuroi IMI 58289 163 2533 157 

Nectria haematococca MPVI-77-13-4 170 2242 73 

Table 4: Genome statistics in Hypocreales 

4.1.3 Re-annotated Hypocrealean ANKyrome 
Annotation of ANK-repeats 

From 2406 proteins from Hypocrealean ANKyrome 2036 had at least one annotated ANK 

repeat from at least one of the selected databases. All filtered hits were sorted by their 

database signature ID and the total number of hits per database are shown in Table 5. 

 Database Signature ID N° of annotations 

Pfam PF00023 373 

PF13606 105 

Prosite PS50088 6882 

SMART SM00248 13498 

TOTAL - 20858 

Table 5: Annotations of ANK repeats per database 
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The results from Table 5 indicated that SMART database was superset of other two databases, 

which was additionally confirmed by randomly analyzing some proteins in online InterProScan 

and visual inspection of graphical outputs. For this reason, SMART annotations were filtered 

first, which resulted in annotation of 13502 ANK-repeats from 1961 out of 2406 query proteins. 

The annotations in remaining 445 proteins, were filtered first by Prosite and then by Pfam 

results. Finally, additional 75 ANK-repeats were obtained, for the total of 13581 annotated 

ANK-repeat sequences. The results are summarized in Table 6. 

 

 Signature ID N° of annotations 

SMART SM00248 13502 

Prosite PS50088 74 

Pfam PF00023 5 

TOTAL  13581 

Table 6: Source databases of final ANK-repeat annotations 

 

N° of ANK-repeats per ANKdc-proteins on species level were analyzed and the results are 

shown in Figure 7 and the corresponding Supplementary material 1.  On average there are 6.5 

ANK-repeats per ANKdc-protein within the Trichoderma ANKyrome and within the NTHGs 

ANKyrome there are 6.9 ANK-repeats per ANKdc-protein on average. The most ANK-repeats 

per ANKdc-protein within the Hypocrealean ANKyrome were present in T. guizhouense with 

9.4 followed by 8.5 ANK-repeats per ANKdc-protein in T. afroharzianum.  
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Figure 7: Comparison of number of annotated repeats per species 

Host-domain annotation in ANKdc-proteins 

According to InterProScan analysis results, 48.7% of ANKdc-proteins in the Hypocrealean 

ANKyrome contained ANK-domain as the only identified domain (loner-ANKdc-proteins). The 

ANKdc-proteins that contain other associated domains will be referred to as host-domain 

containing ANKdc-proteins (hdc-ANKdc-proteins) in this thesis.  

In the Trichoderma ANKyrome of 1309 ANKdc-proteins, 49% or 642 proteins are hdc-ANKdc-

proteins. The 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 

loner-ANKdc proteins. The complete list of hdc-ANKdc-proteins in individual species are shown 

in Figure 8 and Supplementary material 2 

 

00 01 02 03 04 05 06 07 08 09 10

Trichoderma guizhouense

Trichoderma afroharzianum

Metarhizium robertsii

Fusarium fujikuroi

Fusarium oxysporum

Trichoderma atroviride

Trichoderma parareesei

Trichoderma virens

Metarhizium acridium

Beauveria bassiana

Fusarium graminearum

Cordyceps militaris

Nectria haematococca

Trichoderma reesei

Trichoderma harzianum

Trichoderma longibrachiatum

Trichoderma asperellum

Trichoderma citrinoviride

Trichoderma

Other Hypocreales

Total

N° of ANK-repeats per ANKdc-protein



 

 

TU WIEN Diplomarbeit Vladimir Gojic 

 

38 

 

Figure 8: Share distribution of hdc-ANKdc-proteins in Trichoderma spp. and NTHGs 

 

The share distribution of twelve most common associated domains found in hdc-ANKdc-

proteins from Trichoderma spp. is shown in Figure 9, while the full list of annotations is given 

in Supplementary material 3. 

The three most common domains that are associated with ANK-domain in hdc-ANKdc-proteins 

from Trichoderma ANKyrome are P-loop containing nucleoside triphosphate hydrolase 

(PLNTH), nucleoside phosphorylase (NP) and NACHT domain (named after proteins it is present 

in, NAIP: NLP family apoptosis inhibitor protein, CIITA: C2TA or MHC class II transcription 

activator, HET-E: incompatibility locus protein from Podospora anserina and TEP1: TP1 or 

telomerase-associated protein). PLNTHs are present in 24.5 % of hdc-ANKdc-proteins from 

Trichoderma spp. and in 26 % of hdc-ANKdc-proteins from NTHGs. The PLNTHs catalyze the 

hydrolysis of NTPs (specific for ATP/GTP) beta-gamma bond and the released energy is used 

for conformational changes in other molecules (Leipe, Koonin, and Aravind 2004). 
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NPs were found in almost 13 % of hdc-ANKdc-proteins from Trichoderma spp. and 19 % of hdc-

ANKdc-proteins from NTHGs. Function of this domain depends on which kind of phosphorylase 

it encodes, eg PurineNP, UridineNP etc. It catalyzes the phosphorolytic breakdown of the N-

glycosidic bond to the respective nucleoside and sugar-1-phosphate molecules, which are 

either used as carbon and energy sources or for nucleotide synthesis (Takehara et al. 1995). 

The next most common host-domain in Trichoderma ANKyrome is NACHT. This domain 

consists of ATP/GTPase specific P-loop domain, the Mg2+-binding site (Walker A and B motifs, 

respectively) and five more specific motifs. It is essentially a modified nucleoside phosphatase, 

but its function remains unknown (Koonin and Aravind 2000). 

Further most common domain in Trichoderma ANKyrome is protein kinase (PK), F-box and 

heterokaryon incompatibility motifs (HET). Each of these domains was present in around 5 % 

of hdc-ANKdc-proteins from Trichoderma spp.  

PKs catalyze the transfer of gamma phosphate groups from NTPs on proteins. Their function in 

cells is associated with division, proliferation, apoptosis, and differentiation (Hanks, Quinn, and 

Hunter 1988). 

F-box domain is a part of the E3 ubiquitin ligase complex which beside F-box, contains Skp and 

Cullin domains. This complex catalyzes the ubiquitation of proteins for their degradation by 

proteases. The function of F-box is to connect the target protein with Skp (OmpH Chaperone 

protein) and thereby bring it closer to the E2 enzyme that is loaded with ubiquitin (Kipreos and 

Pagano 2000). 

Filamentous fungi use individual specific HET domains as self-/non-self-discrimination during 

vegetative fusion. Heterokaryotic cells produced by vegetative fusion of genetically different 

cells trigger the vegetative incompatibility associated programmed cell death reaction (Paoletti 

and Clave 2007). 
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Figure 9: Share distribution of the most common host-domains found in hdc-ANKdc-proteins from Trichoderma spp.  

 

The distribution of host-domains was compared between orphan and orthogroup ANKdc-

proteins from Trichoderma ANKyrome and the results are shown in Figure 10. The two most 

common host-domains in Trichoderma ANKyrome, NP and PLNTH, are predominantly found in 

orphan ANKdc-proteins. The annotations were sorted based on the largest absolute 

differences between orphan and orthogroup ANKdc-proteins. There are 123 ANKdc-proteins 

containing NP domain of which 82% are orphan proteins. Almost 70% of ANKdc proteins 

containing PLNTH domain are orphan proteins. Furthermore, 85 % of Peptidase S8/S53 domain 

annotations were found in orphan proteins of hdc-ANKdc proteins from Trichoderma spp. 

NWD-NACHT NTPase, Sigma domain on NACHT NTPase, BTB/POZ, Kila, HTH, PK, SPX, F-box, 

Allantoicase, Phosphodiesterase domain were predominantly found in ANKdc-proteins that 

belong to orthogroups.  

In general, 41 % of all 642 Trichoderma hdc-ANKdc-proteins are orphan. 
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Figure 10: Host-domain annotation distribution comparison between Trichoderma orhpan ANKdc-proteins and orthogroup 
ANKdc-proteins  

 

A direct comparison of share distributions of annotated domains in ANKdc-proteins between 

Trichoderma spp. and NTHGs. was performed to identify group specific host-domains. 20 

annotated domains with largest difference in their share abundance among hdc-ANKdc-

proteins between Trichoderma spp. and NTHGs are shown in Figure 11. 

Largest difference was found in NP domain abundance, which was present in 19 % of hdc-

ANKdc-proteins from Trichoderma spp. and 13 % of hdc-ANKdc-proteins from NTHGs. The 

most significant difference is the absence of Eisosome protein SEG1/Sle1 in ANKyromes from 

NTHGs, which was found in almost 4 % of hdc-ANKdc-proteins from Trichoderma spp. The 

function of this protein is unknown. 

Other important differences are increased share of ANKdc-proteins containing PK and F-box 

domains in Hypocreales, but also an increased share of NWD-NACHT NTPase, Sigma domain 

on NACHT NTPase, NACHT and WD40 repeat domain containing ANKdc-proteins in 

Trichoderma ANKyrome. 
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Figure 11: Host-domains annotations with largest differences in their share abundance among hdc-ANKdc-proteins between 
Trichoderma spp. and NTHGs 

Comparison of host-domains at the species level 

To get a deeper insight into the distribution of host-domains with largest differences in 

abundance between ANKdc-proteins from Trichoderma spp. and ANKdc-proteins from NTHGs, 

they were investigated at the level of individual species. The results are presented in Figure 12 

and Figure 13 and corresponding Supplementary material 3. 

Nucleoside phosphorylase domain containing ANKdc-proteins made up the largest share of 

hdc-ANKdc-proteins with 27 % or 24 of all hdc-ANKdc-proteins from T. guizhouense, while in T. 

virens and T. harzianum it was found in 25 % and 24 % of all hdc-ANKdc-proteins, respectively 

(18 proteins each). This type of ANKdc-proteins made up the lowest share of all hdc-ANKdc-

proteins in C. militaris, accounting only for 3.3 % of all hdc-ANKdc-proteins. 

Eisosome protein SEG1/Sle1 is a host-domain specific for ANKdc-proteins from Trichoderma 

spp. as it was not present in hdc-ANKdc-proteins from NTGHs. It is found in 8 % (6 ANKdc-

proteins) of T. harzianum and 7 % (5 ANKdc-proteins) of hdc-ANKdc-proteins from T. virens. 

But, it is not present in any of hdc-ANKdc-proteins from T. parareesei. 
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Protein kinase domain made up 12 % (15 proteins) of hdc-ANKdc-proteins from F. oxysporum, 

which was by far the largest share % of all analyzed species and the largest absolute number 

of proteins. 

NWD NACHT-NTPase, N-terminal domain is found in 6.9 % in T. virens and 6.5 % in T. 

asperellum. It is mostly found in Harzianum and Trichoderma sections with five to four proteins, 

while other species either have only one or no proteins containing this domain.   

F-box domain is present in 9% of of hdc-ANKdc-proteins from B. bassiana and 8 % from F. 

oxysporum. It is important to mention, that the absolute number is highest in F. oxysporum 

with 10 proteins in total, while B. bassiana has five ANKdc-proteins containing this domain. 

Each considered Trichoderma sp. has one F-box domain containing ANKdc-protein except for 

species from Trichoderma section and T. longibrachiatum which have two ANKdc-proteins of 

this kind. 

Fungal N-terminal domain of STAND protein was almost exclusively found in Phytopathogens 

except for T. parareesei which had only one ANKdc-protein with this host-domain. F. 

oxysporum had the most with eight (6.6 %) and F. fujikuroi with five proteins (6 %) with this 

host-domain. The function of this domain is unknown. 

Sigma domain on NACHT-NTPases was present in three proteins in each of the species of 

Harzianum section. The most ANKdc-proteins were found in T. virens and T. atroviride as each 

have four ANKdc-proteins with this domain. With the exception of T. longibrachiatum, which 

had one ANKdc-protein containing this domain, this domain was almost absent from the 

Longibrachiatum section. 

WD40-repeat-containing domain is most common in Harzianum section, where 6.1 % of all hdc-

ANKdc-proteins in T. afroharzianum, 4.6 % in T. guizhouense and 4.1 % in T. harzianum contain 

this domain. In the Longibrachiatum section T. reesei and T. parareesei each have two ANKdc-

proteins (4%) containing this domain. 

In Trichoderma spp., NACHT domain is predominantly found in ANKdc-proteins of Harzainum 

section. In T. guizhouense 21.8 % of all hdc-ANKdc-proteins or 19 ANKdc-proteins in total 

contain this domain, while T. afroharzianum and T. harzianum have 10 and nine of these 

ANKdc-proteins, respectively. In Hypocreales, F. oxysporum has 12, F. fujikuroi 11 and M. 

robertsii nine NACHT domain containing ANKdc-proteins in total.  
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IPT/TIG domain is only present in ANKdc-proteins from Trichoderma section and NTHGs. Each 

species contains only one ANKdc-protein with this domain, whereas only F. oxysporum has five 

proteins of this kind. 

Glycerophosphodiester phosphodiesterase domain and SPX domain are only absent in hdc-

ANKdc-proteins from T. reesei, T. citrinoviride and T. longibrachiatum. 

NADH:flavin oxidoreductase / NADH oxidase domain family is specific to hdc-ANKdc-proteins 

from Trichoderma spp. T. parareesei has two proteins with this host-domain, while other 

Trichoderma spp. have only 1 ANKdc-protein each.  

Heterokaryon incompatibility domain was present in eight (13.5 %) hdc-ANKdc-proteins from 

F. fujikuroi, seven from T. afroharzianum and six from T. guizhouense and T. parareesei each.  

Glutaminase was not present in any of hdc-ANKdc-proteins from Trichoderma spp. It is found 

in one ANKdc-protein in each of the Phytopathogens section species and in B. bassiana and C. 

militaris.  

Concanavalin A-like lectin/glucanase domain superfamily and SPRY domain were predominantly 

found in hdc-ANKdc-proteins from T. guizhouense, where each host-domain was present in 8.5 

% (5 ANKdc-proteins) of hdc-ANKdc-proteins. 

ATPase, dynein-related, AAA domain was exclusively present in species of Trichoderma genus.  

Each species contained one hdc-ANKdc-protein of this type, but it was absent in T. parareesei. 

P-loop containing nucleoside triphosphate hydrolase (PLNTH) containing ANKdc-proteins are 

present in highest numbers in F. oxysporum with 33 and F. fujikuroi with 29 ANKdc-proteins. 

The highest share of hdc-ANKdc-proteins of this type was found in T. virens with 36.1 % (26 

ANKdc-proteins), F. fujikuroi with 34.5 % and T. citrinoviride with 33%, but it was also expanded 

in species of Harzianum section where each species had more than 20 hdc-ANKdc-protein with 

this domain. Furthermore, in T. atroviride there were 26 ANKdc-proteins containing this 

domain, while in T. asperellum only 12 ANKdc-proteins of this type were present. 

Leucine-rich repeat domain superfamily and GAR domain profile containing ANKdc-proteins are 

specific to Longibrachiatum taxonomical section except for T. parareesei. 

The majority of host-domains from Hypocrealean ANKyrome are involved in essential cellular 

functions. As an example, it can be assumed that NTPases are associated with ANK-domain 

because it can recognize and specifically direct the enzyme to the place where produced 

energy is needed. The same can be applied to other above-mentioned host-domains.   
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Figure 12: Share distribution of host-domains among hdc-ANKdc-proteins at the species level (1st part) 
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Figure 13: Share distribution of host-domains in hdc-ANKdc-proteins at the species level (2nd part) 
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Annotation of core orthogroups   

11 out of 18 Trichoderma spp. core orthogroups consisted of loner-ANKdc-protein. Proteins 

belonging to these orthogroups contained exclusively ANK-domains. The other 7 orthogroups, 

which consisted of hdc-ANKdc-proteins, were also core orthogroups for the Hypocrealean 

ANKyrome. The annotations of ANKdc-proteins from these orthogroups and descriptions of 

their putative functions are shown in Table 7. 

 

Orthogroup Associated Domains Function 

 
 

16 

VPS9  Vacuolar protein sorting- (fungal) transport of proteins from 
biosynthetic and endocytic pathways into the vacuole 

Phox homologous  Cell signaling, vesicular trafficking, protein sorting, lipid 
modification and protein-protein interaction 

 
 

17 

Allantoicase  Allantoate amidinohydrolase- catalyzes a step in uricolytic 
pathway: allantoate + H2O = (S)-ureidoglycolate + urea 

Dilute Associates myosins with different organelles, membrane vesicles 
mRNA; Myosins are molecular motors  

20 Palmitoyltransferase, 
DHHC 

Post-translational modification; transfers palmitoyl group from 
palmitoyl-CoA to the thiol group of Cys residues 

26 BTB/POZ Transcriptional regulators  

 
28 

PH-Pleckstrin Recruiting proteins to different membranes 

Oxysterol-binding 
protein 

signaling, vesicular trafficking, lipid metabolism, and non-vesicular 
sterol transport. 

30 HTH, APSES-type DNA-
binding 

Transcription regulator,  
N. crassa: role in spore maturation. 
A. nidulans:  transformation of undifferentiated hyphal elements 
into a complex multicellular structure 

Candida albicans (Yeast): enhanced filamentous growth protein 

31 L-asparaginase N and C 
terminal 

Catalyzes deamination of asparagine to aspartic acid 

Table 7: Summarized InterProScan results for core hdc-ANKdc-proteins 

 

4.1.4 Orthology Inference within the Hypocrealean ANKyrome 
OrthoFinder analysis with total 2406 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. 
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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 less strict lower limit for acceptance of putative 

orthologs as explained in 3.3. 

In conclusion, out of 2406 proteins 1172 were assigned to 183 separate orthogroups, while the 

remaining 1234 proteins were classified as orphan proteins. 

A closer look into the number of orphan ANKdc-protein per species is shown in Figure 14 and 

the corresponding Supplementary material 4. The results reveal that the largest share of 

Nectria haematococca ANKyrome are 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.  

 

Figure 14: Share of orphan ANKdc-proteins per species 
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4.1.5 UpSet visualization of ANKyrome intersections   
ANKdc-proteins shared between different taxonomical sections are shown in Figure 15. The 

connected dots represent which sections are being considered, while the corresponding 

column with the number on top corresponds to the total number of orthogroups in which 

respective species are present. 

Out of 183 orthogroups only 18 orthogroups contained at least one representative from each 

of 10 considered Trichoderma species. This implies only 18 ANKdc-proteins are present in all 

of the 10 considered Trichoderma genomes. These 18 orthogroups represent the core ANKdc-

proteins for Trichoderma spp.  

Highest number of shared ANKdc-proteins were found in Harzianum section, to which T. 

harzianum, T. afroharzianum and T. guizhouense belong. Furthermore, only 11 core ANKdc-

proteins among the 18 considered Hypocreales spp. were detected.  
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Phytopathogens are plant pathogenic fungi Nectria haematococca, Fusarium oxysporum, F. graminearum, and F. fujikuroi. 
Entomopathogens are insect pathogenic fungi Beauveria bassiana, Cordyceps militaris, Metarhizium acridum and M. robertsii. 
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4.2 Evolutionary Analysis 

4.2.1 Phylogenetic Analysis 
The best substitution model determined by SMS for each MSA as well as the N° of taxa in each 

MSA are listed in Supplementary material 5. 

The inferred phylogenetic trees will be interpreted individually but there are some general 

characteristics which should be mentioned before. The topologies of trees inferred by 

Maximum likelihood and Bayesian method were similar and congruent with the multilocus 

gene genealogy of Hypocreales from Figure 2. The taxonomical sections Longibrachiatum, 

Harzianum, Virens and Trichoderma were consistently identifiable in each tree topology. The 

node support values in Maximum likelihood trees are shown explicitly, where well supported 

nodes had bootstrap values greater than 50%. The Bayesian inferred trees were manually 

processed by adding a grey circle to nodes that had a posterior probability ≥ 95 %. The nodes 

of Trichoderma spp. clades were predominantly well supported in both phylogenetic analyses. 

Only Bayesian trees are included since there was no significant difference in comparison to 

Maximum likelihood trees. 

The trees were grouped for interpretation based on species they contained as shown in Table 

8. 
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Table 8: Summary of taxonomical range of MOTUs present in phylogenetic trees 
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Phylogenetic trees 39, 48, 58 

The MSAs 39, 48 contained exclusively Trichoderma spp. homologs including proteins from T. 

gamsii. The MSA 58, in addition to all Trichoderma spp. proteins, had only one homologous 

protein outside Trichoderma genus that originated from Oidiodendron maius (Ascomycota, 

Leotiomycetes). Oidiodendron spp. are symbionts of roots of Ericaceae plants so they belong 

to a group called Ericoid mycorrhizal fungi. These species improve nutrient exchange and 

protect the plant from heavy metal toxicity. A comparative genomics study from 2018 found 

that Ericoid mycorrhizal fungi are more similar to saprotrophs and pathogens than to 

ectomycorrhyzal fungi based on their genetic machinery and secondary metabolism but also 

that they can be both saprotrophs and biotrophs (Wei et al. 2016; Martino et al. 2018). The 

corresponding trees are shown in Figure 16, Figure 17 and Figure 18. 

 
Figure 16: Bayesian tree of OG 39 
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Figure 17: Bayesian tree of OG 48 
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Figure 18: Bayesian tree of OG 58 
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Phylogenetic trees 22, 23, 31, 50 

All of these trees contained exclusively homologs from species belonging to the Hypocreales 

order. The corresponding trees are shown in Figure 19, Figure 20, Figure 21 and Figure 22. 

 

 
Figure 19: Bayesian tree of OG 22 
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Figure 20: Bayesian tree of OG 23 
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Figure 21: Bayesian tree of OG 31 
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Figure 22: Bayesian tree of OG 50 
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Phylogenetic tree 64 

The MSA 64 and its corresponding tree contained only proteins from Trichoderma spp. but no 

T. gamsii protein. The homologs from T. gamsii were found by homology search and were not 

included in the initial orthology inference because the genome was not available. The 

orthology inference can be repeated after retrieval of ANKyrome from published T. gamsii 

genome to eventually reject this orthogroup. The corresponding tree is shown in Figure 23. 

 

 
Figure 23: Bayesian tree of OG 64 
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 Phylogenetic trees 25, 66 

The MSA 66 contained in addition to species from Hypocreales order homologs from 

Glomerellales order, while the phylogenetic tree 25 contained also species from Microascales 

order. The corresponding trees are shown in Figure 24 and Figure 25. 

 

 
Figure 24: Bayesian tree of OG 25 
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Figure 25: Bayesian tree of OG 66 
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Phylogenetic trees 20, 26 and 30 

In these phylogenetic trees species from both Hypocreomycetidae and Sordariomycetidae 

subclasses are found. Also, in each of the trees there are species from Xylariales order. The 

corresponding trees are shown in Figure 26, Figure 27 and Figure 28. 

 

 
Figure 26: Bayesian tree of OG 20 
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Figure 27: Bayesian tree of OG 26 
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Figure 28: Bayesian tree of OG 30 
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Phylogenetic trees 16, 17 

Here all MOTUs are from Sordaryomycetes class but in contrast to the phylogenetic trees 20,26 

and 30 species from certain orders are missing. In both phylogenetic trees 16 and 17 homologs 

from species of Diaporthales order are missing. Furthermore, in the MSA 16 there are no 

representatives of Microascales, Sordariales and Togniniales orders and only one species from 

Xylariales order is present. In the MSA 17 species from Ophiostomatales and Xylariales orders 

are not present. The corresponding trees are shown in Figure 29 and Figure 30. 

 

 
Figure 29: Bayesian tree of OG 16 
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Figure 30: Bayesian tree of OG 17 
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Phylogenetic trees 21, 28  

In the phylogenetic tree 21 species from all of the above-mentioned orders from Hypocreales 

to Xylariales but also two additional homologs from Erysiphales and Helotiales orders 

(Leotiomycetes) have been found. In the MSA 28 the same orders are represented with the 

exception of Sordariales and Coniochaetales orders. The corresponding trees are shown in 

Figure 31 and Figure 32. 

 

 
Figure 31: Bayesian tree of OG 21 
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Figure 32: Bayesian tree of OG 28  
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Phylogenetic tree 43 

The phylogenetic tree 43 contains homologs from all above-mentioned orders of 

Hypocreomycetidae subclass of all orders from Sordariomycetidae subclass only Diaporthales 

order is represented. Furthermore, homologs from Xylariales and Helotiales orders were found 

as well as homologs from species belonging to Leucosporidiales and Microbotryales orders 

from Basidiomycota. 

Surprisingly, none of the phylogenetic trees contained MOTUs from Eurotiomycetes and 

Dothideomycetes classes. The corresponding tree is shown in Figure 33. 

 

 
Figure 33: Bayesian tree of OG 43  
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4.2.2 Selection Pressure Analysis 
At p = 0.01 GARD found no evidence of recombination breakpoints in any of the 18 analyzed 

MSAs. Therefore, selection pressure analysis was performed without splitting of MSAs. 

BUSTED was used by specifying forward branches in each MSA. In six out of 18 core ANKdc-

proteins BUSTED found no evidence of positive diversifying selection in any of sites or along 

branches. It detected evidence of positive diversifying selection in a very low percentage < 1 % 

of sites in three proteins. In another six ANKdc-proteins it found evidence of positive 

diversifying selection in a low percentage of sites ≥ 1% and < 3 %. The remaining three proteins 

had more than 15 % of sites that were under positive selection, whereas MSA 50 contained 

almost one third of sites that were under positive selection. Model selection for each MSA is 

shown in Supplementary material 6. 

MEME also found no sites under positive selection in MSAs 20 21 and 23, which is in 

congruence with the findings from BUSTED. In the remaining MSAs where BUSTED found no 

evidence of positive selection, MEME found 2 sites under positive selection in MSAs 16 and 43, 

which translates into 0.1 % and 1.5 % of all sites, respectively, while it detected eight sites, or 

0.4 % of sites, under positive selection in MSA 22. 

In most of the remaining MSAs a very low percentage (< 1 %) of sites was identified under 

positive selection by MEME, which is mostly in concordance with results from BUSTED. The 

largest deviations were present in MSAs that according to BUSTED contained more than 15 % 

of sites under positive selection. In the MSA 25 MEME found evidence of positive selection in 

0.6 % (5) of sites, in MSA 39 only 0.9 % (5) of sites and in MSA 50 only 1.1 % (eight sites) of all 

sites. Model selection for each MSA is shown in Supplementary material 6. 

FUBAR found evidence of pervasive positive selection at ≥ 0.95 posterior probability only in 3 

proteins. In most MSAs 60 % to 90 % of sites were under purifying (negative) selection based 

on the FUBAR analysis at ≥ 0.95 posterior probability. In MSA 66 49 % of sites and in MSA 48 

41 % of sites were under negative selection pressure. Negative selection was detected in least 

number of sites in MSAs 58, 64, 39 and 50 ranging from 33 % to 6 % of sites. 

Model selection for each MSA is shown in Supplementary material 6. 

The results from all analyses are summarized in 

Table 9. 
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Table 9: Summary of selection pressure analyses BUSTED, FUBAR, MEME 

  

 BUSTED FUBAR MEME  

Treshold p = 0,05 posterior probability 0.95 p = 0,05  

Orthogroup 

 

Evidence of 

diversifying 

selection 

N° of sites 

diversifying 

selection 

N° of sites purifying 

selection 

N° of 

sites diversifyi

ng selection 

N° of sites 

in MSA 

 

16 no 0 1176 2 1398 

17 yes 0 949 3 1274 

20 no 0 600 0 757 

21 no 0 204 0 272 

22 no 0 1680 8 1871 

23 no 0 152 0 220 

25 yes 0 492 5 820 

26 yes 1 477 5 705 

28 yes 0 1101 6 1377 

30 yes 0 727 1 849 

31 yes 0 409 2 578 

39 yes 0 58 5 586 

43 no 0 102 2 134 

48 yes 0 364 5 879 

50 yes 2 42 8 735 

58 yes 0 438 15 1326 

64 yes 0 72 4 522 

66 yes 1 965 8 1953 
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4.3 TMHMM and SignalP analysis 
The largest share of ANKdc-proteins with at least one transmembrane helix (TMH) were found 

in C. militaris. Among Trichoderma spp., T. virens, T.afroharzianum and T. guizhouense had the 

largest share of ANKdc-proteins containing at least one TMH (Figure 34). 

In conclusion, the share of proteins with transmembrane helices in Hypocrealean ANKyrome is 

on average very low, so the function of ANKdc-proteins in Trichoderma spp. is not exclusively 

associated with cell membranes. 

 

 
Figure 34: Normalized TMHMM results from Hypocrealean ANKyrome 
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The largest share of ANKdc-proteins with at least one signal peptide cleavage site were found 

in T. reesei followed by T. virens. If absolute numbers of signal peptide containing ANKdc-

proteins is considered, the highest number was found in T. virens with 11 ANKdc-proteins 

containing signal peptide cleavage sites (Figure 35). 

In conclusion, the share of ANKdc-proteins with signal peptides is on average is also very low, 

so the function of ANKdc-proteins is not limited to cell signaling pathways in Trichoderma spp. 

 

 

Figure 35: Normalized SignalP results from Hypocrealean ANKyrome 
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4.4 Transcriptomic data analysis 

4.4.1 Differential Gene Expression results from T. guizhouense NJAU 4742 
The search for ANKdc-proteins in DGE results from T. guizhouense transcriptomic analysis are 

summarized in Table 10. The search revealed a Nucleoside phosphorylase (NP) domain 

containing ANKdc-protein in T. guizhouense (NJAU 4742) which was significantly 

downregulated after contact with itself, with T. harzianum (TUCIM 916 = CBS 226.95) and with 

F. oxysporum (Foc4). Furthermore, two ANKdc-proteins; Protein-kinase (PK) domain containing 

ANKdc-protein, as well as a PLNTH and Alpha/beta hydrolase fold domain containing ANKdc-

protein were significantly upregulated in each of the three confrontation assays. 

The expression of seven ANKdc-proteins was upregulated in T. guizhouense both after contact 

with T. harzianum and after contact with F. oxysporum. Among these proteins, the most 

significantly upregulated protein is a von Willebrand factor, type A domain containing ANKdc-

protein. 

The expression of one loner-ANKdc-protein was significantly upregulated and one P-loop 

containing nucleoside triphosphate hydrolase (PLNTH) domain containing ANKdc-protein was 

significantly downregulated in T. guizhouense exclusively after contact with itself and with T. 

harzianum. The PLNTH containing ANKdc-protein was eight times more downregulated in T. 

guizhouense after contact with itself, compared to confrontation with T. harzianum. 

Eight ANKdc-proteins were upregulated in T. guizhouense both after contact with itself and 

with T. harzianum. The most strongly upregulated expression was observed in a loner-ANKdc-

protein OPB40539.  

The expression of six ANKdc-proteins was downregulated in T. guizhouense, while the 

expression of one Sigma domain on NACHT NTPases containing ANKdc-protein was 

upregulated in T. guizhouense exclusively after contact with itself.  

There are 6 ANKdc-proteins, that are upregulated in T. guizhouense exclusively after contact 

with T. harzianum. Among these, the most significantly upregulated ANKdc-protein contains a 

Protein kinase host-domain. 
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ProteinID 

T. guizhouense 
Host-Domain Annotations self 916 Foc4 

OPB44870 Sigma domain on NACHT-NTPases 2,06 0 0 

OPB42534 ANK-domain -2 0 0 

OPB39582 ANK-domain -2,22 0 0 

OPB44758 
NADH:flavin oxidoreductase / NADH oxidase 

family 
-2,31 0 0 

OPB35975 
NACHT domain 

-2,45 0 0 
Nucleoside phosphorylase domain 

OPB42857 

P-loop containing nucleoside triphosphate 

hydrolase -2,64 0 0 

Nucleoside phosphorylase domain 

OPB44958 ANK-domain -2,79 0 0 

OPB41799 

P-loop containing nucleoside triphosphate 

hydrolase -2,88 0 0 

Nucleoside phosphorylase domain 

OPB40217 Protein kinase domain 0 4,19 0 

OPB40882 

SPRY domain 

0 3,88 0 

P-loop containing nucleoside triphosphate 

hydrolase 

Concanavalin A-like lectin/glucanase domain 

 Alpha/Beta hydrolase fold 

OPB39071 NACHT domain,  0 2,8 0 

OPB46030 ANK-domain 0 2,19 0 

OPB40809 ANK-domain 0 2,15 0 

OPB42080 NWD NACHT-NTPase, N-terminal,  0 2,14 0 

OPB46886 ATPase, dynein-related, AAA domain, 0 0 4,58 

OPB40228 

P-loop containing nucleoside triphosphate 

hydrolase 0 0 3,71 

Nucleoside phosphorylase domain,  

OPB40005 Asparaginase, N-terminal 0 0 2,04 

OPB40466 
NACHT domain 

2,24 2,08 0 
Nucleoside phosphorylase domain 

OPB40539 ANK-domain 3,82 2,8 0 
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OPB44326 
P-loop containing nucleoside triphosphate 

hydrolase Protein kinase domain 
2,45 2,81 0 

OPB47160 NACHT domain 2,26 2,48 0 

OPB45668 ANK-domain 2,48 2,18 0 

OPB42886 

P-loop containing nucleoside triphosphate 

hydrolase -6,16 -3,07 0 

Nucleoside phosphorylase domain 

OPB37153 Peptidase S8/S53 domain 2,09 2,54 0 

OPB37151 
Zinc finger, ZZ-type 

2,13 2,65 0 
Alpha/Beta hydrolase fold 

OPB46923 ANK-domain 5,19 0 4,68 

OPB44812 Protein kinase domain 2,23 0 3,62 

OPB42070 ANK-domain 0 2,33 2,31 

OPB42501 

NACHT domain 

0 2,59 2,01 P-loop containing nucleoside triphosphate 

hydrolase 

OPB46656 
NACHT domain, Nucleoside phosphorylase 

domain 
0 2,42 2,26 

OPB45571 ANK-domain 0 4,97 2,62 

OPB38898 

P-loop containing nucleoside triphosphate 

hydrolase 
0 3,97 2,05 

Putative serine esterase (DUF676) 

Alpha/Beta hydrolase fold 

OPB36873 
P-loop containing nucleoside triphosphate 

hydrolase 
0 2,86 2,49 

OPB37316 von Willebrand factor, type A 0 4,41 3,1 

OPB38680 ANK-domain 3,36 3,34 2,46 

OPB36460 

P-loop containing nucleoside triphosphate 

hydrolase 2,67 3,25 2,55 

Alpha/Beta hydrolase fold 

OPB44602 Nucleoside phosphorylase domain -4,81 -4,22 -4,22 

Table 10: RNA deepseq results from confrontation assays of T. guizhouense 4742. Confrontation with itself, T. harzianum 916 
and Fusarium oxysporum Foc4. Protein IDs that are marked red belong to the core Trichoderma ANKyrome. 
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4.4.2 Differential Gene Expression results from T. harzianum TUCIM 916 
The search for ANKdc-proteins in DGE results from T. harzianum TUCIM 916 transcriptomic 

analysis are summarized in Table 11. All three confrontation assays led to common 

transcriptional response in T. harzianum by upregulation of expression of eight ANKdc-proteins 

in total. Five of these ANKdc-proteins were loner-ANKdc-proteins, of which jgi479222 was most 

significantly upregulated, especially in confrontations with self and with T. guizhouense. The 

rest of the ANkdc-proteins that were upregulated in T. harzianum in each confrontation assay 

were Sigma domain on NACHT-NTPases containing ANKdc-protein, PLNTH- and NP-domain 

containing ANKdc-protein, as well as the most strongly upregulated von Willebrand factor, type 

A domain containing ANKdc-protein. 

Three ANKdc-proteins were upregulated in T. harzianum during the confrontation assay with 

itself and with T. guizhouense. Only two ANKdc-proteins, one loner- and one NP-domain 

containing ANKdc-proteins were upregulated only after contact with T. guizhouense and F. 

oxysporum. 

Three ANKdc-proteins were upregulated exclusively after contact with T. guizhouense, one 

loner-ANKdc-protein, one NACHT domain containing ANKdc-protein and one NWD NACHT-

NTPase domain containing ANKdc-protein. A PLNTH containing ANKdc-protein was 

upregulated exclusively in confrontation with F. oxysporum. In T. harzianum during 

confrontation with itself, the expression of a WD40- repeat and NP-domain containing ANKdc-

protein was upregulated. Also, during the confrontation with itself three different loner-

ANKdc-proteins were downregulated in T. harzianum. 
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ProteinID 
T. harzianum 

Host-Domain Annotations self 4742 Foc4 

jgi488896 NWD NACHT-NTPase, N-terminal 0 2,12 0 

jgi427104 NACHT domain 0 2,11 0 

jgi39922 ANK-domain 0 2,1 0 

jgi459023 
WD40-repeat-containing domain 

2,38 0 0 
Nucleoside phosphorylase domain 

jgi98872 ANK-domain -2,12 0 0 

jgi505734 ANK-domain -2,3 0 0 

jgi479284 ANK-domain -2,8 0 0 

jgi63203 
P-loop containing nucleoside 
triphosphate hydrolase 

0 0 2,89 

jgi44122 ANK-domain 2,48 3,05 0 

jgi515791 ANK-domain 3,95 2,55 0 

jgi67504 ANK-domain 3,44 2,9 0 

jgi508483 Nucleoside phosphorylase domain 0 2,58 2,15 

jgi78458 ANK-domain 0 2,04 2,6 

jgi145036 ANK-domain 4,27 4,8 3,15 

jgi270473 Sigma domain on NACHT-NTPases 2,72 2,63 2,1 

jgi335626 

P-loop containing nucleoside 
triphosphate hydrolase 2,1 2,09 2,27 
NACHT domain,  

jgi476900 ANK-domain 4,15 3,97 2,09 

jgi479222 ANK-domain 6,96 6,14 4,59 

jgi70585 ANK-domain 2,06 2,26 2,38 

jgi551129 ANK-domain 2,65 2,57 3,25 

jgi505476 von Willebrand factor, type A 5,29 4,61 3,62 

Table 11: RNA deepseq results from confrontation assays of T. harzianum 916. Confrontation with self, T. guizhouense 4742 
and Fusarium oxysporum Foc4. Protein IDs that are marked red belong to the core Trichoderma ANKyrome. 

According to the DGE results, ANKdc-proteins predominantly have a function that is not linked 

to the interactions with other Trichoderma spp. and Fusarium oxysporum based on data 

obtained from Zhang, Miao, Rahimi, Shen, Druzhinina, unpublished.  
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5 Concluding remarks 
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. In total 2406 ANKdc-

proteins were mined from 10 Trichoderma spp., and eight genomes of closely related NTHGs. 

T. virens had the largest ANKyrome with 194 ANKdc-proteins, while T. reesei with 83 ANKdc-

proteins had the smallest ANKyrome. ANK-repeats were re-annotated by InterProScan within 

Blast2GO software in Trichoderma ANKyrome using three databases, Pfam, SMART and Prosite. 

No specific pattern was observed in the location of ANK-domains in ANKdc-proteins or where 

they occur in genes (N-terminal, C-terminal or Mid-section) in association with other domains. 

Additionally, all associated host-domains were annotated by the same approach but using 14 

available databases in InterProScan. T. virens had the smallest share of hdc-ANKdc-proteins, 

while the largest share of hdc-ANKdc-proteins was present in T. guizhouense. This study also 

revealed that two most frequent host-domains in Trichoderma ANKyrome were P-loop 

containing nucleoside triphosphate hydrolase (PLNTH) and nucleoside phosphorylase (NP), but 

also that majority of ANKdc-proteins with these host-domains were orphans. 

OrthoFinder orthology inference found 1172 homologous proteins distributed between 183 

orthogroups of which 18 were identified as 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 tree without any deviations. Selection pressure analyses of the 

same core ANKdc-proteins using HyPhy methods BUSTED, MEME and FUBAR confirmed a 

significant (p < 0.05 and P > 0.95) purifying selection acting across all of 18 core ANKdc-

proteins.  

The trends demonstrated in the Trichoderma ANKyrome cannot be explained, until the 

purpose of these proteins is understood in more detail. Potential transformation candidates 

from transcriptomic data analysis were identified but generally most of ANKdc-proteins were 

not differentially expressed in confrontation assays with other fungi, so an alternative function 

must be proposed and tested. 
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The high abundance of orphans in Trichoderma ANKyrome suggest 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), 

but later questioned by (Al-Khodor et al. 2010)., 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 (Lynch 

and Conery 2000), but also that ANK-repeats interact with universal proteins in nature.  

Recently, Druzhinina et al. described LGT of plant cell wall degradation enzymes from a wide 

range of phytopathogenic Ascomycota to Trichoderma which parasitizes on them. In this study 

it was suggested that LGT could have been assisted by adelphoparasitism of Trichoderma, 

meaning that Trichoderma spp. can prey on Fusarium spp. and even other Trichoderma 

(Druzhinina et al. 2018).Based on the findings from this thesis it cannot be concluded whether 

the orphan ANKdc-genes were obtained by means of convergent evolution or HGT. The most 

probable hypothesis is that these genes originated by a combination of multiple mechanisms. 

Further research is necessary to investigate these possibilities. 

Mercer, Fleming, and Ueda found in 2005 that majority of ANKdc-proteins in poxvirus contain 

an F-box like domain. They suggested that ANK-domains selectively bind a certain protein and 

thereby directs the ubiquitation of this protein driven by F-box-like domains. Furthermore, 

since a wide range of ANKdc-proteins containing an F-box-like domain were found in poxvirus 

they proposed that their purpose is to degrade different host-proteins during viral infection. In 

Trichoderma only one protein of this kind was identified but it would be interesting to observe 

the effect of a knock-out of this protein on species parasitism.  

In general, a similar assumption as with F-box containing ANKdc-proteins can be made with 

PLNTHs. These domains release energy from NTPs that could be used by a protein bound by 

ANK-domain. This could explain the presence of a high number of these proteins in 

Trichoderma spp. The transcriptomic data indicated an important role of PLNTHs containing 

ANKdc-proteins in mycoparasitism, but this can be confirmed only by specifically designed 

experiments. 

Finally, the selection pressure analysis of core ANKdc-proteins indicate that they have a key 

function in Trichoderma interactomes that is maintained by purifying selection. 
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6 Outlook 
In this thesis, only the core Trichoderma ANKyrome was used for selection pressure analysis, 

while selection pressure analysis of other ANKdc-proteins was outside the scope of this study. 

A complete phylogenetic analysis as well as selection pressure would give a deeper insight into 

the evolution of these proteins, especially the orphan ANKdc-proteins. Since the majority of 

Trichoderma ANKyrome was probably obtained by a mechanism different from vertical 

evolution, a horizontal gene transfer (HGT) analysis such as NOTUNG (which also points out 

duplication events) of orphan ANKdc-proteins could be included in a complete evolutionary 

analysis. 

The most common host-domains in ANKdc-proteins in Trichoderma spp., the NP and PLNTH 

were predominantly found in orphan ANKdc-proteins. Proteins containing these domains are 

mostly involved in energy release from NTPs and they could be a good starting point for the 

evolutionary analysis of orphan ANKdc-proteins because of their disproportionate abundance. 

Transcriptomics data revealed that the majority of the Trichoderma ANKyrome is not 

differentially expressed during confrontation studies with other fungi, but a few potential 

knock-out candidates in T. guizhouense and T. harzianum both from their core and non-core 

ANKyromes have been identified. A deeper investigation by knock-out of these ANKdc-

proteins, could provide us with more concrete information on the role of ANKdc-proteins in 

Trichoderma.  

Furthermore, confrontation studies of Trichoderma spp. with certain mycoviruses, bacteria, 

and plants followed by transcriptomic analysis could potentially reveal a different ANKyrome 

expression profile. A more recent study identified a protein Caiap (CARD and ANK domains) 

with a 16 C-terminal ANK-domain, which acts as an adaptor protein for inflammasome-

dependent resistance to Salmonella enterica infection of zebra fish (Tyrkalska et al. 2017). Even 

though this study was performed on zebra fish, it supports the idea of performing 

confrontation studies with bacteria to investigate the transcriptional response in Trichoderma 

spp. when in contact with certain bacterial species. 
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Supplementary Materials 
All the sequences and additional data including following supplementary materials are included 

in the attached compact disc provided with the thesis. 

Supplementary material 1 

  

N° of ANKdc-

proteins in 

ANKyrome 

N° of ANK-repeats 

in ANKyrome ANK-repeats per 

ANKdc-protein 

Trichoderma guizhouense  134 1259 9,4 

Trichoderma afroharzianum  126 1068 8,5 

Metarhizium robertsii  125 1015 8,1 

Fusarium fujikuroi  142 1130 8,0 

Fusarium oxysporum  208 1518 7,3 

Trichoderma atroviride  134 938 7,0 

Trichoderma parareesei 77 537 7,0 

Trichoderma virens  169 1177 7,0 

Metarhizium acridium  81 561 6,9 

Beauveria bassiana  82 519 6,3 

Fusarium graminearum  98 591 6,0 

Cordyceps militaris  53 318 6,0 

Nectria haematococca  128 665 5,2 

Trichoderma reesei  58 297 5,1 

Trichoderma harzianum  151 754 5,0 

Trichoderma longibrachiatum  77 365 4,7 

Trichoderma asperellum  112 524 4,7 

Trichoderma citrinoviride  82 345 4,2 

Trichoderma spp. 1120 7264 6,5 

NTHGs 917 6317 6,9 

Total 2037 13581 6,7 
Supplementary table 1: Comparison of N° of ANK-repeats per ANKdc-proteins 
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Supplementary material 2 

  
Share of hdc-ANKdc-proteins 

N° of hdc-ANKdc-

proteins 

Trichoderma guizhouense  63 87 

Trichoderma afroharzianum 59 82 

Trichoderma atroviride 57,1 88 

Nectria haematococca  55,3 94 

Trichoderma reesei 53 44 

Beauveria bassiana 52 51 

Fusarium fujikuroi 51,5 84 

Cordyceps militaris  49,2 30 

Trichoderma parareesei 48,4 46 

Trichoderma longibrachiatum 47,9 46 

Fusarium oxysporum 45,8 121 

Fusarium graminearum 45,6 52 

Trichoderma asperellum 45,2 61 

Trichoderma citrinoviride 43,8 42 

Metarhizium robertsii 43,7 59 

Metarhizium acridium 42,4 39 

Trichoderma harzianum 41,3 74 

Trichoderma virens 37,1 72 

Trichoderma spp. 49 642 

NTHGs 48,3 530 

Total 48,7 1172 
Supplementary table 2: Share of all hdc-ANKdc-proteins in different ANKyromes 
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Supplementary material 3 

 
Supplementary table 3: Full results of ANKdc-proteins host-domain annotations part 1 
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Total number of genes 962 805 65 74 68 63 120 114 142 107 84 125 83 50 58 106 122 74 178 134

Nucleoside phosphorylase domain 123 68 55 4 3 9 10 15 18 24 18 8 14 5 1 6 14 9 5 22 6

P-loop containing nucleoside triphosphate hydrolase 168 130 38 7 7 9 14 21 21 25 26 12 26 14 6 1 17 29 15 33 15

Eisosome protein SEG1/Sle1 25 0 25 0 1 2 1 2 6 2 5 3 3 0 0 0 0 0 0 0 0

NACHT domain 76 51 25 6 1 5 3 10 9 19 8 7 8 3 3 1 9 11 4 12 8

NWD NACHT-NTPase, N-terminal 27 5 22 1 1 0 0 5 4 4 5 4 3 2 0 1 1 0 1 0 0

Alpha/Beta hydrolase fold 45 26 19 2 2 3 2 6 6 8 4 4 8 5 2 1 7 8 0 3 0

Sigma domain on NACHT-NTPases 20 4 16 0 0 1 0 3 3 3 4 2 4 0 0 0 1 1 0 1 1

Fungal N-terminal domain of STAND protein 1 17 16 1 0 0 0 0 0 0 0 0 0 0 0 0 0 5 1 8 3

WD40-repeat-containing domain 18 3 15 2 2 1 0 5 3 4 0 1 0 1 0 0 0 1 0 0 1

F-box domain 13 28 15 1 1 2 1 1 1 1 1 2 2 5 2 1 1 2 3 10 4

Heterokaryon incompatibility 41 27 14 6 1 4 4 7 3 6 3 3 4 2 1 3 2 8 4 4 3

Protein kinase domain 20 34 14 1 0 1 1 3 2 4 3 2 3 0 0 3 3 6 1 15 6

NADH:flavin oxidoreductase / NADH oxidase family 11 0 11 2 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0

IPT/TIG domain 2 12 10 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 5 1

ATPase, dynein-related, AAA domain 9 0 9 1 0 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0

Peptidase S8/S53 domain 20 12 8 3 1 1 2 2 3 1 1 2 4 0 0 0 4 2 2 2 2

Glycerophosphodiester phosphodiesterase domain 16 23 7 2 0 0 0 2 2 2 2 2 4 3 2 3 3 2 2 7 1

SPX domain 16 23 7 2 0 0 0 2 2 2 2 2 4 3 2 3 3 2 2 7 1

von Willebrand factor, type A 11 5 6 0 0 1 0 3 1 2 2 1 1 1 0 0 0 1 1 1 1

Glutaminase 0 6 6 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 1 1 1

Zinc finger C2H2-type 8 3 5 1 0 1 1 3 1 1 0 0 0 0 1 0 0 0 1 1 0

Leucine-rich repeat domain superfamily 4 0 4 0 1 2 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Acyl transferase/acyl hydrolase/lysophospholipase 0 4 4 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 2 0

Patatin-like phospholipase domain 0 4 4 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 2 0

GAR domain profile. 3 0 3 0 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Subtilase family 3 0 3 0 0 0 0 1 1 0 0 1 0 0 0 0 0 0 0 0 0

Flavoprotein 5 2 3 0 0 1 1 0 1 0 0 1 1 1 1 0 0 0 0 0 0

NACHT-NTPase and P-loop NTPases, N-terminal domain 0 3 3 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0

Pyridoxal phosphate-dependent transferase 0 3 3 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 1

Zinc finger, RING/FYVE/PHD-type 0 3 3 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 1 0

Tetratricopeptide-like helical domain superfamily 1 4 3 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 1 1 0

SPRY domain 4 7 3 0 0 0 0 0 1 1 0 0 2 0 0 0 5 0 0 1 1

Concanavalin A-like lectin/glucanase domain superfamily 5 8 3 0 0 0 0 0 2 1 0 0 2 0 0 0 5 0 1 1 1

BTB/POZ domain 19 16 3 2 2 2 2 2 2 2 2 1 2 2 2 2 2 2 2 2 2

50S ribosome-binding GTPase 2 0 2 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0

ZZ 2 0 2 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0

AAA+ ATPase domain 3 1 2 0 0 0 0 1 1 1 0 0 0 0 0 0 0 1 0 0 0

Glycoside hydrolase family 31 0 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2

Glyoxalase/fosfomycin resistance/dioxygenase domain 0 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2

NAD(P)-binding domain 0 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1

Nucleic acid-binding, OB-fold 0 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2

S-adenosyl-L-methionine-dependent methyltransferase 0 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2

Sel1-like repeat 0 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1

Translation protein SH3-like domain superfamily 0 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2

Vicinal oxygen chelate (VOC) domain 0 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2

WD40/YVTN repeat-like-containing domain superfamily 0 2 2 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0

Mg2+ transporter protein, CorA-like/Zinc transport protein ZntB 5 3 2 0 1 1 1 0 0 0 0 2 0 0 0 0 0 1 0 0 2

Winged helix-like DNA-binding domain superfamily 1 3 2 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 1 1 0

Clr5 domain 3 5 2 0 0 0 0 0 0 0 1 1 1 1 0 0 0 3 0 0 1

Asparaginase, N-terminal 10 8 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Oxysterol-binding protein 10 8 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Regulator of chromosome condensation, RCC1 10 8 2 2 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1

Phox homologous domain 11 9 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1

KilA, N-terminal/APSES-type HTH, DNA-binding 19 17 2 2 2 1 2 2 2 2 2 2 2 2 2 2 2 2 2 3 2

Transcription regulator HTH, APSES-type DNA-binding domain 19 17 2 2 2 1 2 2 2 2 2 2 2 2 2 2 2 2 2 3 2

Acetate/propionate kinase 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Acyl transferase domain in polyketide synthase (PKS) enzymes. 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Aliphatic acid kinase, short-chain 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Bulb-type lectin domain superfamily 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0

Caspase domain 1 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

Chitin synthase III catalytic subunit 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Class II aldolase/adducin N-terminal 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

CPL (NUC119) domain 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

DYW domain 1 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0

FAD-binding 8 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Fatty acid synthase, beta subunit, fungi 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Ferric reductase transmembrane component-like domain 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Ferric reductase, NAD binding domain 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Glutamate/phenylalanine/leucine/valine dehydrogenase, C-terminal 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Histidine phosphatase superfamily 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Inorganic polyphosphate/ATP-NAD kinase, N-terminal 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Inositolphosphotransferase Aur1/Ipt1 1 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

Major facilitator superfamily 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Methylthioribulose-1-phosphate dehydratase 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Methyltransferase domain 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

NAD-dependent glutamate dehydrogenase, eukaryotes 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Peptidase S8, subtilisin-related 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0

PH-like domain superfamily 1 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0

Protein of unknown function DUF3638 1 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

Pumilio homology domain 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Ribosomal protein L18e/L15P 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Signal recognition particle 9 kDa protein (SRP9) 1 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

Sorting nexin-8/Mvp1 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Starter unit:ACP transacylase 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Transcription factor Opi1 1 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Transient receptor potential cation channel subfamily A member 1 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Zn(2)-C6 fungal-type DNA-binding domain 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

FAD binding domain 2 1 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 1
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Supplementary table 4: Full results of ANKdc-proteins host-domain annotations part 2  
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2-oxoglutarate dehydrogenase C-terminal 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

2-oxoglutarate dehydrogenase N-terminus 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Amidase signature domain 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

Amidohydrolase 3 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Aminoacyl-tRNA synthetase, class II (G/ P/ S/T) 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Aminotransferase class V domain 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Aminotransferase class-III 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Anticodon binding domain 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Armadillo-like helical 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Aspartic peptidase domain superfamily 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0

Beta-hexosaminidase 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

C2 domain 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Cation-transporting P-type ATPase, C-terminal 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Centromere protein C/Mif2/cnp3 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0

Chitobiase/beta-hexosaminidase-like, domain 2 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

Citron homology (CNH) domain 0 1 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

DDHD domain 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

Dehydrogenase, E1 component 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Dimeric alpha-beta barrel 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Enoyl-CoA hydratase 2 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Epoxide hydrolase, N-terminal 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Galactose mutarotase, N-terminal barrel 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Glycoside hydrolase family 20, catalytic domain 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

HAD-like superfamily 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

HIT-like superfamily 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

HotDog domain superfamily 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Kinetochore CENP-C fungal homologue, Mif2, N-terminal 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0

Lactonase, 7-bladed beta propeller 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Lipase, secreted 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

MFS transporter superfamily 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0

Mif2/CENP-C cupin domain 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0

Mitochondrial substrate/solute carrier 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

NB-ARC 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0

Nucleophile aminohydrolases, N-terminal 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

NUDIX hydrolase domain 0 1 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

Oligopeptide transporter, OPT superfamily 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0

Oligosaccharyl transferase complex, subunit OST3/OST6 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0

PLC-like phosphodiesterase, TIM beta/alpha-barrel domain superfamily 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Poly(ADP-ribose) polymerase, catalytic domain 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0

Polyketide cyclase / dehydrase and lipid transport 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

Proteasome alpha-subunit, N-terminal domain 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Proton-dependent oligopeptide transporter family 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0

Region found in RelA / SpoT proteins 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

Ribosomal protein L2, domain 2 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

RNA cap guanine-N2 methyltransferase 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

SAM-dependent O-methyltransferase class I-type profile. 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Scavenger mRNA decapping enzyme DcpS/DCS2 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

Serine aminopeptidase, S33 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

SKP1 component, dimerisation 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0

S-phase kinase-associated protein 1-like 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0

SPRY_RanBP_like 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

START-like domain superfamily 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

Synaptotagmin-like mitochondrial-lipid-binding domain 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Thioredoxin-like superfamily 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0

Threonine-tRNA ligase catalytic core domain 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Transketolase-like, pyrimidine-binding domain 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Translation elongation factor IF5A-like 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Triacylglycerol lipase 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Ubiquitin-interacting motif (UIM) domain profile. 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0

Ureohydrolase 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Vacuolar sorting protein 39/Transforming growth factor beta receptor-associated domain0 1 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

Vam6/VPS39/TRAP1 family 0 1 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

YCII-related 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

AH/BAR domain superfamily 3 2 1 0 1 1 0 0 0 0 0 0 1 1 0 1 0 0 0 0 0

Acyl-CoA N-acyltransferase 1 2 1 0 0 0 0 0 0 0 0 0 1 2 0 0 0 0 0 0 0

Fungal specific transcription factor domain 1 2 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1

Putative GTPase activating protein for Arf 1 2 1 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0

Peptidase A2A, retrovirus, catalytic 2 3 1 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0 2 0 0

G-patch domain 5 4 1 1 1 1 0 0 1 0 1 0 0 1 0 1 1 0 0 0 1

bZIP_YAP 6 5 1 0 0 0 0 1 0 1 1 2 1 1 1 1 0 1 1 0 0

Putative serine esterase (DUF676) 8 7 1 1 0 1 0 1 0 2 1 1 1 0 0 1 1 2 1 1 1

Arginine and arginine-like N-methyltransferase domain profile. 9 8 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1

Allantoicase 10 9 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1

Dilute domain 10 9 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1

Palmitoyltransferase, DHHC domain 10 9 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1

VPS9 domain profile. 10 9 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1

Pleckstrin homology domain 11 10 1 1 1 2 1 1 1 1 1 1 1 2 1 2 1 1 1 1 1

Argininosuccinate lyase C-terminal 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Armadillo-type fold 1 1 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

B30.2/SPRY domain 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0

Coatomer, WD associated region 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Cyclin, C-terminal domain 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Cyclin, N-terminal domain 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Fumarate lyase, N-terminal 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Galactose-binding-like domain superfamily 1 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0

MaoC-like domain 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Zinc finger, MYND-type 2 2 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0

Prion-inhibition and propagation, HeLo domain 3 3 0 0 0 0 0 1 0 1 0 0 1 0 0 0 0 2 0 1 0

MBF transcription factor complex subunit  Mbp1/Res1/Res2 9 9 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1

Zinc finger, ZZ-type 9 9 0 2 0 0 0 3 0 3 0 0 1 0 0 2 2 2 1 2 0
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Supplementary material 4 
 

  

No. Of 

ANKdc-

proteins 

orphans 

Total no. Of 

ANKdc-

proteins 

% putative ANKdc-

proteins orphans 

Absolute 

difference 

Nectria haematococca 120 170 70,6 50 

Metarhizium robertsii  85 135 63,0 50 

Trichoderma virens 119 194 61,3 75 

Trichoderma asperellum 82 135 60,7 53 

Fusarium graminearum 69 114 60,5 45 

Beauveria bassiana  55 98 56,1 43 

Metarhizium acridum 51 92 55,4 41 

Trichoderma atroviride  84 154 54,6 70 

Trichoderma harzianum 91 179 50,8 88 

Cordyceps militaris  29 61 47,5 32 

Fusarium fujikuroi  77 163 47,2 86 

Trichoderma reesei  39 83 47,0 44 

Trichoderma citrinoviride 42 96 43,8 54 

Trichoderma longibrachiatum 41 96 42,7 55 

Fusarium oxysporum 111 264 42,1 153 

Trichoderma guizhouense  56 138 40,6 82 

Trichoderma afroharzianum  51 139 36,7 88 

Trichoderma parareesei 32 95 33,7 63 

Trichoderma spp. 637 1309 48,7 672 

Other Hypocreales 597 1097 54,4 500 

Total 1234 2406 51,3 1172 
Supplementary table 5: Detailed summary of orphan ANKdc-proteins in respective ANKyrome 
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Orthogroup Model N° of taxa 

16 JTT 57 

17 JTT 59 

20 LG 79 

21 JTT 92 

22 JTT 42 

23 JTT 50 

25 JTT 47 

26 JTT 73 

28 JTT 91 

30 JTT 81 

31 JTT 46 

39 JTT 11 

43 LG 61 

48 JTT 11 

50 JTT 18 

58 JTT 13 

64 JTT 10 

66 JTT 20 
Supplementary table 6: BIC substitution model selection results 
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16 

Model log L #. params AICc Branch set ω1 ω2 ω3 

Unconstrained model -30440,5 50 60981,1 Test 0.02 (91.53%) 0.61 (8.25%) 6.67 (0.21%) 

Constrained model -30441,7 49 60981,6 Test 0.02 (92.48%) 0.55 (3.82%) 1.00 (3.70%) 

17 

Model log L #. params AICc Branch set ω1 ω2 ω3 

Unconstrained model -21455,8 50 43011,8 Test 0.01 (91.22%) 0.54 (8.40%) 29.69 (0.37%) 

Constrained model -21476,6 49 43051,3 Test 0.01 (90.57%) 0.13 (3.62%) 1.00 (5.81%) 

20 

Model log L #. params AICc Branch set ω1 ω2 ω3 

Unconstrained model -15350,4 50 30801,1 Test 0.02 (90.28%) 0.38 (7.36%) 2.00 (2.36%) 

Constrained model -15351,6 49 30801,5 Test 0.02 (86.33%) 0.03 (7.29%) 1.00 (6.37%) 

21 

Model log L #. params AICc Branch set ω1 ω2 ω3 

Unconstrained model -5505,7 48 11108,6 Test 0.01 (92.23%) 0.71 (7.14%) 7.75 (0.63%) 

Constrained model -5507,7 47 11110,4 Test 0.01 (92.87%) 1.00 (4.91%) 1.00 (2.22%) 

22 

Model log L #. params AICc Branch set ω1 ω2 ω3 

Unconstrained model -50431,8 48 100959,7 Test 0.01 (84.32%) 0.51 (15.17%) 4.27 (0.51%) 

Constrained model -50432,5 47 100959,2 Test 0.01 (84.50%) 0.36 (9.62%) 1.00 (5.88%) 

23 

Model log L #. params AICc Branch set ω1 ω2 ω3 

Unconstrained model -5109,5 47 10314,3 Test 0.02 (81.89%) 0.38 (17.08%) 2.96 (1.03%) 

Constrained model -5109,9 46 10313 Test 0.02 (81.97%) 0.30 (13.15%) 1.00 (4.88%) 

25 

Model log L #. params AICc Branch set ω1 ω2 ω3 

Unconstrained model -26343,6 48 52783,6 Test 0.00 (60.50%) 0.17 (20.31%) 1.35 (19.19%) 

Constrained model -26347,5 47 52789,4 Test 0.00 (59.42%) 0.07 (14.74%) 1.00 (25.84%) 

26 

Model log L #. params AICc Branch set ω1 ω2 ω3 

Unconstrained model -16352,7 47 32799,8 Test 0.01 (84.06%) 0.59 (13.80%) 5.73 (2.15%) 

Constrained model -16368,8 46 32830 Test 0.00 (85.27%) 1.00 (10.44%) 1.00 (4.29%) 

28 

Model log L #. params AICc Branch set ω1 ω2 ω3 

Unconstrained model -28553,7 48 57203,7 Test 0.02 (93.66%) 1.00 (5.89%) 1790.43 (0.45%) 

Constrained model -28613,3 47 57320,8 Test 0.01 (92.52%) 1.00 (0.05%) 1.00 (7.43%) 

30 

Model log L #. params AICc Branch set ω1 ω2 ω3 

Unconstrained model -16885,6 48 33867,6 Test 0.01 (91.89%) 0.54 (7.90%) 13.12 (0.21%) 

Constrained model -16890,8 47 33875,9 Test 0.01 (92.37%) 0.31 (3.72%) 1.00 (3.91%) 

31 

Model log L #. params AICc Branch set ω1 ω2 ω3 

Unconstrained model -11490,5 48 23077,5 Test 0.01 (89.56%) 0.49 (9.28%) 8.30 (1.16%) 

Constrained model -11504,7 47 23103,9 Test 0.01 (89.91%) 0.01 (2.35%) 1.00 (7.74%) 

39 Model log L #. params AICc Branch set ω1 ω2 ω3 
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Unconstrained model -6794,4 32 13653,2 Test 0.09 (57.25%) 0.15 (26.61%) 2.35 (16.14%) 

Constrained model -6798,4 31 13659,3 Test 0.00 (25.69%) 0.00 (36.04%) 1.00 (38.26%) 

43 

Model log L #. params AICc Branch set ω1 ω2 ω3 

Unconstrained model -3161,5 42 6408,8 Test 0.02 (84.85%) 0.11 (9.84%) 2.37 (5.31%) 

Constrained model -3163,5 41 6410,7 Test 0.02 (76.37%) 0.03 (13.32%) 1.00 (10.31%) 

48 

Model log L #. params AICc Branch set ω1 ω2 ω3 

Unconstrained model -10513,8 32 21092 Test 0.07 (89.82%) 1.00 (9.80%) 22.40 (0.37%) 

Constrained model -10518,5 31 21099,3 Test 0.04 (85.59%) 1.00 (0.29%) 1.00 (14.12%) 

50 

Unconstrained model -14199,5 43 28485,6 Test 0.00 (22.64%) 0.01 (47.64%) 3.49 (29.72%) 

        Background 0.00 (52.50%) 1.00 (41.58%) 8.56 (5.92%) 

Constrained model -14225,1 42 28534,6 Test 0.00 (12.66%) 0.00 (45.45%) 1.00 (41.90%) 

          Background 0.00 (52.56%) 1.00 (41.86%) 8.53 (5.57%) 

58 

Model log L #. params AICc Branch set ω1 ω2 ω3 

Unconstrained model -19446,7 32 38957,5 Test 0.00 (64.86%) 0.83 (34.27%) 41.72 (0.87%) 

Constrained model -19464,2 31 38990,6 Test 0.00 (68.31%) 0.91 (0.00%) 1.00 (31.69%) 

64 

Model log L #. params AICc Branch set ω1 ω2 ω3 

Unconstrained model -5922,8 30 11906,1 Test 0.07 (71.11%) 0.71 (26.26%) 9.24 (2.63%) 

Constrained model -5927,5 29 11913,5 Test 0.04 (63.83%) 0.05 (6.70%) 1.00 (29.48%) 

66 

Model log L #. params AICc Branch set ω1 ω2 ω3 

Unconstrained model -23346,8 32 46757,7 Test 0.04 (80.34%) 0.91 (19.30%) 37.57 (0.36%) 

Constrained model -23356,4 31 46774,9 Test 0.02 (79.01%) 0.96 (0.00%) 1.00 (20.99%) 

Supplementary table 7: BUSTED model selection. Selected models are bold. 
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Supplementary table 8: MEME model selection 

Model AICC log L Parameters Rate distributions

Nucleotide GTR 70628.83 -35275.35 39

Global MG94xREV 61311.91 -30655.95 46 non-synonymous/synonymous rate ratio for *test*

100% @ 0.0605

Model AICC log L Parameters Rate distributions

Nucleotide GTR 50224.31 -25073.08 39

Global MG94xREV 43463.51 -21731.76 46 non-synonymous/synonymous rate ratio for *test*

100% @ 0.0586

Model AICC log L Parameters Rate distributions

Nucleotide GTR 35391.76 -17656.76 39

Global MG94xREV 31007.35 -15503.67 46 non-synonymous/synonymous rate ratio for *test*

100% @ 0.0672

Model AICC log L Parameters Rate distributions

Nucleotide GTR 12836.64 -6380.99 37

Global MG94xREV 11126.57 -5563.29 44 non-synonymous/synonymous rate ratio for *test*

100% @ 0.0652

Model AICC log L Parameters Rate distributions

Nucleotide GTR 114036.28 -56981.09 37

Global MG94xREV 101777.22 -50888.61 44 non-synonymous/synonymous rate ratio for *test*

100% @ 0.0854

Model AICC log L Parameters Rate distributions

Nucleotide GTR 11676.71 -5801.97 36

Global MG94xREV 10269.49 -5134.74 43 non-synonymous/synonymous rate ratio for *test*

100% @ 0.0883

Model AICC log L Parameters Rate distributions

Nucleotide GTR 56415.96 -28170.87 37

Global MG94xREV 53504.88 -26752.44 44 non-synonymous/synonymous rate ratio for *test*

100% @ 0.204

Model AICC log L Parameters Rate distributions

Nucleotide GTR 36862.66 -18395.21 36

Global MG94xREV 33217.44 -16608.72 43 non-synonymous/synonymous rate ratio for *test*

100% @ 0.113

Model AICC log L Parameters Rate distributions

Nucleotide GTR 65939.45 -32932.66 37

Global MG94xREV 57952.95 -28976.48 44 non-synonymous/synonymous rate ratio for *test*

100% @ 0.074

Model AICC log L Parameters Rate distributions

Nucleotide GTR 40277.68 -20101.73 37

Global MG94xREV 34082.99 -17041.49 44 non-synonymous/synonymous rate ratio for *test*

100% @ 0.0481

Model AICC log L Parameters Rate distributions

Nucleotide GTR 26366.44 -13146.07 37

Global MG94xREV 23324.95 -11662.48 44 non-synonymous/synonymous rate ratio for *test*

100% @ 0.0695

Model AICC log L Parameters Rate distributions

Nucleotide GTR 14184.62 -7071.21 21

Global MG94xREV 13672.43 -6836.22 28 non-synonymous/synonymous rate ratio for *test*

100% @ 0.335

Model AICC log L Parameters Rate distributions

Nucleotide GTR 7258.82 -3597.94 31

Global MG94xREV 6387.88 -3193.94 38 non-synonymous/synonymous rate ratio for *test*

100% @ 0.0894

Model AICC log L Parameters Rate distributions

Nucleotide GTR 22751.11 -11354.49 21

Global MG94xREV 21110.94 -10555.47 28 non-synonymous/synonymous rate ratio for *test*

100% @ 0.154

Model AICC log L Parameters Rate distributions

Nucleotide GTR 29304.29 -14625.05 27

Global MG94xREV 28701.21 -14350.6 34 non-synonymous/synonymous rate ratio for *test*

100% @ 0.505

Model AICC log L Parameters Rate distributions

Nucleotide GTR 41063.94 -20510.93 21

Global MG94xREV 39166.66 -19583.33 28 non-synonymous/synonymous rate ratio for *test*

100% @ 0.263

Model AICC log L Parameters Rate distributions

Nucleotide GTR 12504.37 -6233.08 19

Global MG94xREV 11917.33 -5958.66 26 non-synonymous/synonymous rate ratio for *test*

100% @ 0.265

Model AICC log L Parameters Rate distributions

Nucleotide GTR 49823.53 -24890.74 21

Global MG94xREV 46911.29 -23455.64 28 non-synonymous/synonymous rate ratio for *test*

100% @ 0.189
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Supplementary table 9: FUBAR model selection 

 

  

Model AICC log L Parameters

Nucleotide GTR 70637.61 -35279.74 39

Model AICC log L Parameters

Nucleotide GTR 50224.31 -25073.08 39

Model AICC log L Parameters

Nucleotide GTR 35391.76 -17656.76 39

Model AICC log L Parameters

Nucleotide GTR 12836.64 -6380.99 37

Model AICC log L Parameters

Nucleotide GTR 114036.28 -56981.09 37

Model AICC log L Parameters

Nucleotide GTR 11676.71 -5801.97 36

Model AICC log L Parameters

Nucleotide GTR 56415.96 -28170.87 37

Model AICC log L Parameters

Nucleotide GTR 36862.66 -18395.21 36

Model AICC log L Parameters

Nucleotide GTR 65939.45 -32932.66 37

Model AICC log L Parameters

Nucleotide GTR 40277.68 -20101.73 37

Model AICC log L Parameters

Nucleotide GTR 26366.44 -13146.07 37

Model AICC log L Parameters

Nucleotide GTR 14184.62 -7071.21 21

Model AICC log L Parameters

Nucleotide GTR 7258.82 -3597.94 31

Model AICC log L Parameters

Nucleotide GTR 22751.11 -11354.49 21

Model AICC log L Parameters

Nucleotide GTR 29304.29 -14625.05 27

Model AICC log L Parameters

Nucleotide GTR 41063.94 -20510.93 21

Model AICC log L Parameters

Nucleotide GTR 12504.37 -6233.08 19

Model AICC log L Parameters

Nucleotide GTR 49823.53 -24890.74 21
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Supplementary material 7 
 

GeneID Annotation FPKM FPKM 

log2  

(fold change) p-values 

OPB36460 

P-loop containing nucleoside triphosphate hydrolase 

Alpha/Beta hydrolase fold 1,70 10,84 2,67 5.00E-05 

OPB45668 ANK-domain only 5,91 32,93 2,48 5.00E-05 

OPB44758 NADH:flavin oxidoreductase / NADH oxidase family 3,66 0,74 -2,31 5.00E-05 

OPB46923 ANK-domain only 0,19 6,76 5,19 5.00E-05 

OPB40539 ANK-domain only 0,90 12,66 3,82 5.00E-05 

OPB38680 ANK-domain only 2,39 24,51 3,36 5.00E-05 

OPB44326 

Protein kinase domain 

P-loop containing nucleoside triphosphate hydrolase 1,88 10,32 2,45 5.00E-05 

OPB47160 NACHT domain 0,85 4,08 2,26 5.00E-05 

OPB40466 

NACHT domain 

Nucleoside phosphorylase domain 7,89 37,27 2,24 5.00E-05 

OPB44812 Protein kinase domain 0,24 1,12 2,23 5.00E-05 

OPB37151 

Zinc finger, ZZ-type 

Alpha/Beta hydrolase fold,  11,87 52,07 2,13 5.00E-05 

OPB37153 Peptidase S8/S53 domain 12,64 53,72 2,09 5.00E-05 

OPB44870 Sigma domain on NACHT-NTPases 0,87 3,60 2,06 5.00E-05 

OPB42534 ANK-domain only 2,64 0,66 -2,00 5.00E-05 

OPB39582 ANK-domain only 12,76 2,75 -2,22 5.00E-05 

OPB35975 

NACHT domain 

Nucleoside phosphorylase domain 6,85 1,26 -2,45 5.00E-05 

OPB42857 

P-loop containing nucleoside triphosphate hydrolase 

Nucleoside phosphorylase domain 3,60 0,58 -2,64 5.00E-05 

OPB44958 ANK-domain only 1,58 0,23 -2,79 5.00E-05 

OPB41799 

P-loop containing nucleoside triphosphate hydrolase 

Nucleoside phosphorylase domain 4,40 0,60 -2,88 5.00E-05 

OPB44602 Nucleoside phosphorylase domain 20,79 0,74 -4,81 5.00E-05 

OPB42886 

P-loop containing nucleoside triphosphate hydrolase 

Nucleoside phosphorylase domain 2,50 0,03 -6,16 5.00E-05 

Supplementary table 10: Detailed RNAdeepseq results of confrontation of T. guizhouense against itself 

 

GeneID Annotation FPKM FPKM 

log2 

(foldchange) p-values 

OPB36460 

P-loop containing nucleoside triphosphate hydrolase 

Alpha/Beta hydrolase fold 2,33 13,71 2,55 5.00E-05 

OPB40005 Asparaginase, N-terminal 4,58 18,80 2,04 5.00E-05 

OPB46923 ANK-domain only 1,22 31,45 4,68 5.00E-05 

OPB46886 ATPase, dynein-related, AAA domain 0,43 10,25 4,58 5.00E-05 

OPB40228 P-loop containing nucleoside triphosphate hydrolase 1,28 16,79 3,71 5.00E-05 
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Nucleoside phosphorylase domain 

OPB44812 Protein kinase domain 0,22 2,71 3,62 5.00E-05 

OPB37316 von Willebrand factor, type A 5,74 49,35 3,10 5.00E-05 

OPB45571 ANK-domain only 0,75 4,58 2,62 5.00E-05 

OPB36873 P-loop containing nucleoside triphosphate hydrolase 1,23 6,90 2,49 5.00E-05 

OPB38680 ANK-domain only 3,76 20,72 2,46 5.00E-05 

OPB42070 ANK-domain only 1,74 8,64 2,31 5.00E-05 

OPB46656 

NACHT domain 

Nucleoside phosphorylase domain  1,69 8,10 2,26 5.00E-05 

OPB38898 

P-loop containing nucleoside triphosphate hydrolase 

Putative serine esterase (DUF676) 

Alpha/Beta hydrolase fold 0,55 2,29 2,05 5.00E-05 

OPB42501 

NACHT domain 

P-loop containing nucleoside triphosphate hydrolase 3,11 12,52 2,01 5.00E-05 

OPB44602 Nucleoside phosphorylase domain 16,12 0,74 -4,44 5.00E-05 

Supplementary table 11: Detailed RNAdeepseq results of confrontation of T. guizhouense against F. oxysporum 

 

GeneID Annotation FPKM FPKM 

log2 

(foldchange) p-values 

OPB36460 

P-loop containing nucleoside triphosphate hydrolase 

Alpha/Beta hydrolase fold 2,05 19,54 3,25 5.00E-05 

OPB45668 ANK-domain only 9,23 41,94 2,18 5.00E-05 

OPB45571 ANK-domain only 0,90 28,14 4,97 5.00E-05 

OPB37316 von Willebrand factor, type A 4,12 87,86 4,41 5.00E-05 

OPB40217 Protein kinase domain 1,00 18,28 4,19 5.00E-05 

OPB38898 

P-loop containing nucleoside triphosphate hydrolase 

Putative serine esterase (DUF676) 

Alpha/Beta hydrolase fold 0,24 3,74 3,97 5.00E-05 

OPB40882 

SPRY domain 

P-loop containing nucleoside triphosphate hydrolase 

Concanavalin A-like lectin/glucanase domain 

Alpha/Beta hydrolase fold 0,76 11,21 3,88 5.00E-05 

OPB38680 ANK-domain only 2,66 26,89 3,34 5.00E-05 

OPB36873 P-loop containing nucleoside triphosphate hydrolase 1,27 9,21 2,86 5.00E-05 

OPB44326 

Protein kinase domain 

P-loop containing nucleoside triphosphate hydrolase 2,05 14,42 2,81 5.00E-05 

OPB40539 ANK-domain only 2,35 16,39 2,80 5.00E-05 

OPB39071 NACHT domain 1,81 12,57 2,80 5.00E-05 

OPB37151 

Zinc finger, ZZ-type 

Alpha/Beta hydrolase fold,  12,00 75,08 2,65 5.00E-05 

OPB42501 

NACHT domain 

P-loop containing nucleoside triphosphate hydrolase 2,55 15,39 2,59 5.00E-05 

OPB37153 Peptidase S8/S53 domain 12,11 70,30 2,54 5.00E-05 

OPB47160 NACHT domain 0,84 4,66 2,48 5.00E-05 
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OPB46656 

NACHT domain 

Nucleoside phosphorylase domain 1,37 7,31 2,42 5.00E-05 

OPB42070 ANK-domain only 1,60 8,07 2,33 5.00E-05 

OPB46030 ANK-domain only 2,12 9,69 2,19 5.00E-05 

OPB40809 ANK-domain only 6,01 26,73 2,15 5.00E-05 

OPB42080 NWD NACHT-NTPase, N-terminal 3,62 15,96 2,14 5.00E-05 

OPB40466 

NACHT domain 

Nucleoside phosphorylase domain 10,20 43,07 2,08 5.00E-05 

OPB42886 

P-loop containing nucleoside triphosphate hydrolase 

Nucleoside phosphorylase domain 2,82 0,34 -3,07 5.00E-05 

OPB44602 Nucleoside phosphorylase domain 26,51 1,42 -4,22 5.00E-05 

Supplementary table 12: Detailed RNAdeepseq results of confrontation of T. guizhouense against T. harzianum 

 

 

GeneID Annotation FPKM FPKM 

log2 

(foldchange) p-values 

jgi479222 ANK-domain only 0,30 21,10 6,14 5.00E-05 

jgi145036 ANK-domain only 0,56 15,65 4,80 5.00E-05 

jgi505476 von Willebrand factor, type A 18,39 449,74 4,61 5.00E-05 

jgi476900 ANK-domain only 5,23 82,10 3,97 5.00E-05 

jgi44122 ANK-domain only 1,56 12,87 3,05 5.00E-05 

jgi67504 ANK-domain only 17,28 129,20 2,90 5.00E-05 

jgi270473 Sigma domain on NACHT-NTPases 25,25 156,82 2,63 5.00E-05 

jgi508483 Nucleoside phosphorylase domain 2,18 13,07 2,58 5.00E-05 

jgi551129 ANK-domain only 2,74 16,29 2,57 5.00E-05 

jgi515791 ANK-domain only 0,42 2,45 2,55 5.00E-05 

jgi70585 ANK-domain only 4,22 20,22 2,26 5.00E-05 

jgi488896 NWD NACHT-NTPase, N-terminal 3,91 16,93 2,12 5.00E-05 

jgi427104 NACHT domain 0,43 1,84 2,11 5.00E-05 

jgi39922 ANK-domain only 2,99 12,82 2,10 5.00E-05 

jgi335626 

P-loop containing nucleoside triphosphate hydrolase 

NACHT domain 3,01 12,83 2,09 5.00E-05 

jgi78458 ANK-domain only 5,43 22,36 2,04 5.00E-05 

Supplementary table 13: Detailed RNAdeepseq results of confrontation of T. harzianum against T. guizhouense 

GeneID Annotation FPKM FPKM 

log2 

(foldchange) p-values 

jgi479222 ANK-domain only 0,38 9,25 4,59 5.00E-05 

jgi505476 von Willebrand factor, type A 17,10 210,39 3,62 5.00E-05 

jgi551129 ANK-domain only 1,90 18,12 3,25 5.00E-05 

jgi145036 ANK-domain only 0,86 7,65 3,15 5.00E-05 

jgi63203 P-loop containing nucleoside triphosphate hydrolase 4,14 30,64 2,89 5.00E-05 

jgi78458 ANK-domain only 4,23 25,55 2,60 5.00E-05 

jgi70585 ANK-domain only 3,04 15,83 2,38 5.00E-05 
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jgi335626 

P-loop containing nucleoside triphosphate hydrolase 

NACHT domain 2,68 12,89 2,27 5.00E-05 

jgi508483 Nucleoside phosphorylase domain 1,93 8,56 2,15 5.00E-05 

jgi270473 Sigma domain on NACHT-NTPases 28,02 120,33 2,10 5.00E-05 

jgi476900 ANK-domain only 9,66 41,17 2,09 5.00E-05 

Supplementary table 14: Detailed RNAdeepseq results of confrontation of T. harzianum against F. oxysporum 

GeneID Annotation FPKM FPKM 

log2 

(foldchange) p-values 

jgi479222 ANK-domain only 0,22 26,89 6,96 5.00E-05 

jgi505476 von Willebrand factor, type A 12,27 479,77 5,29 5.00E-05 

jgi145036 ANK-domain only 0,47 9,10 4,27 5.00E-05 

jgi476900 ANK-domain only 4,47 79,59 4,15 5.00E-05 

jgi515791 ANK-domain only 0,21 3,31 3,95 5.00E-05 

jgi67504 ANK-domain only 15,22 164,89 3,44 5.00E-05 

jgi270473 Sigma domain on NACHT-NTPases,  19,02 125,03 2,72 5.00E-05 

jgi551129 ANK-domain only 1,69 10,65 2,65 5.00E-05 

jgi44122 ANK-domain only 1,44 8,05 2,48 5.00E-05 

jgi459023 

WD40-repeat-containing domain 

Nucleoside phosphorylase domain 0,86 4,49 2,38 5.00E-05 

jgi335626 

P-loop containing nucleoside triphosphate hydrolase 

NACHT domain,  2,21 9,51 2,10 5.00E-05 

jgi70585 ANK-domain only 3,07 12,79 2,06 5.00E-05 

jgi98872 ANK-domain only 0,92 0,21 -2,12 5.00E-05 

jgi505734 ANK-domain only 164,48 33,39 -2,30 5.00E-05 

jgi479284 ANK-domain only 32,39 4,67 -2,80 5.00E-05 

Supplementary table 15: Detailed RNAdeepseq results of confrontation of T. harzianum against itself 
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