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Kurzfassung

Ungleich der meisten Pilze sind Schimmelpilze der Gattung Trichoderma (Hypocreales,
Ascomycota) aggressive Parasiten anderer Pilze sowie effiziente Zersetzer pflanzlicher
Biomasse. Obgleich Nahrungsveranderungen in der Gattung der hypocrealen Pilze gangig sind,
gibt es keine Beispiele fir diese umfassenden Substrat-Vielseitigkeit in Trichoderma. Viele der
Trichoderma Spezies werden als Biodinger und Biofungizide verwendet; T. Reesei dient als
Modellorganismus in der industriellen Produktion zellulolytischer Enzyme. AuRerdem
verwisten manche opportunistische Spezies Pilzfarmen und kénnen so als Krankheitserreger
dem Menschen gefahrlich werden. Aus diesem Grund ist es erforderlich die immer gréRere
Relevanz der ubiquitaren Pilzgattung Trichoderma sowohl in ihrer Biologie als auch Evolution
zu verstehen. Eine vergleichende Analyse der drei ersten Genome hat ergeben, dass
Mycoparasitismus eine angeborene Eigenschaft Trichodermas ist. Allerdings ist die Entwicklung
anderer Eigenschaften weiterhin noch nicht entschlisselt. Wir haben die am haufigsten
vorkommenden Trichoderma Spezies ausgewahlt und ihre genomische Entwicklung
untersucht. Eine phylogenomische Untersuchung 23 hypocrealer Pilze (einschlielich neun
Trichoderma spp. Sowie dem Verwandten Escovopsis weberi) hat ergeben, dass die Gattung
Trichoderma und E. Weberi von einem gemeinsamen Vorfahren, welcher limitierte
zellulolytische Fahigkeiten hatte und sich von anderen Pilzen oder Arthropoden ernahrte,
abstammen. Weiters litt das Escovopsis weberi Genom unter extensivem Genverlust, wodurch
seine kohlehydrat-aktiven Enzyme dezimiert wurden. Die evolutiondre Analyse des
Trichoderma Gens, welches fir Pflanzenzellwand abbauende, kohlehydrataktive Enzyme sowie
fur Hilfsproteine (pcwdcazome, 122 Genfamilien) codiert — basierend auf einer
Genbaum/Spezies Ubereinstimmung - hat bewiesen, dass die Entstehung der Gattung durch
bisher unbekanntes Ausmall an lateralem Gentransfer (lateral gene transfer, LGT)
einhergegangen ist. Nahezu die Halfte der Gene im Trichoderma pcwdcazome (47%) wurden
durch LGT pflanzennaher filamentoser Pilze, welche diversen Klassen der Ascomycota
angehoren, erhalten, wahrend kein LGT von anderen potentiellen Spendern beobachtet
werden konnte. Zusatzlich zu der Fahigkeit sich von nicht verwandten Pilzen (wie beispielsweise
Basidiomycota) zu ernahren, kbnnen wir aullerdem zeigen, dass Trichoderma in der Lage ist,
Endoparasitismus an einer breiten Auswahl an Ascomycota, inklusive vorhandenen LGT

Spendern, zu betreiben. Dieses Phanomen konnte jedoch nicht bei E. Weberi und nur sehr
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selten bei anderen mycoparasitischen hypocrealean Pilzen beobachtet werden.
Dementsprechend schldagt unsere Studie vor, dass LGT im Zusammenhang mit Trichodermas
Fahigkeit, von taxonomisch verwandten Pilzen (genau genommen bis hin zu
Adelphoparasitismus) zu schmarotzen, steht. Das kdnnte dazu geflhrt haben, dass der primar
mycotrophische Pilz Trichoderma sich zu einem Pflanzenbiomasseverwerter entwickelt hat. Die
Beurteilung des gesamten Proteoms bezlglich Igts bestatigt, dass diese Art von starkem LGT

speziell auf das pcwdcazome zutrifft und nicht auf andere Genfamilien.

Die Entwicklung Trichodermas hat in der Zeit des kreidezeitlich-Palaogenen Aussterbens vor 66
(£15) Millionen Jahren stattgefunden; die Entstehung der noch vorhandenen taxonomical
sections (Longibrachiatum und Trichoderma) sowie Kladen (Harzianum/Virens) geschah im
Oligozan. Die Evolution der Harzianum Klade und des Bereichs der Trichoderma wurde von
signifikantem Genzuwachs begleitet; der Vorfahre der Sektion Longibrachiatum jedoch
durchlief rapiden Genverlust. Ankyrine sind die Gene, welche dabei am haufigsten erlangt
wurden. Die evolutiondre Analyse der Ankyrin-Doméanen beinhaltenen Proteine, welche im
Zuge dieser Doktorarbeit durchgefihrt wurde, hat gezeigt, dass sie aulRerdem haufig in
,Orphomes” in allen Trichoderma Spezies vorkommen. Bei etwa der Halfte der Trichoderma
ankyrome handelt es sich um ,orphan“-Proteine. Die erlangten Daten, welche in dieser
Dissertation prdsentiert werden, geben Einblick in die evolutiondren Mechanismen des

Mykoparasiten Trichoderma und dessen Entwicklung zu einem Generalisten.

10|Page



Komal Chenthamara Dissertation Summary

Summary

Unlike most other fungi, molds of the genus Trichoderma (Hypocreales, Ascomycota) are
aggressive parasites of other fungi and efficient decomposers of plant biomass. Although
nutritional shifts are common among hypocrealean fungi, there are no examples of such broad
substrate versatility as that observed in Trichoderma. Many Trichoderma species are used as
biofertilizers and biofungicides, and T. Reesei is the model organism for industrial production
of cellulolytic enzymes. In addition, some highly opportunistic species devastate mushroom
farms and become pathogens of humans. Thus, the growing importance of the ubiquitous
fungal genus Trichoderma requires understanding its biology and evolution. A comparative
analysis of the first three genomes revealed mycoparasitism as an innate feature of
Trichoderma. However, the evolution of other traits remained not understood. We selected
most commonly occurring Trichoderma species and studied the evolution of their genomes. A
phylogenomic analysis of 23 hypocrealean fungi (including nine Trichoderma spp. And the
related Escovopsis weberi) revealed that the genus Trichoderma and E. Weberi has evolved
from an ancestor with limited cellulolytic capability that fed on either fungi or arthropods.
Further, the genome of Escovopsis weberi has undergone extensive gene loss and became
depleted in carbohydrate-active enzymes. The evolutionary analysis of Trichoderma genes
encoding plant cell wall-degrading carbohydrate-active enzymes and auxiliary proteins
(pcwdcazome, 122 gene families) based on a gene tree / species tree reconciliation
demonstrated that the formation of the genus was accompanied by an unprecedented extent
of lateral gene transfer (LGT). Nearly one-half of the genes in Trichoderma pcwdcazome (47%)
were obtained via LGT from plant-associated filamentous fungi belonging to different classes
of Ascomycota, while no LGT was observed from other potential donors. In addition to the
ability to feed on unrelated fungi (such as Basidiomycota), we also showed that Trichoderma is
capable of endoparasitism on a broad range of Ascomycota, including extant LGT donors. This
phenomenon was not observed in E. Weberi and rarely in other mycoparasitic hypocrealean
fungi. Thus, our study suggests that LGT is linked to the ability of Trichoderma to parasitize
taxonomically related fungi (up to adelphoparasitism in strict sense). This may have allowed
primarily mycotrophic Trichoderma fungi to evolve into decomposers of plant biomass. The
whole proteome LGT assessment confirmed this kind of massive LGT is specific for pcwdcazome

and not to any other gene families.
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Trichoderma evolved in the time of the Cretaceous-Palaeogene extinction event 66 (+15) Mya,
but the formation of extant sections (Longibrachiatum and Trichoderma) or clades
(Harzianum/Virens) happened in the Oligocene. The evolution of the Harzianum clade and
section Trichoderma was accompanied by significant gene gain, but the ancestor of section
Longibrachiatum experienced rapid gene loss. Ankyrins are amongst the largest number of
genes gained. The evolutionary analysis of ankyrin domain-containing proteins performed in
the course of this dissertation revealed that they are also frequent in orphomes of all
Trichoderma species. About one half of Trichoderma ankyrome are orphan proteins. The data
presented in this dissertation offer insights into the evolutionary mechanisms of a mycoparasite

Trichoderma towards becoming a generalist.
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Structure of the dissertation

This semi-cumulative Ph.D. dissertation consists of six chapters and several supplementary
sections such as a Glossary, Introduction, and Appendices. All the chapters are comprised
mainly using results obtained throughout this Ph.D. Research that is based on the toolkits of

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

Chapter 1! serves as an introduction for this dissertation and summarizes the post-genomic
investigations on mycotrophic fungi from different taxonomic groups with a special focus on
fungal-fungal interactions of hypocrealean molds. Chapter 22 describes the unique features of
the genome of Escovopsis weberi, a strictly mycotrophic fungus taxonomically close to

Trichoderma.

The core of the Ph.D. dissertation research, however, is presented in the Chapter 32 that reports
an extensive study about the evolution of plant cell wall degrading carbohydrate active
enzymes in Trichoderma. The major outcome of this study was the detection of the massive
lateral transfer of genes required for the degradation of plant biomass to Trichoderma genomes
from some fungi that this fungus can parasitize. These exciting results allowed us to propose a
concept of adelphoparasitism (parasitism on closely related organisms) as an important factor
contributing to the architecture of Trichoderma genomes and prompted the follow-up research
on the lateral gene transfer in fungi. Chapter 3, presents the detailed evolutionary and LGT
assessment of all Trichoderma cellulolytic enzymes that may serve as a reference for the

scientists researching these genes for industrial applications.

Following up the results of the Chapter 3, Chapter 4 presents the outcome of the pilot
assessment of the contribution of putative xenologues genes in the development of

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

IChenthamara K, Druzhinina IS. Ecological Genomics of Mycotrophic Fungi. In Mycota IV Environmental and
Microbial Relationships 2016 (pp. 215-246). Springer, Cham. Editors: Irina S. Druzhinina and Christian P. Kubicek,
DOI: 10.1007/978-3-319-29532-9_12

2 de Man TJ, Stajich JE, Kubicek CP, Teiling C, Chenthamara K, Atanasova L, Druzhinina IS, Levenkova N, Birnbaum
SS, Barribeau SM, Bozick BA. Small genome of the fungus Escovopsis weberi, a specialized disease agent of ant
agriculture. Proceedings of the National Academy of Sciences. 2016 Mar 9:201518501.

3 Druzhinina IS, Chenthamara K, Zhang J, Atanasova L, Yang D, Miao Y, Rahimi MJ, Grujic M, Cai F, Pourmehdi S,
Salim KA. Massive lateral transfer of genes encoding plant cell wall-degrading enzymes to the mycoparasitic fungus
Trichoderma from its plant-associated hosts. PLoS Genetics. 2018 Apr 9;14(4):e1007322.
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Chapter 5 throws light on the expansion of ankyrins in the genomes of Trichoderma species.
And in the end, Chapter 6 provides conclusive remarks from the comparative genomics of

Trichoderma and related fungi interconnecting the first five chapters.

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

contribution made by the Ph.D. Candidate.

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

the Supplementary materials for Chapter 4.

Appendix Il presents peer-reviewed scientific papers co-authored by the Ph.D. Candidate but
not included in the dissertation; the contribution by the Ph.D. Candidate is nevertheless

described.

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

conferences.
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Abbreviations

ANK - Ankyrin

Ankdc - Ankyrin domain containing

BLAST - Basic Local Alignment Search Tool

BUSTED - Branch-Site Unrestricted Statistical Test for Episodic Diversification

FUBAR - Fast Unconstrained Bayesian approximation

GTR - Generalized Time Reversible (model)

Hdc-ankdc - Host-domain containing ankdc

HET - Heterokaryon Incompatibility

HGT — Horizontal gene transfer

JGI - Joint Genome Institute

LGT — Lateral gene transfer

Mbp - Million base pairs

MCL - Markov Cluster Algorithm

MEME - Mixed Effects Model of Evolution

ML - Maximum Likelihood

MSA - Multiple Sequence Analysis

MYA — Million years ago

OG — Orthogroup

Pcwdcazymes — Plant cell-wall degrading Carbohydrate-active enzymes

Abbreviations
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Glossary of some terms specific for this dissertation
Ankyrome - All genes per genome encoding proteins with the ankyrin domain

Environmental opportunist - An organism that is able to establish in a broad range of ecological
niches rapidly. Such organisms are not only nutritionally versatile but are also capable of
efficient dispersal, can survive biotic and abiotic stresses and win in competition with the other

members of the microbial community
Generalist - Nutritional versatility on dead or live biomass
Homologous genes - Genes sharing a common evolutionary ancestor

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

life. For instance, from a bacteria to a fungus

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

the cell under certain conditions
Motus - Molecular operational taxonomical units

Orphome - All the proteins in a genome/group of genomes that do not have homologs in close
taxonomic relatives. Depending on the context, there might be orphomes of individuals,

species, groups of species, sections or higher taxa
Orthologous genes - Homologous genes derived as a result of speciation events

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

life. For instance, from one fungus to another fungus

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

group, gene or protein family
Proteome - All the proteins that are encoded in a genome

Paralogues - Homologous genes derived as a result of gene duplication events

17 |Page



Komal Chenthamara Dissertation Glossary

Parasite - Refer to any organism that feeds on a live biomass of any type

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

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

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

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

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

costs). This drastic reduction of sequencing costs also impacted sequencing of fungal genomes
and resulted in introduction of mass fungal genomes sequencing projects such as 1000 Fungal
genomes project by Joint Genome Institute (JGI) of the Department of Energy under Mycocosm

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

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

Figure 1.1A shows that Ascomycota fungi stand with most interest for genome sequencing
among all fungal taxons of this level. Within Ascomycota, Eurotiomycetes, Sordariomycetes and
Dothideomycetes fungi get most attention owing to their cosmopolitan occurrences and
biotechnological applications. Hypocreales is the taxonomical order wunder class
Sordariomycetes with highest number of sequenced genomes (51 as per october, 2018)
investigated for varied reasons [1-15]. Hypocreales forms a monophyletic group that have
originated somewhere between 170-200 mya and contains several species that follows wide
variety of nutritional strategies apart from mycotrophy, such as saprotrophy, carnivory,
phytotrophy [16, 17]. The diversity of nutritional strategies and ecophysiologies in Hypocreales
[16, 18] is reflected in the diversity of genes responsible for the production of enzymes,
secondary metabolites, and other compounds what makes the fungi from this order of interest

for their potential applications.

A plant pathogenic fungus (Fusarium graminearum PH-1) provided the first hypocrealean
genome to be published [19] in 2007, closely followed by the mycotrophic fungus Trichoderma
reesei QM 6a in 2008. This strain was sequenced because of its popularity as an industrial
source of cellulases and hemicellulases and for its application in biofuel production [2].
Trichoderma is a cosmopolitan genus that contains species established in a diversity of habitats

such as dead wood, other fungi, soil, phyllosphere including the rhizosphere, aquatic and indoor
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environments [20-24]. Until now, around 300 species from this genus are described [25].
Species from this genus have unique ability to form variety of associations with bacteria [26],
other fungi [27, 28], plants [21] and higher animals [29] ranging from saprotrophy, necrotrophy
to biotrophy [30-33]. The variety of nutritional strategies of Trichoderma makes them
interesting candidates for exploitation in many areas. For instance; To efficiently degrade
lignocellulose in textile industries [2, 34], in biofuel [35], biorefinery industries [36], for
biofungicides [37, 38, 39]. In addition, the ability of Trichoderma spp., to stimulate plant growth
has lead to the use of these fungi as biofertilizers or bioeffectors [40-43]. Owing to their
opportunistic property, more recently Trichoderma spp. Have been proposed in context of self-
healing of concrete cracks [44]. In spite of having above mentioned varied applications,

Trichoderma are best studied to exploit and understand mycotrophy [4, 31, 45-48].
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Figure 1.1 A. Sunburst chart depicting proportion of fungi from different groups that have been currently sequenced under
1000 genomes project in Mycocosm. B. A maximum likelihood phylogram including 37 hypocrealean genomes and 2
sordarilean genomes as outgroups. This phylogenetic tree is based on over 13,000 orthologous genes considering the whole
proteome from considered 39 strains and, with different nutritional strategies all (or subset) of which have been considered to
answer questions raised in different chapter of this dissertation. All the clades in shown ML tree are strongly supported (Details
of the ML tree in Chapter 4 of this dissertation)

The availability of genomes from closely related species makes way for resolving evolutionary
relationships of species of interest through the comparative genomics approach. Comparative
genomics also helps to identify the genes/gene families that are essential for unique
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characteristics of a particular species. Within this dissertation, genomes shown in Figure 1.1B
are compared in six chapters in order to answer several questions related to ecological

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

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

Trichoderma using comparative genomics.

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

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

interactions (Summarized in Chapter 1)

e Close genomic and ecophysiological comparison between Trichoderma spp. And closely
related Escovopsis weberi, a mycoparasite found in nature in fungal gardens cultivated

by leaf-cutting ants (Chapter 2).

e Evolution of carbohydrate-active enzymes required for the plant cell wall degradation
in nine Trichoderma spp. By phylogenomic and molecular evolutionary analyses

(Chapter 3).

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

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

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

genomic hallmark of Trichoderma (Chapter 5)

25| Page



26| Page



Komal Chenthamara Dissertation Chapter 1

Chapter 1 Ecological Genomics of Mycotrophic Fungi*
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Overview Interfungal interactions are common in both the ancient fungal lineages and in the
most evolutionary derived “high” fungi. In this chapter, we focussed on then recent reports on
genome-wide investigations of mycotrophic fungi. We described unique features that are
present in intracellular mycoparasitic Cryptomycota and outlined similar and apparently
convergent mechanisms employed by a diversity of fungicolous Asco- and Basidiomycota. The
potential benefits and pitfalls of applications of mycoparasitic fungi for protection of
agricultural crops were discussed.

Contribution by the PhD candidate

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

2. Prepared draft of the chapter except the section “Conclusive Remarks on the Use
of Mycotrophic Fungi in Agriculture”.

3. The list of genes of Trichoderma that have been studied for their role in fungal-
fungal interactions (Table 12.1).

4. The list of genes of Clonostachys rosea, (another mycotroph) studied for their role
in fungal—fungal interactions (Table 12.2).

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

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

A key feature of fungal communities—their
interdependence with other organisms—is
explained by their inability of primary produc-
tion (heterotrophy). In consequence, fungi can-
not form separate self-sustaining communities,
and their occurrence is irrevocably linked
with that of organisms on which they depend
for their nutrition (Hawksworth and Mueller
2005). Contemporary interactions of fungi
with plants derived from initially saprotrophic
living of early fungi on dead algal material in
periodic dry, limnetic ecosystems. It is conceiv-
able that some of these fungi may have formed
mutualistic associations with early terrestrial
algae, which later gave rise to complex sym-
bioses between high fungi and vascular plant
modern algae. A phylogenomic study of pecti-
nase gene expansions demonstrated that the
early group of true fungi Chytridiomycota
diverged from its sister clade and thus leading
to the high fungi Dikarya only after pectin
evolved in plant cell walls that happened not
earlier than 750 million years ago (Mya) (Chang
et al. 2015).

The establishment of interactions between
fungi and other opisthokonts (nucleariids,
other fungi and animals) is definitely more
ancient than their relationships with plants
and dates back to the origin of fungi as an entire
monophyletic group. The divergence of the
plant-animal-fungal lineages occurred likely
820-1200 Mya. Recent recalibrations of the
most important fungal fossils and the construc-
tion of molecular clock phylogenetic trees
allowed to put fungal evolution on a right

Environmental and Microbial Relationships,

3™ Edition, The Mycota IV

L.S. Druzhinina and C.P. Kubicek (Eds.)

© Springer International Publishing Switzerland 2016
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track with the origin and diversification of
other major lineages of multicellular eukar-
yotes (Liicking et al. 2009).

II. Obligate Intracellular
Mycoparasitism in Cryptomycota

The availability of genomic and phylogenomic
techniques shed light on the interactions
between lineages of early fungi. Such studies
included microsporidia (single-celled spore-
forming endopathogens of animals, Micro-
spora) with the ancient and relatively newly
recognized group of Cryptomycota including
Rozella allomycis (Fig. 12.1), the endoparasite
of water mold (James et al. 2013; Jones et al.
2011). The latter fungus serves as the most
important source of information as it is the
only clade member that grows in culture. R.
allomycis is an obligate endoparasite of the
water mold fungus Allomyces (Blastocladiomy-
cota) that grows as a naked mitochondriate
protoplast capable of phagocytosis to devour
the cytoplasm of its host. (Held 1980; James
and Berbee 2012; Powell 1984) showed that R.
allomycis has a fungal-specific chitin synthase
and its resting sporangia contain chitin in cell
walls. They thus conclude that Cryptomycota
and Rozella are not evolutionary intermediates
as it was previously assumed but are rather the
divergent fungi that evolved from an ancestor
that already had a complete suite of classical
fungal characteristics.

Genome sequencing of R. allomycis revealed insights
into the previously unfeasible nature of its interactions
with its host (James et al. 2013): it is diploid and con-
tains 6350 predicted gene models. It includes four chi-
tin synthases, one of which (division II chitin synthase)
is specific for fungi and microsporidia (Ruiz-Herrera
and Ortiz-Castellanos 2010). Interestingly, among the
division II chitin synthases of R. allomycis, one con-
tains a myosin domain, a feature that may be required
for the polarized growth during invasion of Allomyces,
a mechanism similar to the development of the pene-
tration tube in corn smut Ustilaginales (Basidiomycota)
(Schuster et al. 2012). James et al. (2013) used Oregon
Green 488 conjugate of wheat germ agglutinin fluores-
cent stain that binds to N-acetylglucosamine residues
and demonstrated that the infective cyst of R. allomycis
contains this chitin precursor and that the chitin stain

Fig. 12.1 Rozella allomycis parasitizing the chytrid
Allomyces. Permission obtained from (Bruns 2006)

is most intense at those points where it penetrates the
hyphae of Allomyces. A comparison of Cryptomycota
including microsporidia with aphelids (Aphelidea,
Opisthokonta) provided further insights into the inter-
action between the parasites and their hosts. Micro-
sporidia and aphelids were previously considered as
endoparasitic protozoans, and their placement within
fungi only recently proposed (James et al. 2006; Karpov
et al. 2013) and finally confirmed by phylogenomic
analysis of a concatenated matrix of 200 gene sequences
(James et al. 2013). Moreover, they found that R. allo-
mycis genome contains orthologs of the three genes
that were previously considered to be only present in
microsporidian genomes and were thus interpreted as
incidences of horizontal gene transfer (HGT) to serve
the needs of intracellular parasitism (Cuomo et al.
2012). These are genes encoding a nucleotide phos-
phate transporter (NTTs; Pfam PF03219), a nucleoside
H* symporters (PANDIT PF03825), and a chitinase
class T genes (Pfam PF00182). The identification of
these genes in Rozella represents an independent line
of evidence for a close evolutionary link between Cryp-
tomycota and microsporidia and indicates shared sig-
natures of energy parasitism in the form of nucleotide
and nucleoside transporters and genes for chitin degra-
dation. Importantly, NTP transporters are involved in a
specific theft of ATP from the host in microsporidia
and the intracellular parasitic prokaryotes Chlamydia
(chlamydiae) from which the genes were originally
obtained by HGT (James et al. 2013; Tsaousis et al.
2008). Interestingly, the mitochondrial genome of
Rozella showed features of degeneration that supports
the hypothesis that the capacity to import ATP results
in drastic genome changes for the mitochondrion. Sim-
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ilar findings were also made in microsporidia, in which
the capacity to retrieve ATP from their hosts by the
HGT-derived bacterial NTTs is linked with a severe
degeneration of their mitochondrion to a vestigial,
genome-less organelle called a mitosome (Williams
et al. 2002). Analysis of Rozella’s proteome and secre-
tome, respectively, mainly revealed adaptations to
endoparasitism that are convergent to those in other
lineages of single-celled eukaryotes with a similar life-
style. As expected for an obligate intracellular patho-
gen, the Rozella proteome is missing key components
of primary metabolism. Overall, the portion of the
proteome responsible for primary metabolism of
Rozella is more similar to that of the apicomplexan
parasites, Plasmodium and Toxoplasma, than that of
microsporidia or other fungi. On the other hand, the
amino acid metabolism of R. allomycis is more similar
to that of Metazoa and Amoebozoa, perhaps suggestive
of a phagotrophic mode of protein consumption and
amino acid extraction. However, proteins involved in
protein-protein interactions (e.g., signal transduction,
protein folding, protein kinases, and proteins with
WD40 domains) are all enriched in the R. allomycis
proteome. James et al. (2013) hypothesized that some
of the protein-protein interaction domains are actually
involved in the direct manipulation of host signaling or
recycling of host proteins. In support of this argument,
they identified 22 genes of the Crinkler family of effec-
tor proteins. Crinkler proteins are found in many sym-
biotic, microbial eukaryotes but are best known in
oomycete plant pathogens as secreted proteins that
translocate into the host cytoplasm or nucleus to
induce plant cell death. Thus, these new and most
advanced genomic studies clearly demonstrate the
ancient nature of intimate interactions between fungal
lineages. The existence of mainly obligate and endocel-
lular parasites in Cryptomycota sensu lato and the
obvious lack of less specialized facultative associations
between organisms from early fungal lineages is proba-
bly best explained by the long evolutionary history in
aquatic ecosystem. Consequently, such interactions are
rare among high fungi, which, however, interact in a
great diversity of ways.

III. Diversity of Interactions Between
High Fungi

Even before the inclusion of Cryptomycota in
true fungi, this kingdom was considered as one
of the most diverse members of the eukaryotic
domain being probably only second after
Arthropoda (Animalia). Consequently the ecol-
ogy of these organisms in general and the struc-
tures of fungal communities in particular are
very complex. Unfortunately fungal ecosystems
and interactions are frequently described by

using the better established botanical (and
rarely zoological) terminology that creates con-
siderable confusion. The review of several
inherent problems and ambiguities associated
with terminologies used in general ecology to
describe fungal interactions is made by Tui-
ninga (2005). Based on the way how fungi
receive nutrients, she proposed to divide inter-
fungal interactions in nutritive and nonnutri-
tive. So-called nutritive fungal interactions can
then be further be differentiated into biotrophy
(deriving nutrients from the cytoplasm of a
living host) and necrotrophy or predation, i.e.,
rapid utilization of nutrients from an organism
after killing it (Jeffries and Young 1994;
Dighton et al. 2005; Atanasova et al. 2013).
While necrotrophy is ultimately beneficial for
one partner only (the host or the predator),
biotrophic interactions may vary in their
importance for the two fungi from mutualism
(hypothetically assumed but almost not docu-
mented) to commensalism and classical para-
sitism.

A. Fungi that “Stick Together”

To the best of our knowledge, cases of inter-
fungal mutualism are not well documented.
Commensalism between fungi has been demon-
strated in vitro although explanations for such
observations are still insufficient. Deacon
(2005), working with thermophilic fungi Chae-
tomium (Sordariales, Ascomycota) and Ther-
momyces (Eurotiales, Ascomycota), showed
that the latter non-cellulolytic fungus clearly
benefited from the ability of Chaetomium to
degrade cellulose in the compost. When inocu-
lated together, the two fungi could degrade
more of the cellulose filter paper sample com-
pared to Chaetomium alone. The advantages of
Chaetomium from the presence of Thermo-
myces remain to be explained. Beneficial inter-
actions between fungi were also shown by
Friedl and Druzhinina (2012), studying infra-
generic communities of Trichoderma (Hypo-
creales, Ascomycota) in vertical profiles of the
two undisturbed soils in the Danube valley.
They detected up to a dozen of Trichoderma
species to coexist in a soil sample of not more
than 200 mg.

31|Page

Chapter 1



Komal Chenthamara

Dissertation

218 K. Chenthamara and LS. Druzhinina

Pairwise in vitro modeling of Trichoderma commu-
nities by cultivating one species on the culture filtrate
of the other species and measuring the resulting fitness
(growth rate and conidiation efficiency) revealed that
many of such interactions provided a benefit, but cases
of no effect or even inhibition of growth and/or con-
idiation were observed too. Our studies of Trichoderma
molecular evolution and diversity in different habitats
demonstrate frequent cases of sympatric speciation and
cohabitation of sibling species that remains to be
explained (Atanasova et al. 2010; Friedl and Druzhinina
2012; Hoyos-Carvajal et al. 2009; Lopez-Quintero et al.
2013; Migheli et al. 2009). Besides these few examples,
the absolute majority of described nutritional interac-
tions between fungi are neither mutualistic nor based
on commensalism. The aggressive behavior of fungi
against each other is widely used in agriculture to
suppress plant pathogenic fungi, but it may also cause
adverse effects on mushroom farms and on fungal
bioeffectors used for plant growth promotion such as
arbuscular mycorrhizal fungi. We therefore first
describe the types of such hostile interactions between
fungi and then focus on several best studied cases.

B. Types of Hostile Interactions Between Fungi

“The term mycoparasitism applies strictly to
those relationships in which one living fungus
[underlined by the authors] acts as a nutrient
source for another.” This definition by Peter
Jeffries (Jeffries 1995) that limits the term to
the fungal kingdom is only one of numerous
similar clear statements commonly present in
books and articles (Barnett 1963; Deacon 2005;
Gupta et al. 2014). Ideally, the strictness of the
definition should limit the use of a term to
appropriate cases. Unfortunately it is not
always the case in fungal ecology as numerous
interactions between fungi and fungi-like pro-
tozoans (e.g., Oomycota) are also referred as
mycoparasitic (Ait Barka and Clément 2008;
Benhamou et al. 1999; Gaderer et al. 2015; Rey
et al. 2005; Vallance et al. 2009) due to the
similar impact made by these and the true
mycoparasitic interactions to plant pathology.
Below we describe terms related to non-
mutualistic interactions between fungi:

« Fungivory, mycophagy, or mycotrophy—the
use of fungi for food. All three terms are
synonymous and may be applied (1) to

grazing on fungal hyphae (e.g., by mites or
ants) or fruiting bodies (e.g., by deer or
humans), (2) to various biotrophic interac-
tions with fungi ranging from mutualism
through commensalism and parasitism to
predation, and (3) to saprotrophic nutrition
on all types of dead fungal biomass. Fungiv-
ory nutrition is known for fungi, bacteria,
plants, vertebrates (particularly for birds
and mammals), invertebrates (gastropods,
nematodes, and insects), and protozoans
including fungi-like oomycetes and amoeba.
Thus, when Pythium (Pythiales, Oomycota)
attacks a fungus, this interaction may be
referred as mycophagy (or fungivory or
mycotrophy); in contrast, when a fungus
attacks Pythium, another term should be
used (e.g., parasitism).

Mycoparasitism—the case of mycophagy
when one fungus feeds on another fungus. It
includes the true cases of parasitism when
parasite does not kill its host. Such interactions
are biotrophic are beneficial for a parasite (or a
pathogen) and are harmful for the host.
Necrotrophic mycoparasitism—the case of
mycophagy that is best described as preda-
tion when the feeding fungus aims to kill its
prey and then feed on its dead biomass. Some
authors prefer to use “prey” and “predator,”
respectively, for simplicity and clarity (Ata-
nasova et al. 2013; Barnett and Binder 1973;
Druzhinina et al. 2011; Seidl et al. 2009).
Necrotrophic mycoparasites tend to be more
aggressive and unspecialized (Chet and
Viterbo 2007). Biotrophic mycoparasites, on
the other hand, are usually restricted to a
certain host range and may also develop
specialized structures to adsorb nutrients
from their hosts. Some fungi may behave as
biotrophic mycoparasites of some hosts,
while in interactions with others they behave
rather as predators (Zhang et al. 2015).
Hyperparasitism—parasitism on a parasite.
The term is not limited to fungi and may be
used for any group of organisms. Different
cases of mycophagy including mycoparasit-
ism may belong to this category. For example,
when the host of a mycoparasitic fungus is a
plant pathogen, mycoparasite may be consid-
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interactions

Fig. 12.2 Nutritive and nonnutritive
between fungi. (a) Mycoparasitism of Trichoderma har-
zianum (left) on Athelia rolfsii. (b) Agonism between T.

ered as hyperparasite. It is important to note
that for any hyperparasitic interactions at
least two hosts and two parasites should be
present. The use of this term in the absence of
the primary host is not correct. For example,
Trichoderma may be considered as a hyper-
parasite when it grows on sclerotia of Athelia
rolfsii (Agaricales, Basidiomycota) that are
formed on tomato plants. In this case, both
Trichoderma and Athelia are parasites (and
pathogens), respectively, while Athelia and
tomato are the hosts, respectively. When the
same Trichoderma is in vitro confronted with
the same Athelia and it is performed in the
absence of tomato, the term pathogen (or
parasite) is applicable to Trichoderma, not
to Athelia, and no organisms may be called
as a hyperparasite.

* Antagonism—a type of nonnutritive interac-
tions where one fungus inhibits the growth of
other fungi, while continuing to grow unin-
hibited itself. Similar interactions include
coantagonism with negative outcome for
both fungi and agonism when one fungus is
harmed and the other receives benefit. The
latter interaction is similar to mycoparasit-
ism, but it should not be confused with it as
the benefitting fungus does not feed on the
one that is harmed. An example for such
interaction is A. rolfsii that is capable of over-
growing some strains of Trichoderma but
does not feed on them. The benefit for A.

reesei and A. rolfsii. Trichoderma (left) is overgrown by
aerial hyphae of A. rolfsii (right) that does not parasit-
ize on Trichoderma

rolfsii from this behavior is the reduced com-
petition pressure for space and resources
(Fig. 12.2). Tuininga (2005) notes that the
term “coantagonism” is preferable to the fre-
quently used term “competition,” because the
latter term describes only one possible mech-
anism of antagonistic interactions.

Other theoretically possible and nonnutritive
interfungal interactions are bilaterally neutral
cohabitation, neutral/beneficial commensalism,
and mutualism, but they are very rare in fungi
(vide supra) because of the usually present
antagonism.

High fungi from many taxonomic groups that are able
to either parasitize on plant pathogenic fungi or to
antagonize them have been proposed for use in plant
protection. For example, in the late 1970s, Teratos-
perma sclerotivorum (syn. Sporidesmium scleroti-
vorum, Ascomycota) that is an obligate pathogen on
sclerotia of Sclerotinia spp. (Helotiales, Ascomycota)
was suggested for use in biological control of the latter
plant pathogen (see Fravel 2006 for the review). How-
ever, this technology likely did not get commercialized
as the recent literature on the topic is limited: public
databases contain no gene sequences for this hyperpar-
asitic fungus (NCBI, November 22, 2015), and there
is also no recent descriptions of the mechanisms of
respective mycoparasitic interactions. Most of the
modern antifungal biocontrol formulations use myco-
trophic fungi from the order Hypocreales (Sordariomy-
cetes, Pezizomycotina, Dikarya) that are also best
studied at molecular biological, ecological, and taxo-
nomic levels, respectively.
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IV. Mycotrophic Hypocrealean Fungi

The order Hypocreales from the class of Sordar-
iomycetes contains the best studied mycopara-
sitic fungi such as Trichoderma, Escovopsis, and
Clonostachys, and genome sequences have been
obtained for at least one but often several of
their species (Fravel 2006; Gruber et al. 2011;
Karlsson et al. 2015; Kubicek et al. 2011; de Man
et al. 2015; Martinez et al. 2008; Studholme et al.
2013; Xie et al. 2014). Fungi from this order
show widely diverse symbiotic associations
with plants, animals, and other fungi and are
also capable to saprotrophic growth (Sung et al.
2008). The most common animal hosts for
hypocrealean fungi are the arthropods from
the orders Coleoptera, Hemiptera, and Lepi-
doptera (Kobayasi 1941; Mains 1958; Sung
et al. 2008). Respective arthropod pathogenic
hypocrealean fungi consist of several genera
mainly from three families: Clavicipitaceae,
Cordycipitaceae, and Ophiocordycipitaceae.
Nectriaceae and Bionectriaceae mainly feed on
plants (Sung et al. 2007, 2008). Although the
latter authors marked the family Hypocreaceae
as a mixture of fungicolous and plant-
associated fungi, recent studies suggest that it
is dominated by mycotrophs, of which many
taxa may also grow in the rhizosphere or
become endophytes (Druzhinina et al. 2011).

Sung et al. (2008) reported and described fossils of the
ancient Paleoophiocordyceps coccophagus, a fungus
belonging to the genus Ophiocordyceps, which repre-
sents the eldest evidence of animal parasitism by a
fungus. This finding allows an estimation of the diver-
gence times of major lineages of Hypocreales which
revealed that the hypocrealean fungi were at least pres-
ent since the Early Jurassic, i.e.; 193 Mya. The authors
proposed that the ancestral nutritional state of hypo-
crealean fungi was plant based, followed by shifts first
to animal and then to fungal hosts (Sung et al. 2008).
According to this study, the evolution of fungal-animal
symbioses of the hypocrealean fungi is characterized by
the origin and diversification of three families, Clavici-
pitaceae, Cordycipitaceae, and Ophiocordycipitaceae,
that happened 173 or 158 Mya. The family Hypocrea-
ceae that includes such mycotrophic genera as Tricho-
derma and Hypomyces is inferred to have arisen at least
145 Mya (Sung et al. 2008). Their analysis also showed
that shifts to fungicolous nutrition occurred several
times during the evolution of hypocrealean fungi. It is

likely that mycoparasitic Clonostachys (Bionectriaceae)
that are closely related to plant pathogenic Fusarium
(Nectriaceae) obtained this possibility diverging from a
plant-feeding host, while ancestors of Trichoderma,
Verticillium, and Escovopsis likely evolved from animal
pathogens. This is nicely illustrated by species of
Elaphocordyceps (anamorph Tolypocladium, Ophiocor-
dycipitaceae) that are mostly parasites of the ectomy-
corrhizal truffle genus Elaphomyces (Eurotiales,
Ascomycota), but their next phylogenetic neighbors
are all pathogens of insects.

A. Escovopsis: The Devastating Pest in Gardens
of Leaf-Cutting Ants

The mycoparasitic hypocrealean genus Escov-
opsis is isolated from the nests of fungi-growing
leaf-cutting ants, which belong to the tribe
Attini (Hymenoptera, Insecta), namely, leaf-
cutting ants (Atta and Acromyrmex), that
share an obligate mutualism with Lepiota-
ceaous fungi of the genus Leucoagaricus such
as L. weberi and L. gongylophorus (Agaricales,
Basidiomycota) (Currie et al. 2006; Muchovej
and Della Lucia 1990) or with pterulaceous
fungi (Chapela et al. 1994; Villesen et al. 2004).
These fungal cultivars have been acquired by
the ants for their gardens from the environment
multiple times in the course of evolution (Ayl-
ward et al. 2012; Chapela et al. 1994; Mikheyev
et al. 2010). The basidiomycetes thereby form
specialized hyphae called gongylidia, which
serves as the main food supply for the ants
(Seifert et al. 1995). In return, the ants provide
the fungus with substrate for growth, means of
dispersal to new locations, and protection from
competitors and parasites (Muchovej and Della
Lucia 1990). Atta colonies are one of the pre-
dominant herbivores in the Neotropics and
therefore are frequently considered important
agricultural pests in these areas (Holldobler
and Wilson 1990; Wallace et al. 2014). Colonies
of these ants exhibit a rapid growth rate, con-
sume hundreds of kilograms of leaves per year
(Wirth et al. 2002), and cause the destruction of
plantations and gardens in tropical areas of
Central and South America and Costa Rica
(Reynolds and Currie 2004; Wallace et al.
2014). Escovopsis weberi was isolated from
nests of leaf-cutting ants as a natural pathogen
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F. oxysporum L. edodes

ANTAGONISM

T. cucumeris

AGONISM

Fig. 12.3 Dual confrontations of Escovopsis weberi (left) with other fungi. The white line indicates the growth of

E. weberi as detectable from the back side of the plate

of Leucoagaricus and was also proposed as a
potential bioeffector against these ants (Rey-
nolds and Currie 2004). According to the
above explained terminology, E. weberi should
not be assigned as a hyperparasite because
Leucoagaricus—its host—is not a parasite but
a saprotroph.

Until recently it remained unclear whether the primary
nutrient source for E. weberi was the mushroom itself
or the vegetative substrate placed on the gardens by
ants, in other words whether the interaction was nutri-
tive or rather nonnutritive. Reynolds and Currie (2004)
demonstrated the true mycoparasitic nature of E.
weberi by showing its rapid growth on pure culture of
Leucoagaricus and negligible development on sterilized
leaf fragments. Consequently, these authors described
E. weberi as a necrotrophic mycoparasite of Leucoagar-
icus (Reynolds and Currie 2004), More recently, Marfe-
tan et al. (2015) based on the microscopic analysis of
interactions between E. weberi and Leucoagaricus spp.
revealed hooklike structures and the penetration of the
host hyphae and thus described E. weberi as a true
mycoparasite. Furthermore, the most virulent E. weberi
isolates were those which developed hooks involved in
capturing Leucoagaricus sp. (Marfetan et al. 2015). The
formation of these structures and growth rates posi-
tively correlated with virulence of individual E. weberi
isolates, while the formation of hyphal traps did not
show any correlation with virulence. Traps formed by
E. weberi were also not able to generate pressure over
their target nor degrade the Leucoagaricus sp. hyphae
(Marfetan et al. 2015). Mycoparasitism of E. weberi is
accompanied by secretion of enzymes and chemotro-
pism toward Leucoagaricus (Marfetan et al. 2015; Rey-
nolds and Currie 2004). Moreover water-soluble
metabolites secreted by the latter fungus stimulate
growth of E. weberi and induce its conidiation (Marfe-

tan et al. 2015). Our own results suggest that parasitism
of E. weberi is specialized on the attack of Leucoagar-
icus spp. (K. Chenthamara and L.S. Druzhinina, unpub-
lished data) We investigated the antifungal potential of
E. weberi in dual confrontation assays with a standard
range of plant pathogenic fungi that are used to esti-
mate the biocontrol potential of Trichoderma and Clo-
nostachys (Fig. 12.3). We thereby found that E. weberi is
generally not an aggressive fungus as it is hardly able to
attack Fusarium oxysporum (Hypocreales, Ascomy-
cota) and is completely agonized by Thanatephorus
sp. (Rhizoctonia solani, Cantharellales, Basidiomycota)
and A. rolfsii (Agaricales, Basidiomycota). The interac-
tion of E. weberi with wood-rotting fungus Lentinula
edodes (shiitake, Agaricales, Basidiomycota) was more
complex as growth of the latter one was somewhat
stimulated by the presence of E. weberi (data not
shown). Our attempts to cultivate E. weberi on plates
that were pre-colonized by such fungi as Trichoderma
atroviride, Alternaria alternata (Pleosporales, Ascomy-
cota), A. rolfsii, and L. edodes failed, which suggested
that E. weberi is not able to parasitize on them (data not
shown).

Despite becoming a model system for the
study of coevolution and host-parasite dynamics
(Currie et al. 2003, 2006; Gerardo et al. 2004; Little
and Currie 2008; Mendes et al. 2012; Reynolds
and Currie 2004; Rodrigues et al. 2008; Seifert
et al. 1995; Taerum et al. 2007, 2010), little atten-
tion has been paid to the taxonomy of Escovopsis
until recently. In the 1990s, when the genus Escov-
opsis was proposed, only two species were
known: E. weberi (Muchovej and Della Lucia
1990) and E. aspergilloides (Seifert et al. 1995).
In 2013, three additional Escovopsis species—
E. microspora, E. moelleri, and E. lentecres-
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cens—were described, and a new genus, Escov-
opsioides, was proposed (Augustin et al. 2013).
Later on, Meirelles et al. (2015) performed a sur-
vey for Escovopsis species in gardens of the lower
attine ant Mycetophylax morschi in Brazil and
found four strains belonging to the pink-colored
Escovopsis clade. The examination of these strains
revealed significant morphological differences
when compared to previously described species
of Escovopsis and related Escovopsioides. Based
on sympodial type of conidiogenesis, percurrent
morphology of conidiogenous cells and non-
vesiculated conidiophores, Meirelles et al. (2015)
described the four new strains as a new species
E. kreiselii. Phylogenetic analyses using three
nuclear markers (285 and ITS1 and 2 or the
rRNA operon and the partial sequence of the
translation elongation factor 1-alpha, tefl) from
the new strains and sequences retrieved from
public databases confirmed that all known fungi
infecting attine ant gardens comprise a mono-
phyletic group within the Hypocreaceae family.
Specifically, E. kreiselii is likely associated with
gardens of lower attine ants, but the mode of its
pathogenicity remains uncertain. Even more
interestingly, a further new species of Escovopsis,
E. trichodermoides, isolated from a fungus garden
of the lower attine ant Mycocepurus goeldii,
which has highly branched, Trichoderma-like
conidiophores lacking swollen vesicles, with
reduced conidiogenous cells and distinctive con-
idia morphology, was described by Masiulionis
et al. (2015). We compared tef] sequences of the
two almost simultaneously described and there-
fore not compared Escovopsis species and found
that they are only 90 % similar (see NCBI acces-
sion numbers KF033128 and KJ808766 for
E. trichodermoides and E. kreiselii, respectively).
Thus, in November 2015, there are seven species
of Escovopsis recorded in the Index Fungorum
database (http://www.indexfungorum.org/):
E. aspergilloides, E. kreiselii, E. lentecrescens, E.
microspore, E. moelleri, E. trichodermoides, and
the oldest E. weberi. All these taxa are only known
from gardens of leaf-cutting ants.

The genome of E. weberi was sequenced by
de Man et al. (2015) and shown to have a sig-
nificantly reduced size and gene content com-
pared to closely related but less specialized
mycotrophic fungi from the genus Trichoderma

(Kubicek et al. 2011; Martinez et al. 2008),
which emphasizes the specialized nature of the
interaction between Escovopsis and ant agricul-
ture. While genes for primary metabolism have
been retained, the E. weberi genome is depleted
in carbohydrate-active enzymes, which may
represent a reliance on a host capable to per-
form these functions. E. weberi has also lost
genes necessary for sexual reproduction. Con-
trasting these losses, the genome encodes
unique secondary metabolite biosynthesis clus-
ters, some of which exhibit upregulated expres-
sion during host attack. The availability of the
whole genome sequences of E. weberi and sev-
eral species of Trichoderma makes the detailed
comparison of ecophysiology of these fungi a
challenging task.

B. Versatile Mycoparasites from the Genus
Trichoderma

Of all mycoparasites and/or mycotrophs, the
hypocrealean genus Trichoderma is probably
the best studied and the most frequently
applied bioeffector with the widest host/prey
range (Atanasova et al. 2013; Baek et al. 1999;
Brunner et al. 2005; Druzhinina et al. 2011; Elad
et al. 1980; Kotasthane et al. 2015; Kubicek et al.
2011; Mukherjee et al. 2013; Studholme et al.
2013; Zhang et al. 2015). One of the many
important qualities that makes Trichoderma
outstanding as a biological control agent for
plant pathogenic fungi (biocontrol; see below)
is its high opportunistic potential (Jaklitsch
2011; Jaklitsch 2009) and adaptability to vari-
ous ecological niches (Atanasova 2014). It has
been well documented that Trichoderma spp.
used for biocontrol can act through a diversity
of mechanisms and combinations of them.
Despite of the fact that these fungi are myco-
parasites, necrotrophic mycoparasites, and
nonspecific mycotrophs (Kubicek et al. 2011;
see also Druzhinina and Kubicek 2013, for
more references), they can establish themselves
in the rhizosphere and stimulate plant growth
and thus elicit a general plant defense reactions
against pathogens (Druzhinina et al. 2011; Gal-
letti et al. 2015; Harman 2011; Kotasthane et al.
2015). Some Trichoderma spp. have been also
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isolated as endophytes too (Bae et al. 2009;
Bongiorno et al. 2015; Chaverri et al. 2015;
Gazis and Chaverri 2010; Rosmana et al.
2015). All of these characteristics make Tricho-
derma a genus of particular interest for appli-
cation in agriculture as biofungicide and
biofertilizer.

The genomic properties of Trichoderma spp. that add
to their ability for biocontrol have been discussed
(Martinez et al. 2008; Kubicek et al. 2011). In general
these properties can be divided into such related to
interactions with other fungi (Fig. 12.4) and such
related to the interactions with plants and nonfungal
pathogens of plants (nematodes, bacteria). As the latter
topic is behind the scope of this review, the following
description will only consider interfungal interactions
with participation of Trichoderma. Druzhinina et al.
(2011) and Druzhinina and Kubicek (2013) provided
detailed reviews of Trichoderma’s ability to interact
with living fungi as both mycoparasites and predators
(necrotrophic mycoparasites) and also to their ability
to saprotrophically feed on dead fungal biomass. The
targeted biotrophic interaction of Trichoderma with
other fungi includes such steps as sensing the presence
of the host and optional coiling around their hyphae.
host cell wall degradation and penetration of the host
hyphae, repair of damages caused by hosts, and pro-
duction of toxic secondary metabolites that may even-
tually kill the host and thus transforming it to a prey.
In this chapter we will focus on those studies that
functionally characterized genes involved in the inter-
actions between Trichoderma and other fungi
(Table 12.1). Most of them are involved in signal trans-
duction during mycoparasitism, in fungal cell wall deg-
radation, and in the production of antifungal secondary
metabolites. Fewer studies focused on general and spe-
cific regulator genes such as noxI, noxR, laeA, vell, and
xyrl and the role of proteases.

Table 12.1 demonstrates that the absolute
majority of functional genetic investigations
were performed on two species of Trichoderma
only, i.e. T. atroviride and T. virens. Atanasova
et al. (2013) used DNA microarrays to compare
the transcriptional response of the latter two
species in comparison to T. reesei to the pres-
ence of Thanatephorus cucumeris (Rhizoctonia
solani). They found that the three Trichoderma
spp. exhibited a strikingly different transcrip-
tomic response already before physical contact
with alien hyphae. T. atroviride expressed an
array of genes involved in the production of
secondary metabolites, GH16 [-glucanases,

various proteases, and small secreted cysteine-
rich proteins. T. virens, on the other hand,
expressed mainly the genes for biosynthesis of
gliotoxin, respective precursors, and also gluta-
thione, which is necessary for gliotoxin biosyn-
thesis. In contrast, T. reesei increased the
expression of genes encoding cellulases and
hemicellulases and of the genes involved in
solute transport. The majority of differentially
regulated genes were orthologs present in all
three species or both in T. atroviride and
T. virens, indicating that the regulation of
expression of these genes is different in the
three Trichoderma spp. The genes expressed
in all three fungi exhibited a nonrandom geno-
mic distribution, indicating a possibility for
their regulation via chromatin modification.
The authors concluded that the initial Tricho-
derma mycotrophy demonstrated earlier by
Kubicek et al. (2011) has differentiated into
several alternative ecological strategies. In the
context of their study, when T. cucumeris was
used as an opponent for Trichoderma, the
interactions ranged from parasitism of T. atro-
viride to predation of T. virens and competitive
cohabitation of T. reesei. The neutral response
of the latter species is best explained by the fact
that the exclusively tropical T. reesei has never
been isolated from soil so far and is not able to
recognize temperate soil-borne T. cucumeris as
its host or prey (Druzhinina et al. 2010). But it
is important to note here that the assumption
that T. reesei is merely a saprotrophic fungus
that is not capable to mycotrophy is contra-
dicted by numerous studies that demonstrated
the ability of this fungus to attack a variety of
fungi (Druzhinina et al. 2010; Atanasova et al.
2013), as also shown in Fig. 12.4.

The other conclusion that can be drawn from Table 12.1
is that the majority of the studies made were based on
only a limited number of opponent fungi. In most
studies either T. cucumeris, A. rolfsii, or Botrytis cinerea
(Helotiales, Ascomycota) was used for confrontations
with Trichoderma. As most Trichoderma species are
capable of biotrophic and necrotrophic types of myco-
parasitism and may also efficiently feed on dead fungal
biomass, the conclusions of these studies therefore
demonstrated only partial reduction of either one or
another mycotrophic strategy employed by the respec-
tive Trichoderma species in given interactions. The
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Fig. 12.4 In vitro interactions between Trichoderma
(left) and other fungi in dual confrontation assays as
observed after 10 days of incubation on PDA medium

recent study by Zhang et al. (2015) demonstrated a
clear role of nmpl gene encoding a secreted neutral
deuterolysin metallopeptidase in the predation by
T. guizhouense [former T. harzianum species complex

Harzianum clade

at 25° and 12 h cyclic illumination. Cases of non-
mycoparasitic interactions are marked by dark red
(antagonism) and blue (agonism) background

(Chaverri et al. 2015; Li et al. 2012)] on F. oxysporum, A.
rolfsii, and A. alternata. However, NMP1 was also
found to be involved in mycoparasitism on B. cinerea
and S. sclerotiorum and did not have any role in the
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efficient attack of this fungus on T. cucumeris at all.
Moreover, the secretion of the protein was induced
when the fungus was confronted with itself on dead
fungal biomass as the carbon source and was not acti-
vated when T. guizhouense was grown on glucose or
potato dextrose agar. Besides the role of the exact pro-
tease that is definitely only one of the numerous other
proteases that likely act synergistically in different Tri-
choderma species (Druzhinina et al. 2012), this study
demonstrates the diversity of types of interaction that
may be formed by one individual Trichoderma strain
against a broad range of opponent fungi. It is thus
impossible to assign Trichoderma to either exclusively
biotrophic mycoparasitic fungi or describe them as
necrotrophic mycoparasites or saprotrophs. Figure 12.4
illustrates the diversity of interactions between eight
Trichoderma strains from eight species representing
the three major infrageneric clades and six opponent
fungi including three closely related strains of Fusarium
oxysporum and three unrelated Basidiomycota fungi.
For this reason, Druzhinina et al. (2011) proposed the
more general term mycotroph as the best ecological
identifier for Trichoderma spp. Results of Zhang et al.
(2015) also demonstrate the need to study the role of
individual genes in at least several possible interactions
including at least parasitism and predation.

C. Clonostachys rosea Demonstrates an
Alternative Toolkit for Successful
Mycoparasitism

The mechanisms of interfungal interactions
with the participation of still another hypocrea-
lean  mycotrophic  fungus—Clonostachys
rosea—have only recently attracted research-
ers’ interest. Schroers et al. (1999) classified
the mycoparasite Gliocladium roseum as Clo-
nostachys rosea because it differed from the
type species of Gliocladium, G. penicillioides,
in morphology, ecology, teleomorph, and
DNA sequence data. Jensen et al. (2004) used
an ecological approach to present C. rosea as an
effective mycoparasite against Alternaria dauci
(Pleosporales, Ascomycota) and A. radicina on
carrots (Daucus carota subsp. sativus). C. rosea
showed a similar efficiency against these patho-
gens as the fungicide iprodione. A C. rosea
strain, C. rosea 1K726, was transformed with
GFP (green fluorescent protein) and was used
in biopriming of carrot seeds. Microscopy after
7 days of this biopriming showed seeds covered
with a fine web of sporulating mycelium of C.
rosea. Rodriguez et al. (2011) demonstrated the

antagonism of C. rosea BAFC3874 against Scler-
otinia sclerotiorum (Helotiales, Ascomycota) in
pot-grown lettuce (Lactuca sativa) and soybean
(Glycine max) plants and established that the
strain produced antifungal compounds. They
comprised a microheterogeneous mixture of
peptaibols. These are short linear peptides that
are rich in ¥-aminoisobutyric acid and bear an
acetylated N-terminus and an amino alcohol at
the C-terminus (Kubicek et al. 2007). They form
helices that are inserted into the plasma mem-
brane of the host causing alterations in the
osmotic balance of the cell (Degenkolb et al.
2006) and inhibit membrane-bound enzymes
such as cell wall polysaccharide synthases (Lor-
ito et al. 1996). Such effects may explain some of
the changes observed in the mycelium of the
pathogen, including cell lysis of the hyphae and
melanization (Rodriguez et al. 2011).

Recently, Karlsson et al. (2015) sequenced the whole
genome of C. rosea IK726. A comparative phylogenetic
analysis between C. rosea, Trichoderma spp., and
Fusarium spp. suggested that C. rosea are sister taxa
to Fusarium spp. (frequent plant pathogens), which
belongs to family Bionectriaceae. In their study Tricho-
derma spp., which belongs to family Hypocreaceae,
appeared in basal position to C. rosea. A comparative
analysis of gene family evolution under the hypothesis
that evolution of mycoparasitism in Bionectriaceae and
Hypocreaceae results in selection for converging inter-
action mechanisms, revealed several differences
between the studied mycoparasites. In comparison to
Trichoderma spp., C. rosea showed expansion in several
gene families such as those involved in plant cell wall
degradation (polysaccharide lyase family 1 (pectin
lyase), auxiliary activity family 3 (glucose-methanol-
choline oxidoreductases), and auxiliary activity family
9 (lytic polysaccharide monooxygenase)); secondary
metabolite synthesis (PKS, cytochrome P450 monoox-
ygenases, PKS, and NRPS genes), likely attributing to
production of antifungal components; ABC transporter
and major facility superfamily membrane transporters,
attributing to the fungi’s high tolerance to toxins like
boscalid, ZEN, and other microbial metabolites; and
several ankyrin repeat proteins. In contrast, the
genome of C. rosea contains significantly fewer
carbohydrate-binding family 18 (CBM18, chitin bind-
ing) module containing genes (only two B group GH18
chitinases, only two C group GH18 chitinases, eight A
group GH18 chitinases), suggesting that cell wall deg-
radation of the fungal prey may not be a prominent
strategy for interactions of C. rosea with other fungi.

Table 12.2 summarizes the results of func-
tional characterization of C. rosea genes
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required for its interaction with other fungi.
The availability of the genome sequence and
its comparative analysis now provides the
basis for studying of those gene families that
are overrepresented in the genome of this fun-
gus (vide supra).

D. Further Candidates for Whole Genome
Sequencing of Mycoparasitic Fungi

A number of other hypocrealean fungi are myco-
trophic with different degrees of specialization.
However, most of them remain poorly investi-
gated. These are such genera as, for example,
Hypomyces (Poldmaa et al. 1997), Cosmospora,
and Verticillium, but none of them have been
investigated on the levels of genes and/or gen-
omes. Hypomyces, with about 50 species recog-
nized in recent studies (Poldmaa 1996; Rogerson
and Samuels 1985, 1989, 1993, 1994), among
which more than 30 are listed in NCBI taxonomy
browser (November 2015), is the largest genus of
almost exclusively fungicolous fungi.

Hypomyces species occur mainly on discomycetes,
boletes, agarics, or polypores. The polyporicolous
Hypomyces are more numerous than any other group,
with 19 species accepted by Rogerson and Samuels
(1993). The genome of Hypomyces chrysospermus CBS
394.52, a bolete mold that grows on Boletus (Polypor-
ales, Basidiomycota) mushrooms, turning the host a
whitish, golden yellow, or tan color and making it not
edible, is currently sequenced by JGI DOE in collabora-
tion with Joe Spatafora (https://gold.jgi.doe.gov/proj-
ect?id=36363). The same group has sequenced the
whole genome sequence of Tolypocladium inflatum
(Bushley et al. 2013), which is a pathogen of beetle
larvae but is closely related to fungicolous species of
Elaphocordyceps. The comparative analysis of H. chry-
sospermus with already sequenced fungicolous hypo-
crealean fungi and T. inflatum may give insights in
convergent evolution of this lifestyle.

Sphaerodes quadrangularis (Ceratostoma-
taceae, Hypocreales) is another example of a
facultative (i.e., able to grow saprotrophically
in vitro, even when the host is absent) contact
biotrophic mycoparasite. It establishes an inti-
mate relationship with its host Fusarium ave-
naceurn  (Nectriaceae, Hypocreales) by
producing hook-shaped and clamp-like attach-
ment structures that appeared to derive nutri-

ents and essential growth factors from living
host cells (Vujanovic and Goh 2009).

Vujanovic and Goh (2009) demonstrated that S. quad-
rangularis produces hook-shaped structures within four
days of subjection with F. avenaceum. Although S. quad-
rangularis also produces clamp-like or other contact
structures, hook-shaped contact cells are more promi-
nent. It is interesting that the diameter of hyphae para-
sitizing F. avenaceum is much smaller compared to its
saprotrophic hyphae. S. quadrangularis also shows host
specificity, as it did not form any specialized attachment
structures when confronted with other Fusarium species.
S. mycoparasitica, another biotrophic mycoparasite from
the same genus, has however proven to be effective
against a broad range of Fusarium species, showing
positive effect on wheat (Triticum spp.) seed germination
and seedlings growth (Vujanovic and Goh 2012). This
fungus is not affected by the mycotoxins produced by F.
graminearum such as deoxynivalenol (DON), trichothe-
cene, and its acetyl derivatives 3-acetyldeoxynivalenol
(3-ADON), 15-acetyldeoxynivalenol (ADON), and zear-
alenone (ZEA) (Shinha and Bhatnagar 1998), probably
because of the presence of similar defense genes as found
in C. rosea (Karlsson et al. (2015).

An interesting further target for more
detailed investigations may be Calcarisporium
arbuscula (Watson 1955) that is only putatively
related to Hypocreales based on the similarity of
its nucleotide sequence encoding rpb2 gene for
the RNA polymerase II large subunit 2 (NCBI
accession number LN714633). Although the
morphology of interaction of these fungi with
their hosts that belong to Xylariales (cf. Physa-
lospora) has been interpreted by Barnett (1958)
as intimate balanced mycoparasitism, no
advanced recent studies on this fungus have
been performed. The low attention to Calcaris-
porium is demonstrated by only 18 nucleotide
sequences deposited in public databases for the
entire genus (NCBI, November 2015), none of
which were obtained in relation to studies of
interfungal interactions.

Numerous other fungicolous fungi are only
investigated on the level of their taxonomy that
also frequently yields unexpected results. For
example, Hawksworth et al. (2010) studied Rosel-
liniella, a pyrenocarpous fungi growing on lichens
and forming single-celled brown ascospores and
persistent interascal filaments that were previ-
ously assigned to Sordariales. The molecular phy-
logeny showed them to belong to Hypocreales.
Jaklitsch and Voglmayr (2014) investigated and
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reinstated the fungicolous genus Thyronectria as
also belonging to Hypocreales.

V. First Transcriptomic Insight into
Mycoparasitism of Ampelomyces
quisqualis

Mycoparasitic fungi from other groups than
Hypocreales are studied less intensively. One
exception is the mycotrophic fungus Ampelo-
myces quisqualis (Pleosporales, Ascomycota)
that is a hyperparasite of Erysiphe, Podo-
sphaera, Sphaerotheca, Uncinula, and others
that all belong to the order Erysiphales (Asco-
mycota) and cause powdery mildew disease of
wine grapes, cucumber, carrots, mango, and
other plants (Sztejnberg et al. 1989; Takamatsu
2004). In total Ampelomyces has been described
to be associated with more than 60 species from
eight different genera of the order Erysiphales
and is thus the most widespread and oldest
known natural enemy of powdery mildews
(Kiss 2008). It is therefore frequently used for
biological control of this disease (Kiss 2003,
2008; Kiss et al. 2004; Sundheim 1982).

The biology and life cycle of A. quisqualis
has been extensively studied (Kiss et al. 2004;
Kiss 2008). Conidia of A. quisqualis are pro-
duced in pycnidia, which develop intracellu-
larly in the parasitized mycelia of the powdery
mildew host. In the presence of water, conidia
become released and form hyphae that then
penetrate the nearby hyphae of powdery mil-
dew. A. quisqualis can withstand cold periods
in the form of pycnidia that are saprotrophi-
cally produced in the killed plant tissues, but
the fungus is not an efficient saprotroph. A.
quisqualis is able to infect and form pycnidia
within powdery mildew hyphae, conidiophores,
and chasmothecia that causes reduced growth
and death of the parasitic mildew (Kiss 2008).

Although ecological aspects of the mycoparasitic activ-
ity in A. quisqualis have been widely investigated
(Angeli et al. 2011, 2012; Hashioka and Nakai 1980;
Kiss 2008; Kiss et al. 2004), its molecular physiology
remained largely unstudied. It is known that conidia of
A. quisqualis poorly germinate in water or in the pres-
ence of glucose but their germination is stimulated by
the presence of a water-soluble substance from the host

whose chemical structure is yet unknown (Gu and Ko
1997; Sundheim 1982). Penetration of the host hyphae
is made through either mechanical (Sundheim and
Krekling 1982) or enzymatic processes. Rotem et al.
(1999) reported the isolation of an exo-f-1,3-glucanase
from A. quisqualis, and in vitro production of lytic
enzymes has been reported for different isolates of A.
quisqualis (Angeli et al. 2012). Siozios et al. (2015),
using a high-throughput sequencing approach, estab-
lished a catalog of transcripts that are formed by A.
quisqualis during mycoparasitic interactions with
Podosphaera xanthii (Erysiphales, Ascomycota). This
catalog was then used to manufacture oligonucleotide
microarrays for large-scale genome-wide analysis of
transcriptional changes that occur during the early
germination phase of A. quisqualis. They retrieved
1536 putative genes showing significant changes in
transcription during the germination of A. quisqualis,
documenting an extensive transcriptional reprogram-
ming of A. quisqualis induced by the presence of the
host. Genes encoding secreted proteases, virulence fac-
tors, and enzymes related to toxin biosynthesis were
fund to be upregulated and interpreted as putative
mycoparasitism related. They also found that a rapid
activation of the transcription and translation machin-
ery in the early stages of conidial germination is crucial
for the successful transition from a dormant state to
vegetative growth of A. quisqualis. The later phase of
hyphal germination is hallmarked by upregulation of
the genes involved in proteasomal and vacuolar protein
degradation, protein secretion, transport, and localiza-
tion, and genes related to the Snf7 family of proteins,
which is involved in protein sorting and transport to
lysosomal compartments (Peck et al. 2004). An involve-
ment of these proteolytic genes in mycoparasitism has
also been suggested for other fungi (Grinyer et al. 2005;
Monod et al. 2002; Muthumeenakshi et al. 2007;
Olmedo-Monfil et al. 2002; Zhang et al. 2015). Further-
more, the authors detected homologues of secreted
proteases such as dipeptidyl-peptidase 5 and the
tripeptidyl-peptidase SED3 and two putative genes
with homology to the M6 family of metalloprotease
domain-containing proteins which all may facilitate
the penetration of the host mycelium. They also identi-
fied a small secreted protein related to the cerato-
platanin family (Chen et al. 2013; Gaderer et al. 2014;
Skinner et al. 2001). They are widespread among fungi
and believed to be involved in fungus-host interaction
phytotoxicity in different plant pathogens (Jeong et al.
2007; Pazzagli et al. 1999) or elicitors of the plant
defense response in mycoparasitic Trichoderma spp.
(Djonovic et al. 2006a; Seidl et al. 2006). The actual
role of this protein in the mycoparasitic action of A.
quisqualis remains therefore to be determined.

Siozios et al. (2015) identified genes encod-
ing proteins involved in toxin biosynthesis
among the upregulated genes: a homologue of a
trichodiene oxygenase, which has a key role in
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the trichothecene biosynthesis pathway (Car-
doza et al. 2011), and a homologue of the ster-
igmatocystin biosynthesis P450 monooxygenase.
Finally, two of the upregulated genes encoded
multidrug transporters and the major facilitator
superfamily to that resembled in C. rosea (Karls-
son et al. 2015).

Several genes reported for their role in
mycoparasitism have been found in dormant
conidia of A. quisqualis. These were cell wall-
degrading enzymes, including different glyco-
syl hydrolases and homologues of MAPK 1 such
as Pmkl of Magnaporthe grisea (Magna-
porthales, Ascomycota) and the Tmkl of T.
atroviride. In fungi, MAPK signaling pathways
are involved in the transduction of a wide vari-
ety of extracellular signals and play an impor-
tant role in the regulation of different
developmental processes, including those
related to pathogenicity (Table 12.1). The
authors also noted two lectin-related proteins
that are well known for carbohydrate-binding
properties and are widely distributed in ani-
mals, plants, and microorganisms (Lam and
Ng 2010). A. quisqualis-related lectins could
potentially be involved in the mycoparasitic
process by recognizing the powdery mildew
host and facilitating penetration. This study
revealed several convergent strategies deployed
by mycoparasites from different taxonomic
groups. Future studies, including the sequenc-
ing of the A. quisqualis genome, could aid our
understanding of the biology and evolution of
the mycoparasitic lifestyle in general.

VI. Genomic Properties of Pseudozyma
flocculosa, a Mycotrophic
Basidiomycete That Evolved from
an Advanced Plant Pathogenic
Ancestor

Another hyperparasitic fungus that may be
used to control powdery mildews is Pseudo-
zyma flocculosa (Ustilaginales, Ustilaginomy-
cotina, Basidiomycota) that is closely related
to the model plant pathogen Ustilago maydis
yet not capable to attack plants (Kemen and
Jones 2012). Lefebvre et al. (2013) presented

the comparative genomics of P. flocculosa and
plant pathogenic smut fungi U. maydis (Kaem-
per et al. 2006), U. hordei (Laurie et al. 2012),
and Sporisorium reilianum (Schirawski et al.
2010) (all from Ustilaginales). Several Ustilagi-
nomycetes smut fungi share common features
that are essential for pathogenicity. U. maydis
interaction with maize (Zea mays) became the
model system in phytopathology for investiga-
tion of factors essential for the establishment of
the biotrophic parasitism. The genome
sequence of U. maydis has revealed previously
unknown genes that play key roles during such
pathogenicity (Kaemper et al. 2006). Among
these was a distinctive set of genes that coded
for small secreted proteins referred to as effec-
tor proteins (or effectors), of which many had
unknown functions. However, some were
essential for infection and several counteracted
plant defense responses, thus facilitating infec-
tion by the smut fungus (Brefort et al. 2009;
Doehlemann et al. 2011).

In the case of U. maydis, the secreted effectors were
found to be arranged in clusters and were upregulated
upon recognition of the host plant, upon invasion, and
in developing tumor tissue. Cluster deletion analysis
proved their importance in pathogenicity (Kimper
et al. 2006; Schirawski et al. 2010). The P. flocculosa
genome comprises 6877 predicted protein coding genes
and exhibited genomic features, including hallmarks of
plant pathogenicity, that were very similar to the plant
pathogens U. maydis, Sporisorium reilianum, and Usti-
lago hordei (Lefebvre et al. 2013). These findings and
phylogenomic analysis suggested that P. flocculosa
diverged from a plant pathogenic ancestor. Interest-
ingly, however, Lefebvre et al. (2013) observed a loss
of a specific subset of the secreted effector proteins
(CSEP) reported to influence virulence in U. maydis.
Although 345 CSEP-encoding genes were encoded by
the P. flocculosa genome, which is a similar number as
those found in the plant pathogenic Ustilaginales,
orthologs for 51 out of 55 genes encoding secreted
proteins that influence plant pathogenicity and viru-
lence were absent in P. flocculosa. Since otherwise P.
flocculosa has a high level of conservation of all other
pathogenicity-related genes, e.g., encoding for enzymes
in cell wall degradation and biosynthesis of secondary
metabolites, this suggests that the loss of above
described effectors represents the crucial factor which
explains the not plant pathogenic lifestyle of P. floccu-
losa.
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Yet the interaction between P. flocculosa
and its fungal host might be dictated by other
effector proteins. For example, the secretome of
P. flocculosa includes two NPPI-containing
proteins that are absent from plant pathogenic
Ustilaginales (Kdmper et al. 2006; Schirawski
et al. 2010; Laurie et al. 2012) and also from
other basidiomycetes and which are involved in
the formation of necrosis and ethylene. They
have so far only been identified in Moni-
liophthora perniciosa (Agaricales), the causal
agent of witches’ broom disease of Theobroma
cacao (Meinhardt et al. 2008). Interestingly, the
NPPI1-containing proteins exhibit structural
similarities to actinoporins, which form trans-
membrane pores (Ottmann et al. 2009), which
fits well to previous observations that the col-
lapse of powdery mildew colonies caused by P.
flocculosa could be due to alteration of the
plasma membrane and cytoplasmic leaking
(Hajlaoui and Belanger 1991; Hajlaou et al.
1994; Mimee et al. 2009). Thus, NPPI1-
containing proteins could be key elements
explaining the antagonism of P. flocculosa
toward powdery mildews.

Other species-specific genes also provided
further insights into how P. flocculosa acquired
its potential to antagonize powdery mildews. For
instance, two divergent GDSL lipases/esterases
(Akoh et al. 2004) that contain a CE16 carbohy-
drate esterase motif that is exclusive to P. floccu-
losa have been identified that may be of relevance
to its activity as an epiphytic competitor.

Another interesting observation differentiating P. floc-
culosa from the plant pathogens was the identification
of a gene encoding a subgroup C GH18 chitinase adja-
cent to another gene encoding a chitin-binding LysM
protein. The same genomic arrangement has also been
found in mycoparasitic Trichoderma species (Kubicek
et al. 2011). Interestingly, the LysM protein TAL6 of T.
atroviride inhibited its own spore germination, while it
had no effect on Aspergillus niger or Neurospora crassa
(Ascomycota, Sordariales) (Seidl-Seiboth et al. 2013),
suggesting a self-regulatory role in fungal growth and
development. TAL6 could also act to protect the fungus
against self-degradation by its other chitinases during
mycoparasitism. Such a protective function for LysM
chitinases against wheat (Triticum aestivum) was
described during infection by for Mycosphaerella gra-
minicola (Capnodiales, Ascomycota) (Marshall et al.
2011). While there is no evidence for a role of chitinases

in the biocontrol activity of P. flocculosa (Bélanger et al.
2012), these finding suggests that a feature is shared
with the mycoparasites, which requires further investi-
gation.

VII. Conclusive Remarks on the Use of
Mycotrophic Fungi in Agriculture

The biological control of plant diseases, or
biocontrol, is an agricultural technique that
is based on the use of natural hyperparasites
and/or antagonists of plant pathogenic organ-
isms to prevent or combat disease; in a broad
sense, biocontrol may also include the appli-
cation of plant stimulating (micro)organisms
that help crops sustain abiotic stresses such as
drought or salinity. It is very important to note
that not all organisms but only humans' are
capable to do biocontrol. The success of bio-
control is best defined by its result—reduced
disease index for crops, but not by the mecha-
nism of action and the type of interactions
involved. Thus, efficient bioeffectors (organ-
isms used in biocontrol) may (1) stimulate
plants to induce their resistance, (2) compete
with plant pathogens, (3) antagonize plant
pathogens by means of secondary metabolite
production, or (4) directly attack such patho-
gens as parasites or predators. Figure 12.5
gives an overview of biocontrol relevant inter-
fungal interactions. Nonnutritive antagonistic
interactions are depicted in pane a, while b-d
demonstrate cases of parasitism among which
b and c are beneficial for the plant as the
“good” fungus or bioeffector attacks either
plant pathogenic nematodes (b) or plant path-
ogenic and therefore “bad” fungi. The nature
of the interaction showed in e is disputable
and may be considered as either nonnutritive
mutualism (plant gets stimulated while myco-
parasitic fungus may find a greater diversity of
host organisms) or commensalism when only
plant benefits.

! The cases of natural agriculture as that of leaf-cutting ants are
briefly discussed above.
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Fig. 12.5 A simplified overview of interfungal interac-
tions that are relevant for biological control of plant
pathogenic fungi and nematodes. Exclusively nonnutri-
tive antagonistic interactions are depicted on pane (a),
while (b-d) demonstrate cases of parasitism among
which (b) and (c) are beneficial for the plant as the
“good” fungus or bioeffector attacks either plant path-
ogenic nematodes (b) or plant pathogenic and there-
fore “bad” fungi (c). However, the cases of nutritive
mycoparasitism (biotrophic and necrotrophic) may

A “good” label for a bioeffector organism is conditional
and may only be applied in respect of exact interactions
and an exact crop plant (Fig. 12.6). The application of
mycoparasitic and antagonistic fungi for biocontrol
allows to reduce the use of chemical pesticides which
is usually strongly supported by the general public, and
therefore respective research will likely attract more
attention and funding. The Directive 2009/128/EC of
the European Parliament and of the Council of 21
October 2009 “establishing a framework for Commu-
nity action to achieve the sustainable use of pesticides”
(http://eur-lex.europa.eu/legal-content/EN/TXT/?

uri=CELEX%3A32009L0128) contains the respective
statement: “Appropriate risk management measures
shall be taken and the use of low-risk plant protection
products as defined in Regulation (EC) No 1107/2009
and biological control measures shall be considered in

also be accompanied by nonnutritive interactions
such as antagonism or agonism. Due to the potential
applications of mycoparasitic fungi for crop protection,
the so-called “bad” fungi are frequently labeled as
pathogens even in the absence of their host plants
when solely fungal-fungal interactions are investigated,
However, in such studies, these “pathogens” serve as
hosts for “good” fungi that parasitize on them; there-
fore, the latter ones—the “good” fungi—should rather
be named as pathogens

the first place” that illustrates the future trend toward
reduced use of chemical pesticides under the need to
increase crop production for the growing population.
However, despite the generally accepted low risk, the
release of bioeffectors in the environment may also
have adverse effects on both agricultural and natural
ecosystems. It appears to be conceivable that intro-
duced biocontrol fungi in case of either importation
or augmentation practices will increase competition
pressure for naturally present plant-beneficial micro-
organisms including other fungi and bacteria. For
instance, the most prominent and widely accepted as
“good” fungus Trichoderma may parasitize on arbus-
cular mycorrhizal fungi Gigaspora (Diversisporales,
Glomeromycota) that are used to enhance plant nutri-
tion and stress resistance (Lace et al. 2015) or even
affect the plant as demonstrated by the colonization of
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Fig. 12.6 Positive and negative arguments for the use of mycoparasitic fungi in biological control of plant pathogenic

fungi

broad areas of the root epidermis of Medicago trunca-
tula (Fabaceae, Angiosperms, Plantae) by T. atroviride
leading to localized death. However, reports on direct
adverse effects of biocontrol fungi on plants are rare:
T. viride was diagnosed as a causative agent of dieback
of Pinus nigra (Pinales, Plantae) seedling in Italy
(Li Destri Nicosia et al. 2015) and different species of
Tilletiopsis (Entylomatales, Basidiomycota) that are
well-known antagonists of powdery mildews caused
by Erysiphales fungi (Hijwegen 1986, 1989; Hoch and
Provvidenti 1979; Klecan 1990; Knudsen and Skou
1993; Urquhart 1994). Smut fungi belonging to genus
Tilletiopsis were demonstrated to cause “white haze” on
the apple surface by Boekhout et al. (2006), in particu-
lar under conditions of ultralow oxygen storage. Clearly
these fungi are able to reduce the growth of other fungi
that contributes to their success as apple colonizers.

The extensive colonization of harvested apples by T.
minor and T. pallescens may diminish the prospects for
their commercial application as biocontrol agents, as
registration as a biocontrol agent will become more
complicated (Baric et al. 2010).

Several studies also document the adverse
effect of fungal hyperparasites on fungi used to
control insect pests. It has been shown that the
mycoparasitic Syspastospora parasitica (Hypo-
creales, Ascomycota) attacks Beauveria bassi-
ana (Hypocreales, Ascomycota) growing on a
Colorado potato beetle (Leptinotarsa decemli-
neata) cadaver (Klinger et al. 2006). Our own
data indicate that this action that may also be
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performed by almost any Trichoderma species
(Druzhinina, Atanasova, unpublished) and thus
the application of Trichoderma may counteract
the positive role of B. bassiana on the control of
the disease. Similar to this, the chytrid fungus
Gaertneriomyces semiglobifer (Spizellomyce-
tales, Chytridiomycota) is capable to parasitism
of entomophthoralean gypsy moth Lymantria
dispar pathogen Entomophaga maimaiga (Ento-
mophthorales, Entomophthoromycota) in soil
(Hajek et al. 2013). The authors propose that
mycoparasitism, whether by G. semiglobifer or
other mycoparasitic fungi, might be partially
responsible for declines in azygospore reser-
voirs, especially under wet conditions where
the motile zoospores of chytrids would have
better access to susceptible fungal host spores.

Besides the direct impact on plants and
plant-interacting microorganisms, fungi used
in biocontrol may also have adverse effects on
mushroom production (Castle et al. 1998;
Hajek et al. 2013; Hermosa et al. 1999; Kim
et al. 2012; Komon-Zelazowska et al. 2007; Kre-
dics et al. 2010; Park et al. 2006) and animals
including humans as opportunistic pathogens
(Komon-Zelazowska 2014). Interestingly T.
longibrachiatum that is the most frequently
detected Trichoderma species capable to attack
even immunocompetent humans (Kredics et al.
2003; Molnar-Gabor et al. 2013; Park et al. 2006;
Sandoval-Denis et al. 2014) is still referred as a
“good” biocontrol fungus (Ruocco et al. 2015).
Moreover, the recent broad survey of clinically
relevant Trichoderma species that was based on
the detailed DNA barcoding demonstrated that
almost all most prominent plant-beneficial Tri-
choderma species such as T. harzianum, T.
asperellum, T. atroviride, T. gamsii, T. konin-
giopsis, and others are capable to attack immu-
nocompromised humans (Sandoval-Denis et al.
2014). Last but not least, the materials pre-
sented in other chapters of this book on multi-
ple and complex interactions between fungi and
bacteria allow to assume the severe impact of
introduced “good” but environmentally aggres-
sive fungi on these communities, which may
cause both positive and negative consequences
for soil microbiome in general and conse-
quently on plants.

Interestingly, to the best of our knowledge,
up to now there are no reports published on
adverse effects of Clonostachys rosea on
humans, cultivated mushroom, or biocontrol
insects. It could be possible that the mycopar-
asitic ability derived from herbivorous ances-
tors may possess fewer number of possible
adverse effects compared to mycoparasites
that evolved from an entomopathogenic-like
organisms. No detailed ecological risk assess-
ment analyses on the use of mycotrophic fungi
have been performed. However, the newest
genome-wide mechanistic and evolutionary
studies would provide sufficient background
for such research.
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Many microorganisms with specdialized lifestyles have reduced ge-
nomes. This is best understood in beneficial bacterial symbioses,
where partner fidelity facilitates loss of genes necessary for living
independently. Specialized microbial pathogens may also exhibit gene
loss relative to generalists. Here, we demonstrate that Escovopsis
weberi, a fungal parasite of the crops of fungus-growing ants, has a
reduced genome in terms of both size and gene content relative to
dosely related but less specialized fungi. Although primary metabolism
genes have been retained, the E. weberi genome is depleted in carbo-
hydrate active enzymes, which is consistent with reliance on a host
with these functions. E. weben has also lost genes considered neces-
sary for sexual reproduction. Contrasting these losses, the genome
encodes unique secondary metabolite biosynthesis clusters, some of
which include genes that exhibit up-regulated expression during
host attack. Thus, the specialized nature of the interaction between
Escovopsis and ant agriculture is reflected in the parasite’s genome.

mycoparasitism | repeat-induced point mutation | Atta cephalotes |
attine | genome reduction

he highly evolved agricultural lifestyle of leaf-cutting ants has

attracted particular attention because these ants cultivate a
symbiotic fungus that serves as their major food source. These
ants cut leaves, preprocess them into small pieces, and feed them
to the cultivated fungus (1). The capacity of the cultivated fungus to
break down plant material gives ant agriculturalists access to the
vast nutrient stores locked within neotropical plants (Fig. 14) (2-5).
The symbiosis between fungus-growing ants and their cultivated
fungi has persisted for at least 50 million years (6).

Like human agriculture, ant agriculture is hampered by disease.
The ants’ fungal crops are attacked and consumed by fungal parasites
of the genus Escovopsis (Ascomycota, Pezizomycotina: anamorphic
Hypocreales) (Fig. 14) (7), which have evolved in association with
the ants and their cultivated fungi (8). Escovepsis infection can have
detrimental impacts on garden health and, consequently, on the
survival of ant colonies (9, 10). Such mycoparasitism, the phenome-
non whereby one fungus is parasitic on another fungus, is rare. It is
most well-known for species from the genus Trichoderma, some of
which are used as biocontrol agents for fungal diseases and others of
which attack human-cultivated fungi (11-13). In contrast to Thcho-
denma species, however, Escovapsis species grow poorly in their hosts’
absence (57 Appendix, Figs. 51 and 82).

Escovopsis species have never been isolated outside of fungus-
growing ant colonies, and different strains of Escovopsis are capable
of attacking the fungi grown by different fungus-growing ant species
(8, 14, 15). The long-term, specialized evolutionary history of the
association between Escovopsis and their hosts provides a unique
venue to explore the consequences of host specialization on patho-
gen genome evolution. Here, we assemble and annotate the genome
of a strain of Escovopsis webert. Consistent with expectations under
an evolutionary transition toward using a narrow host range, and
similar to many other specialized, host-associated microbes (16, 17),
E. weben exhibits gene loss, Contrasting other fungal pathogens, the

waww.pnas.orglogl/dol10.1073/pnas. 1518501113

large genomes of which are expanded with genetic elements that
influence host adaptation (18), the genome size of Escovopsis is small
compared with those of its closest sequenced relatives.

Basic Features of the Small Escovopsis Genome

We sequenced the genome of E. weberi strain CC0O31208-10 iso-
lated from a fungal garden of the leaf-cutting ant Anta cephalotes,
a widely distributed fungus-growing ant species, the genome of
which has been recently sequenced (19). This strain is closely re-
lated to Escovapsis strains isolated from other leaf-cutting ant
colonies (81 Appendiv, Fig. 53). Sequencing performed with the
454 FLX Titanium pyrosequencing platform generated ~4.4 mil-
lion reads. which assembled into 29 scaffolds with a N50 of 2.58
Mbp and an overall genome assembly length of 27.20 Mbp. The
G+C content of the fscovapsis genome is 55.74%, similar to other
fungi in the Hypocreales (ST Appendiv, Table S1). We identified
204 tRNA genes in association with 44 codons and all 20 amino
acids (Dataset 51). Approximately 4% of the assembly consists
of repetitive elements, including simple sequence repeats such as
microsatellites (Dataset S1) and transposable elements (81 Appendix,
Fig. 54). The genome can be viewed through the Genome Browser
at gh2.fungalgenomes.org/.

Significance

Many organisms are specialists living within a narrow range of
conditions. Pathogens are often adapted to efficiently exploit
only a few hosts species, or sometimes, only some genotypes
within a species. The genomes of such parasites are predicted
to maintain genes critical for host utilization and to lose genes
no longer necessary outside their constrained lifestyle. We
demonstrate that the genomic content of a fungal pathogen
specialized to attack and consume fungus cultivated by ants
meets these predictions. Despite a reduced genome size and
gene content in comparison with less specialized relatives, the
genome of this agricultural pathogen retains genes necessary
for production of toxins, a step critical to host attack, and for
breaking down nutrients abundant in its host.
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Escovopsis weberi, a specialized mycoparasite of the fungus-growing ant symbiosis, has a small genome compared with other Pezizomycotina fungi.

(4) Both fungus-growing ants and the mycoparasite E. weberi use the ants’ cultivated fungi as their primary food source. The ability of the cultivated fungi to
efficiently break down plant material gives both consumers access to the biomass of neotropical plants. (8) Size and protein-coding gene content of genomes
of diverse fungi in the Pezizomycotina. Bayesian phylogeny estimated using partial amino acid alignments of three genes (Rpb1, Rpb2, ef1-a). All posterior
probabilities are greater than 0.95. Phylogeny is rooted with Sacchormyces cervesiae {not shown). (C) Relationship between genome size and gene content. A

list of genomes included in this panel is in 5/ Appendix, Table 51.

Using k-mer frequency analysis as an assembly-independent
estimate of genome size (Dataset S2) (20), we estimate the true
genome size to be 29.45 £ 2 Mb in length, among the smallest
known genomes of all Pezizomycotina (Fig. 1), the largest and
most diverse group of ascomycete fungi. Indicative of a complete
genome assembly, we identified 239 of 248 super-conserved Core
Eukaryotic Genes (CEGs) (21, 22). Escovapsis has 6,870 predicted
protein-coding genes (Dataset 53), substantially fewer than other
Pezizomycotina (Fig. 1 and SI Appendiv, Table 51). The average
gene length (1,623 bp) and mean content of exons per gene (2.74)
are similar to estimates from closely related Pezizomycotina
(51 Appendix, Table 52). Fifty-five percent of the encoded proteins
were assigned o Gene Ontology terms, and 76% contain a protein
family (PFAM) domain (Dataset 54). Although the number of
predicted genes is greatly reduced compared with most other
Pezizomycotina, PFAM analysis as well as manual functional an-
notation of all genes against the National Center for Biotechnology
Information (NCBI) nonredundant database (Dataset 53) indicate
that the largest gene families in Escovopsis are also common in
closely related fungi (51 Appendiv, Table 53).

Potential Loss of Sex

An inability of E. webeni to undergo sexual reproduction is sug-
gested by the striking absence of a functional Mating-Type (MAT)
locus, as no complete MATI-2 and MATI-1 loci were identified
(see SI Appendix, Fig, 53, for details). E. weberi also has no ho-
mologs to the small peptide pheromones necessary for sexual re-
production in Trichoderma reesei (23). These findings are consistent
with the fact that there is no described teleomorph for E. weben
and suggest that this fungus—unlike most others that are pre-
dominantly found in their anamorphic form (24)—is asexual.
Identification of STE2 and STE3 genes in the genome, homologs
of T. reesei receptor proteins necessary for sexual reproduction
(23), does suggest that E. weberi—or an ancestor—has a history of
sexual reproduction.

2of 6 | www.pnas.orgicglidoif10.1073/pnas. 1518501113

Loss of sex in E. weberi would be surprising because Escovopsis
presumably must adapt to an array of defenses mounted by its
fungal host and associated symbionts, and sexual recombination
can provide an advantage in terms of facilitating the generation
of variants that are able to counter changing defenses (25, 26). In
response to Escovopsis infection, the cultivar can use antibiotics
that inhibit Escovopsis growth (14), the ant agriculturalists mount
a number of behavioral defenses to remove the pathogen (27),
and the ants support bacteria that produce Escovopsis-inhibiting
antibiotics (28). All of these defenses could potentially change
(either plastically or evolutionarily) in response to Escovapsis
infection. There are several important considerations in the case
of complex symbiotic systems such as that of the fungus-growing
ant symbiosis, however. First, the cultivar, likely under the stron-
gest selection to evolve defenses to counteract Escovapsis attack,
reproduces mostly asexually, and somatic incompatibilities limit
genetic exchange between strains (29, 30); the cultivar may be
constrained to not evolve rapidly so as to maintain a mutualism with
the ants [i.c., Red King hypothesis for slow evolution of mutu-
alistic partners (31)]. Second, Escovopsis too can benefit from
symbionts [e.g., black yeast that inhibit growth of antibiotic-
producing bacteria (32)], which in turn themselves could evolve
in response to changing defenses. These combined features may
lessen selection to maintain sexual recombination.

Lack of Repeat-Induced Point Mutation

One important consequence of the loss of sex for the genome would
be the hindrance of continued Repeat-Induced Point mutation
(RIF), which requires sexual recombination (33). RIP, originally
described in Neurospora crassa (33) and later shown to be active in
Trichoderma (34), a genus of fungi closely related to Escovapsis (Fig.
1B and SI Appendix, Fig. 56), is a common (5] Appendix, Table 54),
irreversible fungal-defense mechanism that preferentially alters C:G
to T:A nucleotides and acts mainly on transposable elements but also
on protein-coding genes (35), potentially leading to gene inactivation
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and genome reduction. The E. weberi genome lacks four genes
involved in RIP: gip, gqdel, gde3, and sadl (81 Appendix, Table
55). Similar RIP deactivation in Blumeria graminis and other
specialized plant pathogens is postulated to have led to extensive
retrotransposon proliferation and genome-size expansion (16),
contrasting the genomic architecture of E. webert, which along
with its reduced genome size, has a paucity of transposable
clements (51 Appendix, Fig. 84) and gene paralogs (only four;
SI Appendix, Table 56). One possibility is that RIP deactivation
in E. weberi is a fairly recent phenomenon: the genome does
contain footprints of past RIP operation (8! Appendix, Table S7),
suggesting that RIP may have limited genome expansion in the past.

Genomic Similarities to Closely Related Fungi

Phylogenetic placement of Escovopsis within the Hypocreales (Sf
Appendix, Fig. 56) confirms that the most closely related fungi to
Escovapsis with available genome sequences are within the genus

de Man et al.
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Trichoderma, which diversified from a mycoparasitic ancestor
(36). Escovopsis diverged from Trichoderma ~50 million years
ago (81 Appendix, Fig. §7), coincident with the evolution of ant
fungiculture (6, 37). Pairwise sequence comparison of the ge-
nome sequences of E. weberi with both Trichodenna atroviride
and Trichoderma virens (Fig. 24) revealed a high degree of micro
mesosynteny, indicating that genome segments have a similar gene
content but shuffled order and orientation, likely due to intra-
chromosomal rearrangements (38). Compared with T. virens, only
6% of E. weber’s genes are located outside of shared syntenic
blocks; 42% of these nonsyntenic genes are species-specific to
E. weberi and encode proteins of unknown function. Similarities to
Trichoderma will facilitate further functional analyses of this ant
agricultural pathogen.

Orthology analysis, based on bidirectional best BLAST hits,
between the E. weben gene set and those of three Trchoderma spp.
(T. atroviride, T. reesei, T. virens), which, like Escovopsis spp., are
mycoparasites, revealed that 80% of E. weben's genes have ho-
mologs in all three Trchoderma genomes, and an additional 5%
are found in at least one of the Trichoderma genomes (Fig. 2B and
Dataset 83). E. weberi shares more orthologs with T. virens and
T. atroviride (Fig. 2B), which may be driven by their substantially
higher gene content than T. reesei (Fig. 1B). Most of the 1,066
genes unique to E webert relative to Trchoderma spp. are of un-
known function, and only 128 of these genes exhibit homology
to proteins in other Pezizomyeoting (Dataset 55), including Meta-
rhizium, Fusarium, and Colletotrichum species (ST Appendix, Table S8),
The latter is intriguing as Colletorichum is not closely related to the
genus Escovapsis but is a genus containing obligate pathogens (39).

Genomic Similarities to Other Specialized Fungi with

Small Genomes

Although some specialized, host-associated fungi exhibit genome
expansion, in part due to proliferation of retrotransposons [e.g.,
B. graminis (16)], other specialized, host-associated fungi have
small genomes. For example, the Yeast Like Symbiont (YLS), an
obligate, specialized fungal endosymbiont of the aphid Cerata-
phis brasiliensis (40), is predicted to have had strict association
with its host insects for millions of years, replacing the role of
Buchnera aphidicola, an obligate bacterial symbiont found in
other aphid species (41). Trichophyion rubnum, another example,
is a human skin-specific fungal pathogen and causative agent of
athlete’s foot (42). Like E. weberi, YLS and T. rubriam have two of
the smallest estimated genome sizes among the Pezizomycotina
(~25 and 22 Mb, respectively). Fifty-one percent of E. weber's
6,870 protein-coding genes have orthologs in both YLS and
T. rubrum (SI Appendix, Fig. 88), indicative of a core gene set for
these host-associated, although ecologically distinet, taxa, This
overlapping core set consists mostly of housekeeping genes in-
volved in central metabolism and in DNA, RNA, protein, and
organelle biosynthesis. Genes unique to E. webert, relative to those
shared between the three genomes. are enriched in transcription
factors (Zn2Cys6 and C2ZH2 type) and glycosyl hydrolases, which
assist in the hydrolysis of glycosidic bonds in complex sugars
(81 Appendix, Table 59). Of the 1,834 genes unique to E. webert
relative to YLS and 7% nebvuen, 1,064 are found in the mycoparasite
T. virens of which 459 encode uncharacterized putative proteins. Of
note, the glycosyl hydrolases present in the core set (Le., those
shared among YLS, Thchephyton, and Escovopsis) and those
shared only between 7. virens and E. weberi exhibit a clear bias:
whereas the core set contains all of the GH13 amylolytic and GH16
B-glucanalytic hydrolases, the 1,064 genes shared with T. viens are
strongly enriched in GH3, GHS, and GH12 endo- and exo-f-glucanases
and particularly in GHI18 chitinases (SI Appendiv, Table 59),
which may play a role in Escovopsis breaking down the chitin
within the cell walls of host fungi.
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E. weberi growth was compared with that of T. atroviride using
phenotype microarray plates, however, it exhibited much slower
growth on most carbon sources (51 Appendix, Fig, 52 and Dataset
$6). In these assays, E. weberi grew most rapidly on the a-glucans
trehalose and maltose, which is consistent with the findings that
E. webeni has retained genes encoding a-glucan—degrading en-
zymes and that the associated penes are up-regulated when
E. weberi 1s growing toward and overgrowing the fungal cultivar
(51 Appendiv, Fig. 59 and Dataset §7). It is possible that E. weberi
may have specialized in the utilization of these simple and un-
branched w-glucans as these are the most abundant carbohy-
drates in its host fungus (43).

In contrast to T. reesei and 7. virens, E. weberi is depleted in
genes encoding amino acid transporters and major facilitator su-
perfamily transporters, which transport small solutes. It also con-
tains many fewer cytochrome P450 proteins, flavin-dependent
monooxygenases, ankyrins, and PTHI11 receptors, which have
been implicated in host recognition by fungal pathogens (44) (87
Appendix, Table 53 and Dataset 58). Most interestingly, relative
to Trichoderma spp., E. weberi exhibits strong reduction in sev-
eral gene families encoding polysaccharide depolymerizing en-
zymes (ak.a. carbohydrate active enzymes, CAZmyes) (Fig. 3
and SI Appendix, Table S10). E. weberi lacks all cellobiohy-
drolases [Glycoside Hydrolase family 6 (GH6) and GH7], all
xylanases (GH10, GHI11, GH30), and also auxiliary proteins like
polysaccharide monooxygenases (GH61) and the expansin-like
protein swollenin. Consistent with the fact that Escovopsis breaks
down the ants’ cultivated fungus but not leaves collected by the
anis to feed to their fungus (7), cellulose-binding domains, which
are a hallmark of fungi that use plant material for nutrients (34),
are also strongly reduced and present only in two endo-f-1,4-
glucanases (GHS, GHT; orthologous to T. reesei endo—f-1,4-
glucanases EGL and EGLI1) and in two chitinases (GH18). The
genome of £ weberi also contains only one GH family member
that encodes enzymes for hydrolysis of a-galactosides and of
a-arabinofuranosides (GH27, GH51); these glycoside hydrolases
are expanded in Trichoderma (34, 36). This reduction is remi-
niscent to that found in some plamt pathogens that also lack
some GH enzymes (45). On the other hand, E. weberi has a
similar number of chitinases (GH18, GH20) and of p-1,3/p-1,4-
glucanases (GH16) as T. reesei, indicating that the potential for
attacking the host fungus’ cell wall has been maintained. In-
terestingly, proteomic, transcriptomic, and draft genome sequenc-
ing have identified some of these missing enzymes to be present
and highly expressed in the ant-cultivated fungus Leucoagaricus
gongvlophorus (Fig. 3 and ST Appendix, Table S10) (2, 3). Taken
together, these losses are consistent with previous findings that the
specialized mycoparasite Escovopsis breaks down fungal but not
plant material (7) and suggest that £, weber has lost the ability to
feed on lignocellulosic plant material, an ability retained by other
microbial members of fungus-growing ant gardens (46).

4of 6 | www.pnas.orgicglidolf10.1073/pnas. 1518501113

Average number of carbohydrate active enzyme
group members, T. virens and T. atroviride

Fig. 3. The E. weberi genome encodes a reduced number of carbohydrate
active enzymes. Carbohydrate active enzymes are divided into families. Each
point represents the relation bety 1 the ber of of a given
CAZmye family for E. weberi plotted against the average number of family
members for the less specialized mycoparasites T. virens and T. atroviride.
Members of some of these families, indicated in orange, are known to be
highly expressed in E. weberi's host fungus (2, 3). Additional details are in 5/
Appendix, Table 510.

Further Genomic Signatures of Exploitation of a Fungal
Symbiosis

E. weberi has been shown to kill the fungi cultivated by the ants
from a distance (7), a process that likely involves the secretion of
toxins. Using SignalP (47), a sccretion-specific signal peptide was
predicted for 4.8% of E. weberi’s proteins (Dataset 59), about
half the percentage found for Trichoderma (9.0, 8.6, and 8.7%
in T. reesei, T. atroviride, and T. virens, respectively) (48). The
E. webeni secretome is dominated by genes with no known
function, particularly in comparison with Trichoderma (55.8% for
E. weberi versus 25-30% for Trichoderma spp.).

Toward identification of low-molecular-weight toxins, we used
antismash 2.0 (49) to identify 17 putative secondary metabolite
biosynthesis clusters in the genome (87 Appendix, Table 811},
three of which are unigue to E. weberi. All three unigue clusters
are predicted to code for terpene synthases, metabolites known
to be involved in the production of mycotoxins (30). Other
clusters are predicted to code for polyketide synthases (PKS).
Expression of some genes within these PKS clusters was signif-
icantly up-regulated when E. weberi was growing toward its host
(Fig. 4 and Dataset 57). One such gene (ESCO_001469) encodes
a protein with an amino-terminal extracellular cysteine-rich
EGF-like (ak.a. CFEM, or Common in several Fungal Extra-
cellular Membrane proteins) domain (51). Proteins bearing this
domain in the rice pathogen Magnaporthe grisea are involved in
virulence (51), and CFEM proteins in the human pathogen
Candida albicans influence cell-surface characteristics and biofilm
formation (52). InterProScan analysis revealed seven CFEM-
domain proteins in £. weberi (51 Appendiv, Table 512}, the largest
domain family in those genes that are unique to E. weberi relative
to Trichederma spp. based on orthology analysis (57 Appendix,
Table 513).

There is also evidence of retention of nonribosomal peptide
synthases (NRPSs), enzymes known to synthesize a multitude of
secondary metabolites (53). The E. weberi genome encodes two
peptaibol synthases (ESCO_001464 and ESCO_003769), NRPSs
that have been found only in Trichederma and a few close rela-
tives (54). These enzymes have been shown to inhibit cell-wall
resynthesis by Trichoderma hosts when they are being attacked by
Trichoderma’s cell-wall hydrolases (55). Finally, the E. weberi
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genome encodes three f-lactamases (ESCO_006545, ESCO_(05342,
ESCO_(05794) and one tetracycline resistance gene (ESCO_(02770),
which inactivate antibiotics. The observation that these genes have
been maintained in E weberi despite general genome reduction
suggests a similar mycoparasitic mechanism for Escovopsis when
attacking the ants’ cultivated fungi and maintenance of mechanisms
to combat antagonists within the complex microbial community
of fungus-growing ant gardens.

Conclusions

Specialization over evolutionary timescales can facilitate gene
loss and genome reduction. Fungus-growing ants and Escovopsis
use the same fungus as a primary food source, and this obligate
dependency is reflected in genetic modifications relative to the
closest relatives of each. The genome of the ant A. cephalotes,
for example, is depleted of genes related to nutrient acquisition,
including serine proteases, genes involved in arginine bio-
synthesis, and a hexamerin involved in amino acid sequestration
during development in other insects (19). Here we show that
E. weberi has a small genome and reduced gene content relative
1o its closest sequenced relatives with broader host ranges. The
E. weberi genome is depleted in genes associated with plant
degradation yet has retained genes associated with attacking
fungal hosts. Thus, dependence on the cultivated fungus shapes
the genomes of the ants and Escovepsis, unrelated but ecologi-
cally linked organisms,

Although the reduced functional capacity of £ weberi is consistent
with loss of genes no longer necessary given its highly specialized,
mycoparasitic lifestyle, its relatively small genome, with few mobile
elements and duplications, is harder to attribute to specific evolu-
tionary processes, particularly given the inactivation of RIP, the loss
of which should allow for genome expansion. Although specialized
bacteria, and in particular obligate symbionts, consistently exhibit ge-
nome reduction, which is facilitated by several evolutionary processes
(17), specialized fungi vary greatly in genome size. Some obligately
parasitic fungi have large genomes with many transposable elements
(16, 18). This is hypothesized to be in part because eukaryotes with
small effective population sizes can tolerate accumulation of slightly
deleterious transposable elements, multiple introns, and gene dupli-
cations (56) and in part because mobile elements can facilitate rapid
adaptation in some organisms (18, 57). However, some obligately
parasitic fungi, such as the microsporidium Encephalitozoon cuniculi,
have reduced genomes with few mobile elements, which is likely due
to sustained drift-influenced genome reduction (58). Interestingly,
Pezizomycotina fungi with genomes less than 75 Mbp, such as E. weberd,
exhibit a pattern of decreased genome size with increased drift
(59). This may be coupled with selectively beneficial loss of genes

de Man et al.
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(when present) and E. weberi near the center 1 wk
later; photographs were taken 3-4 d after £. weberi
inoculation. Note that E. weberi grows much more
rapidly in the presence than in the absence of its
host. See 5/ Appendix, Fig. 51 for additional images.

ESCO_001470

and other genomic content no longer essential for a host-asso-
ciated, specialized lifestyle.

Specialization of Escovapsis spp. goes beyond just specializing
on fungus-growing ant fungi in general. Different Escovepsis spp.
have different host ranges. For example, strains isolated from
colonies of Atta spp. ants, like the strain genomically described
here, are typically able to infeet fungi cultivated by Awa and
other leaf-cutting ant species but have narrow abilities to attack
fungi grown by non-leaf-cutting ant species (60). In fact, even
within a symbiosis involving a single ant species and its associated
fungi, there can be variation in host range, suggesting genotype-
by-genotype specificity (14, 15, 60). Therefore, the annotation of
this first Escovepsis genome provides a starting point to in-
vestigate the genomic changes underlying a dynamically evolving
host-pathogen system.

Materials and Methods

Detailed descriptions of materials and methods are provided in 5 Appendix. In
brief, we sequenced the genome of a single strain of E. weberi isolated from an
A, cephalotes colony from Gamboa, Panama, using the 454 FLX Titanium
pyrosequencing platform with both fragment and paired-end approaches (2.5
whole-genome shotgun fragment run, one 8-kpb insert paired-end library runj.
We assembled the genome using the De Novo G5 Assembler v 26 from the
Newbler software package developed by Roche. The raw dataset is deposited
at DNA Data Bank of Japan/European Molecular Biology Laboratory/GenBank
under PRINA253870, and the whole bly is deposited under acces-
sion LGSRO0000000. The version described here is version LGSRO1000000. RNA-seq
reads are deposited in the Sequence Read Archive under accession SRP049545,

We i genome using three independent meth-
ods: (i) we calculated basic statistics, including total length and fragmentation of
the assembled sequences; (i) we identified CEGs in our genome assembly using
CEGMA 2.4 (22); and (i) we took a K-mer-based genome size estimation ap-
proach, For the latter, we generated a frequency distribution of unique 31-mers in
the raw sequending reads with Jellyfish 1.1.11 (61) and included K-mers with
more than 12 copies in the genome, those located to the right of the inflection
point (Dataset 52), for computation of genome size.

We used MAKER 2.28 for gene discovery with exon support provided by
alignment of RNA-seq transcripts from E. weberi grown in the presence and
absence of its host and by available Trichoderma ESTs and proteomes, other
fungal proteomes, and NCBI's NR database. Protein-coding genes were
predicted with the ab initio gene predictors Augustus 2.7 (62), SNAP 0.15.4
{63), and GeneMark 2.5 (64) using exon hits from the protein and RNAseq
transcript evidence, We functionally annotated all predicted proteins using
InterProscan 5-44.0 (65). The genome annotation can be visualized at gb2.
fungalgenomes.org/ with GBrowse (66).

We assessed evidence for RIP by computing RIP indices [TA/AT > 0.89 and
CA+TG/ACHGT < 1.03 are considered evidence for RIP (67)] for the five most
prevalent repeat families within the E. weberi genome and the unmapped
reads using RIPCAL 1.0 (68). We also searched for orthologs of genes known
to be involved in the RIP process in M. crassa (69).
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Dataset S3*
Escovopsis Trichoderma virens based | Trichoderma spp. Based | NR database
geneID annotation annotation annotation
ESCO_000001 | GMP synthase GMP synthase GMP synthase

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

ESCO_000003 | Nmra family protein Nmra family protein Nmra family
protein
ESCO_000004 | Secondary metabolite | Secondary metabolite cluster | Secondary
cluster that contains PKS | that contains PKS (tre33804) | metabolite
(tre33804) and PKS-NRPS hybrid | cluster that
(tre14836) genes contains PKS

(tre33804) and
PKS-NRPS hybrid
(tre14836) genes

ESCO_000005 | PKS PKS PKS

ESCO_000006

ESCO_000007 | Zn2Cysb transcriptional | Zn2Cys6 transcriptional | Zn2Cys6
regulator regulator transcriptional
regulator
ESCO_000008 | Late sexual development | Late sexual development | Late sexual
protein Isda protein Isda development
protein Isda
ESCO_000009 | Zn2Cysb transcriptional | Zn2Cys6 transcriptional | Zn2Cys6
regulator regulator transcriptional
regulator
ESCO_000010 | Unknown protein Unknown protein Unknown protein
ESCO_000011 | Zn2Cys6 transcriptional | Zn2Cys6 transcriptional | Zn2Cys6
regulator regulator transcriptional
regulator
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ESCO_000012 | Cytochrome P450 | Cytochrome P450 | Cytochrome P450
monooxygenase monooxygenase monooxygenase

ESCO_000013 | GH28 GH28 GH28

ESCO_000014 | GH17 GH17 GH17

ESCO_000015

Unknown protein

Unknown protein

ESCO_000016

Unknown protein

Unknown protein

Unknown protein

ESCO_000017 | C2H2 transcriptional | C2H2 transcriptional regulator | C2H2
regulator transcriptional
regulator
ESCO_000018 | Peroxisomal membrane | Peroxisomal membrane | Peroxisomal
protein pex16 protein pex16 membrane

protein pex16

ESCO_000019 | Zn2Cys6 transcriptional | Zn2Cys6 transcriptional | Zn2Cys6
regulator regulator transcriptional
regulator
ESCO_000020 | Fungal specific transcription | Fungal specific transcription | Fungal  specific
factor domain-containing | factor domain transcription
protein factor  domain-
containing
protein

ESCO_000021

Transcription factor IWS1

Transcription factor IWS1

Transcription
factor IWS1

ESCO_000022

RNA polymerase Rpb1

RNA polymerase Rpb1

RNA polymerase
Rpb1

ESCO_000023

Flavin-containing
monooxygenase

Flavin-containing
monooxygenase

Flavin-containing
monooxygenase

ESCO_000024

Epl1/Sm1

Epl1/Sm1

* The full dataset with annotation of 6870 genes can be accessed from here
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Figure S2

Figure S2. Growth of Escovopsis weberi on alternative carbon sources. a)
Growth of E. weberi on alternative carbohydrate sources at 96 hours (white circles)
and 240 hours (black circles) compared to Trichoderma atroviride at 96 hours. Note
that at the same time point (96 hours, white circles), E. weberi shows less growth
than T. atroviride on most carbon sources; one notable exception is beta-methyl-D-
glucoside. b) E. weberi growth at two temperatures over time on representative
carbon sources (water as control). The best carbon sources for Escovopsis growth
were all disaccharides: D-trehalose and maltose at 25°C (dashed lines) and D-
cellobiose at 30°C (solid lines). Data are means of four biological replicates, which
differed by less than 12%. Notably, trehalose is the dominant carbohydrate
constituent of Escovopsis' host fungus(55). Additional data in Dataset S6.
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Chapter 3 Evolution of Trichoderma carbohydrate-active enzymes
required for the degradation of plant biomass

73| Page



74| Page



Komal Chenthamara Dissertation Chapter 3.1

Chapter 3.1 Massive lateral transfer of genes encoding plant cell wall-
degrading enzymes to the mycoparasitic fungus Trichoderma from its
plant-associated hosts®

Authors

Irina S. Druzhinina?, Komal Chenthamara?, Jian Zhang?, Lea Atanasova?, Dongaing Yang?, Youzhi Miao?,
Mohammad J. Rahimi!, Marica Grujic!, Feng Cai', 2, Shadi Pourmehdi', Kamariah Abu Salim?, Carina
Pretzer?, Alexey G. Kopchinskiy?, Bernard Henrissat*>®, Alan Kuo’, Hope Hundley’, Mei Wang’, Andrea
Aerts’, Asaf Salamov’, Anna Lipzen’, Kurt labutti’, Kerrie Barry’, Igor V. Grigoriev’®, Qirong Shen?,
Christian P. Kubicek?

Affiliation

1. Microbiology and Applied Genomics group, Research Area Biochemical Technology, Institute of
Chemical, Environmental & Bioscience Engineering, TU Wien, Gumpendorferstrasse 1a

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

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

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

5. INRA,USC1408AFMB, Marseille, France
6. Department of Biological Sciences, King Abdulaziz University, Jeddah, Saudi Arabia

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

8. Department of Plant and Microbial Biology, University of California Berkeley, Berkeley,
CA, United States of America

6 Druzhinina IS, Chenthamara K, Zhang J, Atanasova L, Yang D, Miao Y, Rahimi MJ, Grujic M, Cai F, Pourmehdi S,
Salim KA. Massive lateral transfer of genes encoding plant cell wall-degrading enzymes to the mycoparasitic fungus
Trichoderma from its plant-associated hosts. PLoS Genetics. 2018 Apr 9;14(4):e1007322.

75| Page



76| Page



Komal Chenthamara Dissertation Chapter 3.1

Contribution by the PhD candidate

Together with her advisor and Christian P. Kubicek, the PhD candidate was the
major contributing scientist performing data mining, data analysis, ms writing and
preparation of the figures. The detailed list of tasks for which the PhD candidate was
solely responsible is listed below:

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

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

3. Neutrality tests of 100 orthologous proteins that were used in phylogenomic
analyses (S2 Table).

4. Evolutionary phylogenomic analysis based on 100 orthologous neutrally evolving
proteins of Hypocreales and two other Sordariomycetes (Fig 1a).

5. The complete Phylome of Trichoderma carbohydrate-active enzymes required for
the plant cell-wall degrading including accessory proteins and respective regulator
proteins. Exemplary fragments of this phylome are listed in Fig 3,4,5, S2 Figure, S3
Table), and the detailed analysis is summarized in the sub-Chapter 3.

6. Carried out statistical tests like T-Rex and NOTUNG to examine Lateral Gene
Transfer and Gene Duplication (S2 Figure, S4 Table).

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

8. Dual confrontation tests of Trichoderma sp. with other Trichoderma sp.; and other
hypocrealean species (Fig 10, S3 Figure).

9. Intensive participation in visualization, writing — original draft, review and editing.
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Abstract

Unlike most other fungi, molds of the genus Trichoderma (Hypocreales, Ascomycota) are
aggressive parasites of other fungi and efficient decomposers of plant biomass. Although
nutritional shifts are common among hypocrealean fungi, there are no examples of such
broad substrate versatility as that cbserved in Trichoderma. A phylogenomic analysis of 23
hypocrealean fungi (including nine Trichoderma spp. and the related Escovopsis weberi)
revealed that the genus Trichoderma has evolved from an ancestor with limited cellulolytic
capability that fed on either fungi or arthropods. The evolutionary analysis of Trichoderma
genes encoding plant cell wall-degrading carbohydrate-active enzymes and auxiliary pro-
teins (pcwdCAZome, 122 gene families) based on a gene tree / species tree reconciliation
demonstrated that the formation of the genus was accompanied by an unprecedented
extent of lateral gene transfer (LGT). Nearly one-half of the genes in Trichoderma pewdCA-
Zome (41%) were obtained via LGT from plant-associated filamentous fungi belonging to
different classes of Ascomycota, while no LGT was observed from other potential donors, In
addition to the ability to feed on unrelated fungi (such as Basidiomycota), we also showed
that Trichoderma is capable of endoparasitism on a broad range of Ascomycota, including
extant LGT donors. This phenomenon was not cbserved in E. weberi and rarely in other
mycoparasitic hypocrealean fungi. Thus, our study suggests that LGT is linked to the ability
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of Trichoderma to parasitize taxonomically related fungi (up to adelphoparasitism in strict
sense). This may have allowed primarily mycotrophic Trichoderma fungi to evolve into
decomposers of plant biomass.

Author summary

Individual fungi rely on particular host organisms or substrates for their nutrition. There-
fore, the genomes of fungi feeding on plant biomass necessarily contain genes encoding
plant cell wall-degrading enzymes, while animal parasites may depend on proteolytic
activity. Molds in the genus Trichoderma (Ascomycota) display a unique nutritional versa-
tility. They can feed on other fungi, attack animals, and degrade plant debris. The later
property is so efficient that one species (T' reesei) is commercially used for the production
of cellulolytic enzymes required for making biofuels and other industry. In this work, we
have investigated the evolution of proteins required for plant cell wall degradation in

nine Trichoderma genomes and found an unprecedented number of lateral gene transfer
(LGT) events for genes encoding these enzymes. Interestingly, the transfers specifically
occurred from Ascomycota molds that feed on plants. We detected no cases of LGT from
other fungi (e.g., mushrooms or wood-rotting fungi from Basidiomycota) that are fre-
quent hosts of Trichoderma. Therefore, we propose that LGT may be linked to the ability
of Trichoderma to parasitize on related organisms. This is a characteristic ecological trait
that distinguishes Trichoderma from other mycoparasitic fungi. In this report, we demon-
strate that the lateral transfer of genes may result in a profound nutritional expansion and
contribute to the emergence of a generalist capable of feeding on organic matter of any
origin.

Introduction

Fungi are heterotrophs that live either inside or on the surface of their food. They feed by
secreting cocktails of digestive enzymes that break down a diversity of biopolymers, such as
cellulose, hemicellulose, lignin, chitin, lipids, and proteins. The resulting soluble products are
subsequently absorbed into the fungal cells and metabolised. Many fungi form biotrophic
interactions with other organisms (e.g. parasitism), while others decompose dead organic mat-
ter (polyphagy, see Supporting Information 51 Text for terminology) [1]. Similar to other het-
erotrophs, individual fungi usually rely on particular host arganisms or substrates for their
nutrition. This is reflected in the diverse composition of their genetically encoded digestive
enzymes. Thus, fungi feeding on plant biomass (phytophags and plant parasites; Supporting
Information 51 Text) use mainly lignocellulolytic enzymes [2, 3], while animal pathogens
deploy proteolytic activities for this purpose [3].

Fungi of the genus Trichoderma (Hypocreales, Pezizomycotina, Ascomycota) display a
unique nutritional versatility (Supporting Information 51 Text) as they can form biotrophic
interactions with fungi (mycoparasites [4]), animals (opportunistic parasites of immunocom-
promised humans [5-7]), and plants (phytoparasites [8]). Trichoderma spp. can also feed on
dead fungi (mycophagy) and efficiently degrade plant debris (phytophagy) [4]. One such spe-
cies, 1. reesei, is commercially used for the production of cellulolytic enzymes required to pro-
duce biofuels [9-11]. Other Trichoderma spp. are used to develop biofungicides, an attractive
alternative and supplement to chemical pesticides [12]. Although the two nutritional strategies
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(feeding on plant biomass and on fungi) were initially attributed to different species, ecophysi-
ological studies have shown that all Trichoderma species are efficient mycoparasites, including
T. reesei [1, 4, 13-15]. Many species possess high cellulolytic activity [16-18] and/or are symp-
tomless parasites of plants (endophytes) [19]. A brief review of the nutritional versatility of
Trichoderma spp. is given in Supporting Information 81 Text, Genus-wide studies of the nutri-
tional traits of Trichoderma have revealed that shifts from ancestral mycoparasitism to phyto-
phagy and back again occurred several times during Trichoderma evolution [16]. The best
available explanation for such inter-kingdom (fungi <-> plants) nutritional jumps is the
host-habitat hypothesis [20], which posits that sympatric cohabitation increases the chance of
host/substrate shifts. For Trichoderma, a widely accepted theory proposes that ancestral species
could parasitize fungal hyphae growing in decaying wood and, thus have evolved the ability to
degrade plant biomass [21]. However, the mechanisms underpinning this transition are not
known. Interestingly, the genome analysis of another mycoparasitic hypocrealean fungus,
Escovapsis weberi, (which feeds on cellulolytic fungal gardens of leaf-cutting ants and therefore
lives in proximity to lignocellulose) did not reveal any enrichment for genes encoding cellu-
lases and xylanases [22]. This finding challenges the host-habitat hypothesis and shows that
parasitism on a lignocellulolytic host does not necessarily result in an enhancement of lignocel-
lulolytic machinery.

To understand the evolutionary mechanisms that lead Trichoderma to grow on plant bio-
mass and, thereby expand its nutritional range, we performed a phylogenetic analysis of the
plant cell wall-degrading carbohydrate-active enzymes and auxiliary proteins encoded in the
genomes of nine species of Trichoderma that are members of three major infrageneric clades

23] plus twelve other Hypocreales fungi. Our gene tree / species tree reconciliation analysis
revealed massive lateral transfer of genes (LGT) encoding plant cell wall-degrading enzymes to
Trichoderma from plant-associated Ascomycota hosts. The results suggest that LGT from
other ascomycetes was likely facilitated by expansion of Trichoderma mycoparasitic host range
to these fungi, and this genetic phenomenon has been an important event in the evolution of
this trait.

Results
All Trichoderma spp. can feed on plant and fungal biomass

To assess Trichoderma nutritional preferences with respect to plant and fungal biomass, we
compared nine species belonging to the three major infrageneric groups (T. reesei, T. pararee-
sei, T. longibrachiatum and T. citrinoviride from section Longibrachiatwm; T. harzianum, T.
guizhouense, T. virens from section Pachybasium; and T, atroviride and T. asperellum from sec-
tion Trichoderma, Supporting Information 51 Table) with mycoparasitic E. weberi (Hypo-
creales, Ascomycota) and the cellulolytic and endophytic Pestalotiopsis fici (Xylariales,
Ascomycota [24]). To approximate conditions in nature, we used (i) cell walls of fungus Gano-
derma lucidum (Polyporales, Basidiomycota) and (ii) epiphyte-free dried leaves and biologi-
cally pre-degraded wood for the species Shorea johorensis (Dipterocarpaceae, Plantae). G.
luciduwm and S. johorensis were selected as sources of biomass because of the tropical occur-
rence of T. reesei, E. weberi, and P. fici, while other fungi were considered cosmopolitan. Also,
we tested a diversity of plant-related substrates, such as coniferous commercial wood, micro-
crystalline cellulose, wheat straw, and pectin (Supporting Information S1 Fig). All fungi grew
well on the cell walls of G. lucidum. Aside from this substrate, E. weberi only formed a small
amount of biomass on leaves. Trichoderma spp. and P. fici grew equally well on all substrates
that consisted of plant biomass. In general, the nine Trichoderma spp. showed remarkable
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similarities in their ability to feed on plant biomass. In contrast, E. weberi did not exhibit this
nutritional versatility.

Trichoderma and Escovopsis form a monophyletic clade and share a
common ancestor with entomoparasitic fungi

Considering the abundance of plant-associated fungi in the order Hypocreales, we hypothe-
sized that the phytophagy of Trichoderma was maintained during its evolution, whereas E.
weberi may have lost this ability over the course of its specialization that allowed it to parasitize
on Agaricales mushrooms cultivated by ants [22]. To test this hypothesis, we reconstructed the
evolutionary history of Trichoderma. We used 21 whole-genome sequences for fungi of the
order Hypocreales, including E. weberi [22], five newly sequenced genomes of Trichoderma (T.
longibrachiatum, T. citrinoviride, T. harzi T. guizl and T. asperellum), and previ-
ously published genomes of T. reesei [25], T. virens [26], T. atroviride [26], and T. parareesei
[27] (Supporting Information 51 Table). We selected 100 orthologous, neutrally evolving,
unlinked genes encoding proteins required for a diversity of cellular functions (Supporting
Information 52 Table). We reconstructed their individual phylogenies based on both nucleo-
tide and amino acid sequences (Data dcpusitcd at http://itoLembl.de/shared/druzhininaetal).
Each gene was tested for a neutral evolution using Tajima’s D test (Supporting Information 52
Table) and concatenated into an alignment of 47,726 amino acids in length (Supporting Infor-
mation 52 Table). The details of the phylogenetic analyses are given in Supporting Information
52 Table. This analysis revealed that the monophyletic family Hypocreaceae, represented here
by the Escovopsis and Trichoderma genera, shared a last common ancestor with fungi from the
families Cordycipitaceae, Ophiocordycipitaceae, and Clavicipitaceae, which are dominated by
extant entomoparasitic fungi (Fig 1A). The branch leading to the plant-associated Nectriaceae
family diverged earlier in the course of the evolution of the Hypocreales.

The Trichoderma pcwdCAZome is distinct from that of other hypocrealean
fungi

The evolutionary history of Trichoderma explains its ability to efficiently derive nutrition from
living and dead fungi ([4], see above) and its interactions with animals [4]. If the ability of Tri-
choderma to degrade plant biomass was inherited via vertical gene transfer, its phytophagy
should resemble that of other Hypocreales fungi, especially those of the phytoparasitic family
Nectriaceae. To test this, we identified all genes of the nine Trichoderma species that encode car-
bohydrate-active enzymes (CAZome, as defined at http://www.cazy.org/Genomes.html) in Tri-
choderma and selected those that are known to be involved in the plant cell wall degradation
(pewdCAZome). We retrieved proteins from all glycoside hydrolase (GH) families, which are
active in hydrolysis of cellulose, the xylan backbone, other hemicelluloses and hemicellulose
side chains, and pectin and its side chains. This search resulted in a total of 32 GH families. The
PL1 family of pectate lyases and two accessory protein families (the AA9 Iytic polysaccharide
monooxygenases and the expansin-like protein swollenin) were included comprising a total of
746 proteins from the nine Trichoderma spp. genomes (Supporting Information 53 Table).

For this comparison, we counted genes encoding enzymes for 29 of the GH families in
other Hypocreales genomes [22, 28-36] (Supporting Information 53 Table). The unrelated
polyphagous fungi, Neurospora crassa [37] and Chaetomium globoswm [38] (both Sordariales,
Ascomycota), were used as outgroups. A comparative analysis of these fungi showed that the
pewdCAZomes of phytoparasitic Fusarium and Nectria spp. are significantly larger than those
of the entomoparasitic and mycoparasitic lineages, including Trichoderma. However, the clus-
ter analysis revealed similarities between the pcwdCAZome composition of the mycoparasitic

PLOS Genstics | hittps://doi.org/10.1371/journal pgen. 1007322 April 9, 2018 4/33

8l|Page



Komal Chenthamara Dissertation Chapter 3.1

-
@ PLos I GENETICS Massive interfungal LGT of plant cell wall-degrading enzymes

A,
= mycotroph & phytophage pewdCAZome
=~ mycoparasite size
= entomoparasite T 1
= phytoparasite
= polyphage T. parareesei
= Smblgoix T. longibrachiatum -
T. citrinoviride -
nas T. guizhouense -
T. harzianum -~
T. virens
unocnmns" T. atroviride
T. asperelfum - ooooooin
)
L ]
HYPOCREALES | I Baau na -
" cordyceps militaris- -
Fusarium .
graminearum =
F. pseudograminearum
T F. oxysporum
Nectria haematococca
r Neurospora crassa
-

Fig 1. Phylogeny of Hypocreales and the composition of their pcwdCAZomes. A. Bayesian phylogram obtained based on the curated concatenated alignments of
100 orthologous neutrally evolving proteins of Hypocreales and two other Sordariomycetes. Black dots above nodes indicate posterior probability support = 0.95.
The colors of the branches indicate the major nutritional strategy in the group (see insert) as described in Supporting Information 51 Text. B. The size of each
pewdCAZome per species is shown as a circle; n.a, means not available, The heat map shows the gene number for cach GH family in the Hypocreales fungi examined;
cluster analysis was performed with Euclidian distance and complete linkage for rows. The carresponding data matrix is presented in Supporting Information 53
Table. GH indicates glycosyl hydrolase family.

hitps:fidoi.org10.1371/journal pgen, 1007322.g001

E. weberi and that of the entomoparasites, but not that of Trichoderma (Fig 1B). The latter
genus possessed a powdCAZome that was more than twice as large as that of E. weberi. A prin-
cipal component analysis (Fig 2) separated the pewdCAZomes of Trichoderma spp. from those
of E. weberi and the entomoparasites. Interestingly, the pcwdCAZomes were also separated
from the phytoparasitic Nectriaceae, The Trichoderma pcwdCAZome exhibited closest simi-
larity to the taxonomically distant fungi N. crassa and C. globosum. These data, therefore, do
not support the hypothesis that the composition of Trichoderma pewdCAZome is the ancestral
state, Instead, it is likely the evolutionarily derived state.

Evolution of the Trichoderma pcwdCAZome

To trace back the evolution of the Trichoderma pcwdCAZome, we collected the respective pro-
tein sequences encoded in all nine genomes and individually subjected each GH family (as
well as PL1, AA9, and swollenin) to phylogenetic analysis. This examination revealed a total of
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Fig 2. Principal component analysis based on the diversity of Hypocreales genes in GH families involved in plant cell wall degradation. Size of the dot corresponds
to the total size of powdCAZome as shown in Fig 1B, Brown, blue, and green colors indicate parasitism on insects, fungi, and plants, respectively, Saprotrophic fungi are

shown in grey.
hitps.doi,org10.1371/foumnal pgen, 1007322 g002

122 distinct phylogenetic groups of orthologous proteins (Supporting Information 53 Table).
61 were present in all nine species, fifty only in one or two Trichoderma sections, and 11
occurred only in a single species: four in T. virens, four in T. atroviride, two in T. asperellum
and one in T harzianum; no orphan pewdCAZymes were found in species from the section
Longibrachiatum. The largest pcwdCAZomes, possessing 91-99 proteins per species, were
observed in the sections Pachybasium and Trichoderma, while genomes in the section Longi-
brachiatum encoded only 66-70 such proteins. These variable sizes of the pewdCAZome were
proportional to the changes in the total number of genes in their genomes, yielding a constant
value of 0.6-0.8%. Thus, none of the nine Trichoderma spp. are therefore specifically enriched
in genes required for plant cell wall degradation, which corresponds to a similar ecophysiology
for these species (see abave). Three GH families (GH26 ff-D-mannanases, GH51 ¢-L-arabino-
furanosidase, and GH121 B-L-arabinobiosidase) were absent from the section Longibrachia-
tum. The highest diversity and quantity of respective proteins within Trichoderma were found
in the GH3 (£i-glycosidase), GH27 (o-D-galactosidase), GH43 (u-L-arabinofuranosidase and
3-xylosidase), and GH28 (polygalacturonases) families (Supporting Information 53 Table).
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Representative sequences of each of the 122 phylogenetic groups (see above) were used as
queries in a sequence similarity search in the NCBI Genbank database using the Blastp algo-
rithm (see Materials and Methods for details). The hits with high sequence similarity (see
description in Materials and Methods) were combined with the corresponding Trichoderma
sequences from the nine species and subjected to phylogenetic analysis (Supporting Information
53 Table). When the topologies of the resulting 45 trees (Supporting Information 52 Fig) were
compared to the phylogeny of Trichoderma (see Fig 1A for Hypocreales and Fitzpatrick et al.
[39] for Ascomycota), only 29 (24%) of the 122 phylogenetic groups of Trichoderma pcwdCA-
Zymes occurred at positions that were concordant with it (for example, GH36 in Fig 3). Among
them, 16 were also present in the mycoparasitic fungus E. weberi. Thirteen phylogenetic groups
of the pewdCAZome (11%) belonged to clades that contained only Trichoderma proteins and,
therefore, their evolutionary history remains unresolved. The phylogenetic position of the major
part of pewdCAZymes- 80 phylogenetic groups (66%)—was apparently not concordant with
the evolution of the genus because these proteins shared last common ancestors with proteins of
diverse Ascomycota fungi, such as phytoparasitic and phytophagous Eurotiomycetes, other Sor-
dariomycetes, Leotiomycetes, and Dothideomycetes (for examples see Figs 4 and 5).

Trichoderma guizhouense S00013_41

T. harzianum Trihal:498608

T. virens Trivi2:46577

T. asperellum Trias1:1179128

T. atroviride Triat2:82772

T. parareesei g8547

T. reesei Trire2:124016

T. longibrachiatum Trilo3:1394970

T. citrinoviride Trici4:1171580

Escovopsis weberi ESCOV001871

Beauveria bassiana EIJP61845
Torrubiella hemipterigena CEJ92906
KJK95297
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EXV06779
KID75754 Metarhizium spp.
KID97159
EFY88353

KHN97288
Hirsutella minnesotensis K1277249
Ophiocordyceps sinensis EQL04211
Tolypocladium ophioglossoides KND89276
Gibberella sp. ACS512899
KLP04139

EWG47659 Fusarium spp.
EXL93714

0.07

EYB34304
KIL90251

Fig 3. Evolution by vertical gene transfer of GH36 @-1,4-galactosidase Clade B (reference sequence Trire2:124016 of T. reesei QM 6a) in
Trichoderma. Results for all pewdCAZymes in Trichoderma are presented in Supporting Information 52 Fig,

https./idoi.org10.1371foumal pgen.1007322.9003
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Fig 4. Evolution of selected pewdCAZymes by p lateral gene fer. A. Evolution of GH6 cellobiohydrolase CEL6 (Trire2:72567) obtained by
LGT from Pestalotiopsis fici. B. The GH11 endo-B-1.4-xylanase gene (Trire2:74223} and its duplicated copies, which have incongruent tree topologies

compared to the phylogenomic tree (see Fig 1A). Talaromyce s stipitatus { Eurotiales) was confirmed to be an LGT donor for the clade containing
Trire2:123818. The phylogenctic position of the GH11 clade including T. afroviride Triat2:90109 is unresolved (Supporting Information 52 Fig, 54

Table).
https:idoi.org10.1371/journal. poen. 10073220004

Nearly half of the Trichoderma pcwdCAZome was obtained via LGT from
lignocellulolytic Pezizomycotina fungi

The incongruent topologies of the phylograms of individual pcwdCAZymes (Supporting
Information 52 Fig) could be the result of gene duplication (GD), gene loss, or LGT. To distin-
guish among these possibilities, we reconciled each protein tree for each GH/AA%/PLI family
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Fig 5. Evolution of swollenin in Trichoderma. The reference sequence Trire2:123992 of T. reesei QM 6a. Green plants
have been identified as putative donors for LGT of this gene.

hitps://dot.orgM0.1371fjoumal. pgen. 1007322 9005

to the multilocus Ascomycota phylogeny shown in Fig 6 [40-42]. Using the approach of Wise-
caver et al. [43], we assigned costs to GD, LGT and gene loss, and determined the most parsi-
monious combination of these three events to explain the individual pewdCAZyme trees in
view of the topology of the Ascomycota phylogeny (see Materials and Methods for details).
Putative LGT events were only inferred when a CAZyme tree topology was contradictory to
the Ascomycota phylogeny and could not be more parsimoniously reconciled by a combina-
tion of differential GI) and gene loss. The respective NOTUNG results are given in Supporting
Information 54 Table. This analysis suggested that at least 50 (41%) of the phylogenetic pewd-
CAZome groups were obtained through LGTs from other fungi (Fig 6, Supporting Informa-
tion 52 Fig & 54 Table). Most frequent putative donors were fungi from the order Eurotiales
(16 cases), followed by the ericoid mycorrhizal fungus Oidiodendron maius (Leotiomycetes)

(7 cases) and five cases for each of the cellulolytic Xylariales (three from Pestalotiopsis fici

two from Eutypa lata), and three Diaporthe ampelina (Diaporthales) (Fig 6, Supporting

PLOS Genstics | https://doi.org/10.1371/journal pgen. 1007322 April 9, 2018 9/33
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Information 52 Fig & 54 Table). At the class level, donor fungi from Eurotiomycetes (16) and
Sordariomycetes (15) were dominant, but transfers from Leotiomycetes (7) and Dothidiomy-
cetes (2) were also detected. For one putative LGT event, the phytoparasitic Colletotrichum
from the order Glomerellales (which is closely related to Hypocreales) was recognized as a
donor. Thus, at least four putative cases of LGT to Trichoderma from Hypocreales fungi Torru-
biella, Stachybotrys, Fusarium, and Nectria, respectively, have been detected (Fig 6, Supporting
Information 52 Fig & 54 Table).

Surprisingly, no cases of LGT for pcwdCAZymes from Basidiomycota (which are the most
commonly observed hosts/substrates for Trichoderma in vivo [1]) were detected, although they
were present in several of the gene trees. Also no cases of horizontal gene transfer from pro-
karyotes were found. In our analysis, green plants were identified as putative LGT donors of
the auxiliary protein swollenin for Trichoderma (Fig 5).

We also found three cases where LGT putatively occurred before the diversification of Tri-
choderma and Escovopsis, i.e. the major cellulase of Trichoderma (GH7; cellobiohydrolase

PLOS Genetics | hitps:/idoi.org/10.1371/journal. pgen. 1007322 April 9, 2018 10/33
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CEL7A = CBH1), the GH 5 Endo-fi-1,4-mannnase and the pectate lyase PL1 (Supporting
Information 52 Fig and 54 Table). The majority of genes obtained through LGT are present in
all nine Trichoderma species and absent in E. weberi. Some pcwdCAZome genes are only pres-
ent in sections of Pachybasium and Trichoderma, but not in the section Longibrachiatum.

Members of four GH families (GH6, GH26, GH51, and GH62) seem to have entirely
derived from LGT events (Fig 7), which correlates with the fact that these families are absent in

the entomoparasitic Hypocreales species (Fig 1B). Twelve gene families exhibited a mosaic of
vertical and lateral origin (Fig 7). In these, families with the highest proportion of LGT
included the GH27 o-D-galactosidases, GH78 ¢-L-rhamnosidase, and GH95 o-D-fucosidases.
Again, these are GH families that are absent from the entomoparasitic Hypocreales (Support-
ing Information 53 Table).

Twelve cases of putative gene duplications resulting in 24 genes were found, which com-
prised some cellulase (GHS5, GH12, GH45), xylanase (GH10, GH11), and hemicellulase fami-
lies (GH5 B-mannanases, GH26, three in GH27 a-D-galactosidases, GH95 a-D-fucosidases,
and GH28 exo-xylogalacturan hydrolases) (Supporting Information 52 Fig & 54 Table). Inter-
estingly, many of them were present only in strains of section Pachybasium and Trichoderma,
and in a few cases even only in a single species.

On a balance, considering the 29 vertically transmitted phylogenetic groups of pewdCA-
Zymes (including five gene duplication events that affected 10 of these genes), and the 50
phylogenetic groups that have been derived by LGT (among which 10 arose by five gene dupli-
cation events after a LGT event), we could putatively identify the evolutionary pattern of 79
phylogenetic groups (65%) of the Trichoderma pewdCAZome. From the remaining 43 phylo-
genetic groups of pewdCAZymes (35%) three also seem to have originated by LGT in the com-
mon ancestor of Trichoderma and Escovopsis (CEL7A, and GH5 Endo-3-1,4-mannanase, and
PL1 Supporting Information 52 Fig), thirteen (11%) formed isolated branches in the phyloge-
netic trees, and their origin cannot be determined. The remaining 28 (23%) phylogenetic
groups of pcwdCAZymes exhibited tree topologies that were in conflict with the species tree,
but not supported by NOTUNG analysis. Four of these genes (GH5) evolved by gene duplica-
tion (Supporting Information 52 Fig, 54 Table).

We also wondered whether any of the known regulatory proteins of Trichoderma pcwdCA-
Zyme gene transcription (such as XYR1, ACE2, and ACE3) [4] would have been acquired via
LGT. However, our results suggest that these genes evolved by vertical gene transfer and are
present in non-lignocellulolytic entomoparasites and the mycoparasitic E. weberi (Supporting
Information 52 Fig & S4 Table).

Because of the surprisingly large incidence of LGTs in the Trichoderma pcwdCAZome, we
also tested whether other protein families would display such a high rate of LGT. To this end,
we used a different approach: we screened the core genome of Trichoderma (consisting of
about 7,000 orthologous genes that are shared among all Trichoderma spp. for which the
genome sequences are available), but that are absent from genomes of E. weberi and other
Hypocreales. This screen did not include the pewdCAZyme encoding genes. This led to the
identification of 738 genes, for which 123 genes had the nearest neighbors in blastp in Eurotio-
mycetes and various orders of Sordariomycetes that are taxonomically distant to Trichoderma.
We emphasize that while these genes could have potentially been acquired by LGT—this con-
clusion is merely based on blastp the actual number of those genes actually derived by LGT is
therefore most certainly smaller and in any case only speculative. However, it may constitute
an upper limit of potential LGT events. Functional analysis showed that most of them encoded
uncharacterized short-chain dehydrogenases and Zn,/Cys, transcriptional regulators (Sup-
porting Information 54 Table). Interestingly, we again could not detect basidiomycetes as
putative donors of any of these genes. Cumulatively, this number of genes (123, see above) that
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lines indicate additional cases of incongruent phylogeny and/or insufficient data, Numbers on white, black, or grey backgrounds correspond to the maximum total
numbers of genes in each family that evolved through LGT, vertical evolution, or unknown mechanisms, respectively.

hitps:/idoi.orgH0.1371/jounal pgen. 10073229007

could putatively have been obtained by LGT approximates only amount 1% of an average Tri-
choderma genome. It is in agreement with published estimations of 0.1-2.8% of LGT-derived
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genes for fungi [43] and significantly lower than that for pcwdCAZyme genes as reported in
this paper.

LGT events are not reflected in the clustering of pcwdCAZymes in
Trichoderma genomes

LGT has frequently been shown to involve the transfer of large genomic fragments containing
several genes [43]. Since a third of the T. reesei pcwdCAZome occurs in 20 discrete, loose clus-
ters [25, 44], we tested whether these clusters are the consequence of LGT. An analysis of the
synteny of the chromosomal loci of the above clusters in T. reesei with that in the other Tricho-
derma spp. showed that the clusters were highly syntenic (>80% of all gene positions were
conserved), and this pattern was independent of their chromosomal location [45]. Thirty-
three of the pcwdCAZymes of T. reesei were organized into a total of 16 clusters (Supporting
Information S5 Table), but only 13 of these pewdCAZyme genes had been acquired by LGT.
In addition, the pewdCAZyme genes in individual clusters were obtained from different
donors. Therefore, we reject the hypothesis that the LGT-derived genes may have given rise to
the origin of the CAZyme clusters proposed for Trichoderma [25].

Alloparasitism of Trichoderma is complemented by parasitism on closely
related Pezizomycotina, including adelphoparasitism on Hypocreales

Qur analysis showed that Trichoderma phytophagy is indeed an apomorphic character that did
not result from the convergent evolution of individual species or clades. Instead, it was
obtained over the course of evolution through incidence of large-scale LGT. Putative donors
include phytoparasitic fungi phylogenetically close to Trichoderma and possibly even neigh-
boring groups. Interfungal interactions between Trichoderma and filamentous Ascomycota
are rarely observed in nature [4]. However, the successful application of Trichoderma-based
biofungicides against plant-pathogenic Ascomycota and respective studies of the roles of indi-
vidual genes in mycoparasitism [46-55] support the hypothesis that such interactions take
place alongside alloparasitism (parasitism on unrelated hosts) on Basidiomycota.

The possible cellular mechanisms for the uptake and incorporation of foreign DNA by
fungi include conjugation, viral transduction, and conidial and hyphal fusion [56]. Although
LGT between eukaryotes with cell walls has rarely been reported [57, 58], mycoparasitism has
been viewed as a possible mechanism that could be linked to it [55, 59].

All fungi from the Hypocreaceae family are known to be aggressive alloparasites and they
are common on sporacarps of Basidiomycota fungi in situ [4] (Fig 8A), Trichoderma spp. are
effective against phytoparasites from Basidiomycota (for example [15, 26]), and the cause of
the green mold disease on mushroom farms [60, 61]. In dual confrontation assays with colo-
nies of Lentinula edodes (Agaricales, Basidiomycota), all Trichoderma spp. were able to parasit-
ize this host, while E. weberi showed neither parasitism nor antagonistic reactions (Supporting
Information 53 Fig). Similarly, all Trichoderma species were substantially more aggressive
compared to E. weberi when confronted with its host fungus Leucoagaricus gongylophorus
(Agaricales, Basidiomycota) (Supporting Information 53 Fig).

The evolutionary analysis of the pcwdCAZome of Trichoderma revealed LGT biased
towards relatively close fungi (filamentous Pezizomycotina, Ascomycota). This selectivity
could be explained by the ability of Trichoderma to parasitize Ascomycota fungi, which, in
turn, is considered to be the major trait that sets Trichoderma apart from the other mycopara-
sitic Hypocreaceae fungi, such as Escovopsis, Hypomyces, and Sphaerostilbella, which parasitize
Basidiomycota [16]. To test this hypothesis, we investigated the interactions of Trichoderma
spp. with several model phytoparasitic Ascomycota. Scanning electron microscopy revealed

PLOS Genstics | https://doi.org/10.1371/journal pgen. 1007322 April 9, 2018 13/33
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on Stereum sp. Bar indicates | cm. SEM images show hyphae of T. guizhouense NJAU 4742 on three hosts.

https://dol.org/10.1371/journal pgen.1007322.9008

PLOS Genetics | https://doi.org/10.137 1/journal. pgen. 1007322  April 9, 2018 14/33

91| Page



Komal Chenthamara Dissertation Chapter 3.1

.-
@ PLos l GENETICS Massive interfungal LGT of plant cell wall-degrading enzymes

similar interactions between Trichoderma hyphae and Basidiomycota (Thanatephorus solani
[syn. Rhizoctonia solani, Cantharellales]) and Ascomycota hosts (Fig 8B), which include chas-
ing, coilings, and penetration of the host hyphae.

We investigated interactions between T’ reesei and the lignocellulolytic P. fici [24], which
was several times identified as one of the putative LGT donors (Fig 6). P. fici was also selected
because it has been isolated from the same ecosystem where T. reesei is common (the phyllo-
sphere of Shorea sp., Borneo) and it has comparable growth rates in vitro (Supporting Informa-
tion 81 Fig). In dual confrontation assays on agar plates, T. reesei overgrew a colony of P. fici,
but did not kill it (Fig 9A). Microscopic examination revealed a tight association between the
hyphae, suggesting endoparasitism of P. fici by T. reesei (Fig 98). Confocal microscopy
revealed that cords of P. fici hyphae were penetrated and colonized by the thinner hyphae of T.
reesei (Fig 9C). This experiment shows that Trichoderma hyphae can grow inside hyphae of at
least some extant putative Ascomycota donors. Dual confrontation assays with a set of ran-
domly selected Eurotiales fungi showed that Trichoderma is capable of attacking these fungi as
well (Supporting Information 53 Fig). However, endoparasitism was not observed, possibly
because the hyphae of the tested Eurotiales fungi were comparable in size with Trichoderma
spp., making internal penetration difficult.

A surprising finding of this study was the detection of four cases of LGT of cellulolytic
enzymes from other Hypocreales. Interestingly, Trichoderma is also capable of parasitizing
fungi belonging to its very close phylogenetic neighbors (adelphoparasitism [62]), including
Fusarium 55, 63]. To investigate the range of Trichoderma adelphoparasitism, we confronted
different Trichoderma strains with fungi from the same genus, family, and order (Fig 10). The
microscopic study revealed numerous cases of hyphal fusion that may be linked to self/non-
self-recognition mechanisms in Trichoderma species and only in part to parasitism. Therefore,
evidence for adelphoparasitism was only accepted when one colony overgrew the other. Our
results showed that T. harziamum might attack its sister species, T. guizhouense (Fig 10A, see
Fig 1 for phylogenomics). Any of the nine Trichoderma species can parasitize E. weberi (Fig
108 for T. atroviride), while the latter fungus did not attack Trichoderma. The majority of Tri-
choderma strains attacked and/or killed Fusarium spp. (Fig 10C) [55, 63], although individual
strains of the latter host fungus resisted Trichoderma infections. A similar interaction was
observed in a confrontation with Emericellopsis alkalina, which belongs to an Acremonium
species complex in Hypocreales (Fig 10D). Our results show that all species of Trichoderma
studied are capable of adelphoparasitism in the strictest sense of this term (parasitism on
organisms belonging to the same genus or family [62]), and this property extends to intera-
ctions with other filamentous Ascomycota. Along with the unique ability to perform adel-
phoparasitism, Trichoderma maintains its alloparasitic properties (Supporting Information
$3 Fig).

Discussion
LGT as an evolutionary shortcut to achieving nutritional versatility

In this work, we uncovered a possible evolutionary process that contributed to the develop-
ment of the nutritional versatility of Trichoderma. Phylogenomic analysis showed that the
genus shared a last common ancestor with entomoparasitic hypocrealean fungi (Cordycipita-
ceae, Ophiocordycipitaceae, and Clavicipitaceae). Since then, Trichoderma evolution has been
directed towards mycotrophy. Although this path has also been taken by a number of other
fungi of the family Hypocreaceae [20,55], Trichoderma is the most taxonomically diverse
mycoparasitic fungus, harboring at least 260 molecularly defined species [64] found world-
wide (NCBI Taxonomy browser, Nov. 2016). Trichoderma can also interact with animals [65],
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Fig 9. Mycoparasitism of GFP-labeled T. reesei TUCIM 4817 on Pestalotiopsis fici TUCIM 5788. A. Dual confrontation assay after 10 days of
incubation at 28°C in darkness. B. Hyphal interactions observed using light microscopy (400x magnification). C. Confocal image showing
endoparasitism of 7. reesei on hyphae of P. fici on a glass slide prepared as shown in 53 Fig. D. Hyphae of P. fici TUCIM 5788 and a fluorescent
chlamydospore of T. reesei. E. T. reesei TUCIM 4817 mycelium. Scale bar on C-E—40 pm.

https://doi.org/10.1371/joumal.pgen.1007322.9009

against other Trichoderma

T. virens

Fig 10. Adelphoparasitism of Trichoderma on members of the same genus (A), same family (B), and same order (C, D). Parasites were inoculated
on the right side of cach plate, and hosts are on the left side. Images were taken after 10 days of incubation at 28°C in the dark. Parasitism is assigned as
a function of active overgrowth of the opponent colony. NCBI accession numbers for the DNA barcodes for fungi are given in Supporting Information
S6 Table. Note to Az In this experiment, the host fungus T. guizhouense NJAU 4742 did not produce conidia (see other images in Supporting
Information S3 Fig),

https://doi.org/10.1371/journal.pgen.1007322.9010
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although the evolutionary state and mechanisms are not understood (see also Supporting
Information 51 Text). It is known that the evolutionary history of some hypocrealean fungi
involved the emergence of mycotrophy from a entomoparasitic/sarcophagic background. For
example, Elaphocordyceps spp., deriving from the mainly entomoparasitic order Cordycipita-
ceae, are parasites of false truftles of the genus Elaphomyces (Eurotiales) [66].

Nikoh and Fukatsu [20] invoked the host-habitat hypothesis for such a “jump” from feeding
on cicada nymphs to parasitism on truffles.

Due to the chemical composition of animals and fungi, the host shift from feeding on
arthropods to feeding on fungi does not appear to be a difficult metabolic transition. Instead, it
would only require a fine-tuning of ecological adaptations for specific hosts in one or another
kingdom (i.e., mechanisms for recognition, defense, and overcoming the host). In contrast,
feeding on plant biomass is an evolutionary challenge for any fungus specialized for feeding
on insects or fungi. Our comparative analysis of the pcwdCAZome of hypocrealean fungi
revealed that members of entomoparasitic families have a relatively poor repertoire of genes
required for degradation of plant biomass compared to those of the hypocrealean phytopara-
sites. This paucity is also present in the Escovopsis weberi, a parasite of Agaricales and the clos-
est phylogenetic neighbor of Trichoderma for which genome information is available [22].
The reduced number of pewdCAZymes of E. weberi contradicts the predictions of the host-
habitat hypothesis (see above) because the habitat of this fungus is directly linked to plant
biomass, which is used by ants to cultivate E. weberi's host fungus Leucoagaricus spp. The
pewdCAZome of the nine Trichoderma spp. investigated here was found to be of intermediate
size between entomoparasitic and phytoparasitic Hypocreales fungi. We demonstrate that
the abilities of Trichoderma to feed on plant and fungal biomass are equally developed in the
studied species. Consequently, nutritional extension—not shifts or “jumps”—results in nutri-
tional versatility and provides the basis for the general environmental opportunism of this
genus [4].

Trichoderma gained pcwdCAZymes from filamentous Ascomycota hosts

Our data suggest that nearly half of the genes encoding pcwdCAZymes have been obtained by
LGT from other fungi. Gene duplication, which has been described as a major source of gene
innovation in fungi [67] and other organisms [68] apparently played only a minor role in the
evolution of the Trichoderma pewdCAZome. It has been reported that 0.1-3% of the genes in a
given Pezizomycotina genome were derived by LGT, usually indicating interdomain
exchanges [43, 67]. When this estimation is applied to the 122 proteins of the pcwdCAZome of
Trichoderma, maximally five genes would be expected to have originated from LGT. This sug-
gests that the frequency of LGT in pewdCAZome is an exceptional case. Surprisingly, we did
not detect any transfer event from prokaryotes, and we also did not observe LGT events from
Basidiomycota fungi. Marcet-Houben and Gabaldon [69] and Savory et al. [59] reviewed LGT
events between bacteria and fungi, and listed T. reesei as one of the fungi comprising the high-
est number of bacterial-derived proteins. However, the genes transferred encoded arsenite
reductases, catalases, different racemases and enzymes of peptidoglycan metabolism, but no
pewdCAzymes, Because the transfer of bacterial glycoside hydrolase genes to ciliates [70] or
rotifers [71] has been demonstrated to have shaped their adaptation to polysaccharide-rich
environments, we expected to find such cases for Trichoderma. However, none of the 50 LGT
events detected in this study involved a bacterial donor.

The only example of non-fungal putative LGT to Trichoderma was that of the gene encod-
ing the auxiliary protein swollenin [72, 73]. The plant expansins were described to have under-
gone at least two LGT events to other organisms, including one event that gave rise to
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amoebozoa expansins and fungal swollenins and another that gave rise to the bacterial expan-
sins [73]. Our data are in accordance with these findings and further suggest that Trichoderma
was among the first fungal genera to undergo LGT from plants (either directly or through

other fungi).

Which features of Trichoderma mycoparasitism may be linked to LGT?

Historically, LGT between eukaryotes containing cell walls has been considered to be rare and
linked to phagotrophy [74]. However, nearly two decades ago, Wastemeyer et al. [56] hypothe-
sized that hyphal fusion mycoparasitism might offer nearly ideal conditions for interfungal
DNA exchanges. They demonstrated the transfer of genes in vitro from the Mucoromycotina
mycoparasite Parasitella parasitica to its Mucoromycotina host, Absidia glauca [75]. Our dis-
covery that a massive but taxonomically restricted putative LGT of pewdCAZymes occurred in
Trichoderma from filamentous Ascomycota hosts correlates with the expansion of Tricho-
derma mycoparasitic host range to Ascomycota, This has not occurred in other Hypocreaceae
(Escovopsis, Hypomyces, Sphaerostilbella, etc.) that feed on Basidiomycota. Chaverri and
Samuels [16] proposed that the ability to parasitize Ascomycota is likely a dominant force that
has driven diversification in Trichoderma.

In nature, alloparasitism (parasitism of taxonomically remote hosts) is widespread, while
adelphoparasitism is rare. This has mainly been described as social parasitism in Hymenoptera
(Arthropoda, Animalia), while cases of cellular interactions are limited to the Rhodophyta (red
algae) Gracilariopsis andersonii and its closely related endoparasite, Gracilariophila oryzoides
[76]. Interestingly, a case of adelphoparasitism has also been reported recently in Hypocreales
for the clavicipitoid ergot parasite Tyrannicordyceps sclerotium, which attacks closely related
species [66]. Contrary to nutritional expansions in Trichoderma, T. sclerotium offers an addi-
tional example of the apparently common nutritional shift, at least in Hypocreales.

The mycoparasitism of Trichoderma on Pezizomycotina has been intensively studied in
vitro for its use in plant protection, and, therefore, these studies are biased towards plant path-
ogenic fungi that are not necessarily the natural hosts. In nature, Trichoderma has only rarely
been observed on sporophores of ascomycetes from Xylariales and Helotiales [77]. We have
investigated the interactions between Trichoderma and extant fungi that may represent or be
descendants of ancient LGT donors. A particularly convenient model donor for Trichoderma
spp. is Pestalotiopsis fici (Xylariales) because both fungi are ecophysiologically compatible in
vitro. Interestingly, Gazis and Chaverri [78] found Pestalotiopsis and Trichoderma are the most
frequent endophytic fungi on the leaves and stems of rubber trees (Hevea brasiliensis), which
confirms their sympatric occurrence in nature and, thus, the possibility for LGT. Notably, in
our experiments, P. fici was not killed by Trichoderma, although intrahyphal growth was
observed.

Another very interesting finding of our study is the absence of putative LGT events of
pewdCAZymes from Basidiomycota fungi, which are common Trichoderma hosts or sub-
strates in nature [4, 13] and on mushroom farms [61]. Our results and numerous previous
observations show that Trichoderma is capable of penetrating the cell wall of fungi, such as
Thanatephorus solani and Athelia rolfsii (Basidiomycota). This indicates that neither fusion
mycoparasitism alone nor the host-habitat hypothesis predict interfungal DNA exchanges.

The reason why LGT from Basidiomycota was not detected is not easy to explain. This find-
ing seems to not be restricted to pcwdCAZymes because we also found no hints of LGT from
basidiomycete donors in other gene families. A single case of a putative LGT from Basidiomy-
cota to T. reesei has been suggested by Slot and Hibbett [77] for the nitrate-utilizing gene clus-
ter. Their analysis suggested Ustilago maydis (Ustilaginales) to be a donor. Interestingly, the
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Ustilaginales belong to the simple-septate Basidiomycota fungi, which do not have the com-
plex dolipore septae found in Agaricomycotina mushrooms [79]. The dolipore may prevent
the penetration of the host hyphae by Trichoderma. 1t could also be that LGT requires the
growth of the parasite inside the host because during the proliferation of both hyphae, the
cytoplasm and nuclei of both organisms may come in contact during mitosis. This might facili-
tate DNA exchange.

The likely physical difficulty to grow inside of hyphae of Basidiomycota with dolipores also
suggests that mycoparasitic Hypocreaceae (Escovopsis, Hypomyces, Sphaerostilbella, etc.),
which feed exclusively on such Basidiomycota, will not obtain genes from them. Indeed, such
a case has not been reported thus far. Therefore, we hypothesize that the ability of Trichoderma
to parasitize similar fungi (Pezizomycotina), even in extreme cases of adelphoparasitism, has
been a significant ecological adaptation of this genus that subsequently enabled the observed
putative LGT. We show that Trichoderma spp. can parasitize (overgrow and kill) some fungi
belonging to the same genus, family, or order. In this study, we observed that E. weberi lacks
this ability because it was parasitized by Trichoderma in all assays or did not interact.

The nutritional expansion of Trichoderma towards plant biomass through LGT is theoreti-
cally concordant with the “you are what you eat” concept in which the integration of a foreign
DNA is a key mechanism. Yet, Trichoderma LGT resulted only from feeding on a limited
group of hosts.

Glycoside hydrolase requirements for feeding on plant biomass

We propose that the major putative LGT events that resulted in the nutritional expansion
from more ancient mycoparasitism to phytophagy took place before the diversification of Tri-
choderma into extant infrageneric groups (sections, clades and species). It is also evident that
the fungus maintained both nutritional strategies. Thus, the composition of the pcwdCAZome
allows us to speculate about the requirements for efficient feeding on plant biomass. The GH
families, for which genes have been entirely acquired by LGT and are absent from the phyloge-
netic neighbors of Trichoderma (i.e. GH6, GH51, GH62, GH74, and swollenin), reveal that
improvements in cellulose and hemicellulose degradation were a key trait for the phytophagy
of this fungus. Specifically, the gain of CEL6A that proceeds from the nonreducing cellulose
ends complements the presence of CEL7A that acts at the reducing end, and therefore allows a
processive movement along cellulose and an increase the speed of its degradation [80]. The
addition of swollenin, which disrupts the cellulose structure and generates additional free
chain ends [£1], provides an increased number of accessible points for the two cellobiohydro-
lases. Interestingly, Trichoderma also obtained a large number of GH27 o-D-galactosidases,
GH28 pectinases, and GH10, GH11, and GH30 xylanases, suggesting their importance for the
hydrolysis of both hemicelluloses and pectin.

In this regard, it is meaningful that several GH families, that are absent from the entomo-
parasitic hypocrealean fungi, are present in Trichoderma and E. weberi (GH7A, GH5 f-man-
nanases, GH12, GH67, GH74, GH95). This suggests that a part of the pewdCAZome
repertoire must have already been acquired before the split of the genera. It may also indicate
that E. weberi likely lost the nutritional versatility of its ancestor along with a specialization for
parasitizing Leucoagaricus spp. [22].

Conclusions

In this study, we propose that the parasitism of Trichoderma on phylogenetically close hosts
(up to adelphoparasitism) enabled LGT to build its unique pcwdCAZome and nutritional
versatility. In support of this, Trichoderma spp. are frequently detected as a members of
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endophytic fungal communities [78] where they may either parasitize their putative cellulolytic
hosts or feed on plant biomass or do both. Further studies of the evolutionary consequences of
adelphoparasitism may explain other unique genomic features of Trichoderma. In addition,
the description of the complete pcwdCAZome of nine Trichoderma spp. and, in the case of
LGT, the identification of their putative donors may be of considerable interest to researchers
studying the cellulolytic activity of this fungus for industrial applications.

Materials and methods
Organisms used in this study

Trichoderma strains used for the whole genome sequencing are given in Supporting Informa-
tion S1 Table. All fungal strains and other organisms used in experiments and their respective
accession numbers for DNA barcode sequences deposited in public databases and/or refer-
ences are given in Supporting Information 56 Table.

Assessment of the growth on plant and fungal biomass

For inoculum preparation, fungi were cultivated on potato dextrose agar (Sigma Aldrich,
Steinheim, Germany) at 28°C for 4 days. Spore suspensions (3x10° spores/ml) were prepared
in 0.9% (w/v) NaCl with 0.025% (w/v) Tween 20 (Carl Roth, Austria). Growth tests were per-
formed in CELLSTAR 24 Well Cell Culture plates (Greiner bio-one International). 1 ml of
spore suspension of the fungus to be tested was inoculated on the following substrates: i) heat-
treated (100" C for 3 hours) dried fruiting bodies of Ganoderma lucidum (Polyporales, Basidio-
mycota) (0.3% wi/v), ii) epiphyte-free dried leaves of Shorea johorensis (Malvales, Angiosperms,
Plantae) (0.3% wiv), iii) naturally degraded dead wood of S. johorensis (0.3% w/v), iv) commer-
cial saw dust (local supplier, Vienna, Austria) (0.3% w/v), v) microcrystalline cellulose (0.05
mM research grade; AMS Biotechnology, Milton park, UK) in 0.5% (w/v) Agar-Agar Kobe
(Carl-Roth, Mannheim, Germany), vi) 2% (w/v) pre-treated (steam exploded) wheat straw 3%
(w/v) in Agar-Agar Kobe I, vii) 0.3% pectin (w/v) in Agar-Agar Kobe . Growth in 0.5% (w/v)
Agar-Agar Kobe I was also tested as a control. All non-powdered substrates were finely ground
and then sterilized at 120°C for 20 min. Experiment was carried out in quadruples. The plates
were photographed after incubation at 28°C for seven days in darkness.

Interfungal interactions

Dual confrontation assays between fungi were done as described in Atanasova et al. [15]. For
these experiments, fungi were incubated for 10 days on PDA at 25°C and 12 hours with cyclic
illumination. When required, slower growing fungi (such as Lentinula edodes and Leucoagari-
cus gongylophorus) were inoculated 2-3 days prior to the inoculation with fast growing Hypo-
creales. The set of Penicillium spp. and Pestalotiopsis fici TUCIM 5788 strains was randomly
selected from a pool of strains isolated from phylloplane of Shorea johorensis (Dipterocarpa-
ceae, Plantae) from Borneo where Trichoderma spp. are common.

Confocal microscopy. To analyze the interfungal interaction by confocal microscopy,
spores of T. reesei strain TUCIM 4817, carrying a gfp gene under the control of a histone 3A
promoter, and Pestalotiopsis fici TUCIM 5788 were inoculated on two adjacent but separated
PDA agar blocks mounted between the glass slides and the cover glass using a modified Riddell
slide method [114] (Supporting information 53 Fig). The construct was incubated for 72 hours
in a sterile wet chamber that hyphae of both fungi established the contacts. Live-cell imaging
was performed using a Nikon C1 confocal laser scanning unit mounted on a Nikon Eclipse
TE2000-E inverted microscope base (Nikon GmbH, Vienna, Austria). A Nikon Plan Apo VC
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100x/1.4 with oil immersion objective lens was used. GFP was excited with an argon ion laser
at 488 nm. The emitted fluorescence was separated by a Nikon MHX40500b/C100332 filter
cube and detected with a photomultiplier tube within the range of 500-530 nm. Bright light
images were captured simultaneously with a Nikon C1-TD transmitted light detector mounted
behind the condenser turret,

Scanning electron microscopy. For scanning electron microscopy, a coverslip (1 cm®)
was placed on the centre of an agar plate inoculated with partner fungi and incubated until
contact between hyphae was established (in average for 72 hours). The hyphae were then fixed
with 2.5% (v/v) glutaraldehyde in 0.5 M potassium phosphate buffer and used for examining
by SEM (HITACHI $-3000N, Tokyo, Japan).

Genome analysis

The genomes of five Trichoderma species (T. longibrachiatum ATCC 18648, T. citrinoviride
TUCIM 6016, T. harzianum CBS 226.95, T. guizhouense NJAU 4742 and T. asperellum CBS
433.97) were sequenced for this work (Supporting information 51 Table). Four of them (T.
longibrachiatum, T. citrinoviride, T. harzianum, and T. asperellum) were sequenced using an
Ilumina platform. To this end, Illumina fragments (270 bp insert size) and 4 kbp long mate-
pair (LMP) libraries were combined. The fragment libraries were produced from 1 pg of geno-
mic DNA, sheared to 270 bp using an E210 Focused-ultrasonicator (Covaris) and size selection
was carried out using SPRIselect (Beckman Coulter). The fragments were treated with end-
repair, A-tailing, and ligation of Illumina adapters (Eurofins MWG Operon), using a NEBNext
Ultra DNA Library Prep Kit (New England Biolabs Inc.).

Two types of LMP libraries were used, CLIP (Cre-Lox Inverse PCR) and LFPE (Ligation
Free Paired-End), both of which used 15 pg of genomic DNA sheared with HydroShear
(Genomic Solutions) using a selection size of 4 kb. For CLIP, the size selected DNA was ligated
to adaptors containing loxP and the Illumina specific primer sequence. This adaptor ligated
DNA fragments were then circularized via recombination by a Cre (NEB) excision reaction.
The circularized DNA templates were then digested with a cocktail of four base cutter restric-
tion enzymes, i.e. Nlalll, Msel, HypCH4IV (NEB), followed by self-ligation. The paired end
library was then amplified via inverted PCR using an Illumina specific primer set. The size of
the amplified paired end library was selected by running on a 1.8% (w/v) agarose gel followed
by gel purification of the desired fragment (300-600 bp).

For LFPE library, the sheared DNA was treated with end repair adapters and ligated with
biotinylated adapters. The adapter ligated DNA fragments were circularized by intra-molecular
hybridization. The circularized DNA templates were digested by T7 Exonuclease and 51 Nucle-
ase (Thermo Fisher Scientific). The digested fragments were treated with A-tailing Enzyme
(NEB), followed by immaobilization of mate-paired fragments on strepavidin beads (Thermo
Fisher Scientific). Illumina compatible adapters (IDT, Inc) were ligated to the mate paired frag-
ments and 12 cycles of PCR was used to enrich for the final library (KAPA Biosystems).

All prepared libraries were quantified using KAPA Biosystem’s next-generation sequencing
library qPCR kit and run on a Roche LightCycler 480 real-time PCR instrument. The quanti-
fied libraries were then prepared for sequencing on the Illumina HiSeq sequencing platform
utilizing a TruSeq paired-end cluster kit v3 and [llumina’s cBot instrument to generate a clus-
tered flowcell for sequencing. Sequencing of the flowcell was performed on the Illumina
HiSeq2000 sequencer using a TruSeq SBS sequencing kit 200 cycles v3, following a 2 x 100 bp
or 2 x 150 bp run recipe.

Mumina data were QC filtered for artifact/process contamination and subsequently assem-
bled using Rnnotator [82] for transcriptomes, and AllPathsLG [83] for genomes. The Pacific
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Biosciences library was prepared from 5 pg of gDNA sheared using a Covaris LE220 focused-
ultrasonicator with their Blue miniTUBES to generate sheared fragments of 3kb in length. The
sheared DNA fragments were then prepared according to the Pacific Biosciences protocol and
using their SMRTbell Template Preparation Kit, where the fragments were treated with DNA
damage repair, had their ends repaired so that they were blunt-ended, and 5" phosphorylated.
Pacific Biosciences hairpin adapters were then ligated to the fragments to create the SMRTbell
template for sequencing. The SMRTbell templates were then purified using exonuclease treat-
ments and size-selected using AMPure PB beads. Sequencing primer was then annealed to the
SMRTbell templates and Version C2 sequencing polymerase was bound to them. The prepared
SMRTbell template libraries were then sequenced on a Pacific Biosciences RSII sequencer
using Version C2 chemistry and 2x45min sequencing movie run times.

Genomes were annotated using the JGI Annotation pipeline and made available via JGI
fungal genome portal MycoCosm (jgi.doe.gov/fungi [84]). They have also been deposited at
DDBJ/EMBL/GenBank as specified in Supporting Information 51 Table.

The genome of T. guizhouense NJAU 4742 was shotgun sequenced using a Roche 454 GS
FLX system at the Chinese National Human Genome Center (Zhangjiang Hi-tech Park,
Shanghai, China) with 28.4X coverage. The fragment libraries were produced from 5 pg of
genomic DNA, sheared to 300-500 bp using M220 Ultrasonicator (Covaris, America) and was
purified with Agencourt Ampure beads (Beckman, America). The fragment libraries were con-
structed with Purified DNA fragments by using DNA Library Preparation kit (Roche Applied
Science, Switzerland) and fixed on magnetic beads with GS emPCR kit (Roche Applied Sci-
ence). The 569 Mb raw data were achieved from 454 GS FLX system with 1,435,699 reads.

For sequence scaffolding, Solexa Mate Pair reads were used to establish the genome scaf-
folds. 5 pg of genomic DNA was sheared with a Hydroshear device (Gene Machine) to gener-
ate 3-5 kb DNA fragments. The library was prepared by using TruSeq DNA Sample Prep Kit-
SetA (illumina, America), and amplified using TruSeq PE Cluster Kit (illumina, America), and
then sequenced in Solexa sequencing machine (illumina, America). Gene calls were generated
using FGENESH [85], ExonHunter [86] and AUGUSTUS version 2.7 [87].

Composition of Trichoderma pcwdCAZome

Annotation of the genes encoding carbohydrate active enzymes involved in plant cell wall deg-
radation (pcwdCAZome) in the nine Trichoderma genomes was performed using the Carbo-
hydrate-Active Enzyme database (CAZy) nomenclature [88, 89], by comparing each protein
model from the genome by the sequence similarity search tool (blastp) to a collection of pro-
tein modules corresponding to catalytic and carbohydrate-binding modules derived from
CAZy. Individual hits were then compared by HMMer to models corresponding to each
CAZy family to allow an assignment of each identified protein.

Accession numbers of genes composing pewdCAZome and respective regulatory proteins
in Trichoderma genomes are given in Supporting Information 53 Table.

Principal component analysis and two-way cluster analysis of the Hypocreales pewdCA-

Zomes (Supporting Information 53 Table) were made with the use of https://biit.cs.utee/
clustvis/ [90]. Cluster analysis was made with Euclidian distance and complete linkage
method.

Genomic location of individual genes encoding for pcwdCAZome

To analyse whether the genomic location of the identified pcwdCAZomes would be syntenic
among the nine Trichoderma species, we used the manually annotated chromosomes of T. ree-
sei [45] as a template. Orthologs for each individual gene from the other Trichoderma spp.
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were then located on their genomic scaffolds, and at least five genes flanking its 5" and 3’ area
were retrieved and identified by blastp. A synteny value of 100% was assigned between 1. reesei
and another Trichoderma sp. when all investigated flanking genes were orthologues and their
order was conserved.

Phylogenetic analyses

Phylogenomic analysis of Trichoderma and other Hypocreales using 100 neutrally
evolving genes. One-hundred genes were randomly selected from the genomes of the nine
Trichoderma spp. and 12 reference Hypocreales (Escovopsis weberi, Metarhizium acridium, M.
robertsii, Calviceps purpurea, Ophiocordyceps sinensis, Beauveria bassiana, Cordyceps militaris,
Fusarium graminearum, F. oxysporum f. sp. lycopersici, F. pseudograminearum, F. fujikuroi,
and Nectria haematococca; see Supporting Information S1 Table and 52 Table) based on two
requirements: (a) they should display a syntenic position in all genomes, and (b) be true ortho-
logues (no other gene encoding a protein with amino acid similarity =50% present). Neurospora
crassa and Chaetomium globosum (Sordariales) were chosen as outgroups. For each gene the
alignments of nucleotide sequences consisting of coding regions were prepared using ClustalW
[91] and analyzed for the neutral evolution [92] using DNASp V5.10.01 [93] based on Tajima’s
D test [94]as described by Rozas [95] (Supporting Information 52 Table). Multiple sequence
alignments of each protein were done using ClustalW [91]. Resulting alignments were exam-
ined in Genedoc [96] and then subjected to the phylogenetic analysis online in PhyML [97]
based on best amino acid substitution model acquired using “smart model selection” option
(http:/ fwww.atge-montpellier. fr/phyml-sms/). Maximum likelihood trees assessed using 1000
bootstrap replicates were also constructed individually for each of the 100 protein sequences
and the phylome is deposited at http://itol.embl.de/shared/druzhininaetal. Accession numbers
of all genes used in phylogenomic analysis are given in Supporting Information 52 Table.

For a combined analysis, a concatenated set of 100 proteins for each of 23 species was sub-
jected to the alignment algorithm using the stand alone MAFFT tool [98] with G-INS-i parame-
ters, Selection of conserved blocks was done using “relaxed” conditions in Gblocks [99]. The
final concatenated alignment contained 47 726 amino acids. The selection of best amino acid
substitution model was done using ProtTest 3 [100] based on BIC criterion. The Bayesian analy-
sis was performed using MrBayes v3.2.5 [101, 102], 1 million generations and the Dayhoff I+G
+F amino acid substitution model [103]. Two simultaneous, independent analyses starting
from different random trees were run, 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 parameters of phylogenetic analyses
and accession numbers of individual genes are given in Supporting Information 52 Table,

Multilocus phylogeny of Ascomycota. To reconstruct a phylogenetic tree that included
also all fungi for which putative pcwdCAZyme homologs to Trichoderma have been identified
(see below), the amino acid sequences from four nuclear genes that have previously been shown
to be suitable phylogenetic markers for Ascomycota multilocus phylogeny (histone acetyltransfer-
ase subunit of the RNA polymerase II holoenzyme, FG533; NAD-dependent glutamate dehydro-
genase, FG570; translation initiation factor elF-5, FG832; and TSR1p, a protein required for
processing of 208 pre-rRNA, MS5277) were retrieved from FunyBase [104] (http://genome.jouy.
inra.fr/funybase), GenBank (http://www.ncbi.nlm.nih.gov/genbanlk/), the Joint Genome Institute
(http://genome.jgi-psf.org/programs/fungi/index jsf?projectList), EnsemblFungi (http://fungi.
ensembl.org/index html) and Broad Institute (http://www.broadinstitute.org/) databases. Com-
plete sets of amino acid sequences for 128 fungi (including the nine Trichoderma spp.) were pre-
pared. Concatenated alignments (provided in Supporting Information 51 Data) and an MCMC

PLOS Genstics | https://doi.org/10.1371/jourmal pgen. 1007322 April 9, 2018 24/33

101 |Page



Komal Chenthamara Dissertation Chapter 3.1

-
@ 1 PLos l GENETICS Massive interfungal LGT of plant cell wall-degrading enzymes

analysis using MrBayes v3.2.5 was performed as described above. Accession numbers of individ-
ual genes from Ascomycota fungi are given in Supporting Information 57 Table.

In the case of swollenin, where the best Blastp hits included plant species, an appropriate
species tree was constructed using the NCBI Taxonomy Browser.

Phylogenetic analysis of individual proteins from the Trichoderma pcwdCAZome.
Protein sequences from the nine species that belonged to the same GH family were aligned
using CLUSTALW [58] and subjected to phylogenetic analysis with PhyML embedded in
TOPALI v 2.5 [105]. To retrieve the respective closest pewdCAZyme neighbors from other
fungi, one or more Trichoderma proteins from each GH protein family (including PL1 and
AAY auxiliary proteins) were first subjected to a sequence similarity search by blastp against
the NCBI database (finished by December 28, 2015). All hits with a query coverage of >90%
and an E-value < 107" were collected. We initially used a less stringent E-value (< 10
but found that the validated close neighbors were all characterized by < 107", When this
analysis failed to retrieve orthologs from closely related species, the analysis was repeated using

Kl

tBlastn. Only published sequences were used. The final set of sequences was realigned using
Muscle 3.8.425 [106] and integrated in the program Aliview [107]. Duplicate sequences from
the same species were removed. Highly polymorphic regions were removed using the Gblocks
[99] server with unconstrained parameters. The curated alignments were then subjected to
evolutionary analysis using MrBayes v3.2.5 [102] as described above. The number of genera-
tions chosen for each phylogenetic tree depended on the number of sequences in the align-
ment. As a rule, the MCMC analysis was run for 1 million generations for all the alignments
containing less than 100 sequences, and these were subsequently increased by 1 million until
the standard deviation of split frequencies of the two parallel yet independent runs fell under
0.05 in the case of alignments containing more than 100 sequences. Parameters of individual
phylogenetic analyses are given in Supporting Information 53 Table.

Inferring horizontal gene transfer, gene duplication and gene loss. The incongruent
topologies of the phylograms of individual proteins from the pcwdCAZome compared to the
topology of the Hypocreales phylogenomic tree and the multilocus phylogram of Ascomycota
fungi could be the result of gene duplication (GD), gene loss, or LGT. To distinguish between
these possibilities, we reconciled the protein trees of each GH/AA9/PL] family to the multilocus
Ascomycota phylogeny (Fig 6A) in NOTUNG [40-42], Using the approach of Wisecaver et al.
[43], we assigned costs to GD, LGT, and gene loss and determined the most parsimonious combi-
nation of three events to explain the individual pcwdCAZome trees in view of the topology of the
Ascomycota phylogeny. An edge weight threshold of 0.9 was applied. To find the most appropri-
ate parameters, we evaluated three different ratios of transfer to GD costs (2, 4 and 6) and com-
pared the predicted gene transfers to those obtained by T-Rex [108]. The latter infers LGT by
quantifying the proximity between two phylogenetic trees using a refinement of the Robinson
and Foulds distance using midpoint rooting (see Supporting Information $4 Table). Finally, we
used transfer costs twice as much as GD cost because it was the lowest ratio that identified LGT
events that were in agreement with those suggested by the discordance of species and protein
phylogeny. LGT events were only inferred when a CAZyme tree topology was contradictory to
the Ascomycota phylogeny and could not be more parsimoniously reconciled by a combination
of differential GD and gene loss. The scores are given in Supporting Information 54 Table.

Supporting information

S1 Text. Ecological terminology used in this study to describe types of nutrition found in
Hypocreales fungi.

(PDF)
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S1 Table. Properties of fungal genomes that were used in this study.
(XLSX)

$2 Table. Materials describing phylogenomic analysis of Hypocreales based on 100 ortho-
logous proteins. A. Annotations of 100 orthologous proteins used in phylogenomic analysis
and results of the neutrality tests. B. Protein accession numbers for 23 genomes.

(XLSX)

§3 Table. Composition and evolution of pcwdCAZome of Trichoderma and related fungi.
A. NCBI Accession numbers of genes composing the pcwdCAZome of Trichoderma and regu-
latory proteins analyzed in this study. B. Distribution of pcwdCAZymes in GH families in
Hypocreales. C: Parameters of phylogenetic analyses of individual proteins from Trichoderma
pewdCAZome.

(XLSX)

$4 Table. Results of statistical tests of the LGT hypothesis. A. The transfer costs for
NOTUNG and comparison to LGT events predicted by T-REX. B: Results of the NOTUNG
analysis of pcwdCAZome and relevant regulatory proteins. C. Summary on the evolutionary
origin of pcwdCAZome of Trichoderma inferred in this study. D. Functional annotations of
core genome Trichoderma genes that have no orthologous copies in other Hypocreales
genomes.

(XLSX)

§5 Table. Chromosomal location of individual genes from pcwdCAZome of T, reesei.
(XLSX)

$6 Table. Additional organisms used in this study.
(XLSX)

§7 Table. Accession numbers of genes used for the multilocus phylogeny of Ascomycota
fungi.
(XLSX)

51 Fig. Growth of Trichoderma spp., Escovopsis weberi and Pestalotiopsis fici on natural
substrates resembling polymers in the fungal and plant cell walls. Strains were evaluated
after 10 days of incubation at 28°C in darkness. Yellow, green and white shape outlines corre-
spond to good, weak and no growth, respectively. Data are representatives of four separate
experiments,

(PDF)

§2 Fig. Phylogenetic trees of Trichoderma plant cell wall-degrading carbohydrate active
enzymes and regulatory proteins.

(PDF)

§3 Fig. Mycoparasitism of Trichoderma. A. Allomycoparasitism of Trichoderma spp. and E.
weberi on Lentinula edodes. B: Allomycoparasitism of Trichoderma and E. weberi on Leucoa-
garicus gongylophorus. The dashed lines indicate growth of the host fungus as deduced from
back sides of the plates, C: Set up for the microscopic investigation of Trichoderma (right) par-
asitism on Pestalotiopsis fici (left). 2 x 2 cm agar plugs were located between a sterile micros-
copy glass slide and a 5 x 2.5 cm sterile glass cover slip and aseptically inoculated with spores
of two partner fungi, respectively, using a microbiological needle, Inoculated cultures were
maintained at 28°C in wet chamber until hyphal contact. Microscopic investigation was done
for hyphae on the cover slip surface. ). Antagonism of selected Trichoderma species on
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Penicillium spp. Dashed line indicates growth of the opponent fungus.

(PDF)

S1 Data. Multiple sequence alignment used for the multilocus phylogeny of Ascomycota
fungi.

(AA)
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S1Table
51 Table: Properties of fungal genomes used in this study.
Genom Coverag Assembl Mo.of
Order Family Sectianin the genus Species Strain NCBI accession Web link e size e = Ygaps  gene No.ot Ref*
Trichoderma scaffolds
[Mbp] [«] [%] models
Trichoderma reesei amé&a PRINAZZ5530 Web link 1
. X T. parareesei CB5125925 LFMIO0000000 n.a 2
Longibrachiatum . . -
T. longibrachiatum ATCC 18648 MEBDJODDODDOD web link 32.2 &0 3.2 10938 130
% T. citrinoviride N/A MEBEDIDODODD0D Web link 33.22 63 0.2 9737 533 this study
§ T. guizhouense MIAU 4742 LVKOD000000 n.a. 38.29 24 0.0922 | 11255 63
E Pachibasium T. harzignum CB5226.95 MBGI00000000 Web link 40.98 120 0.04 14095 532
% T. virens Gu29-E PRINAZE4113 3
- T. asperellum CB5433.97 MBGHOO000000 375 120 0.06 13586 419 this study
Trichoderma .
T. atroviride IMI 206040 PRINAZG4112 3
Escovopsis weberi CC031208-10 PRINAZE3ETO 4
N ﬁ Metarhizium acridium COM=102 PRINA3ET1S 5
% E A M. robertsii ARSEF 23 PRINAZA5140
E ~ 8 Calviceps purpurea 20.1 PRIEATG493 &
=
- 248 iocordscens imens
8 E ‘E Ophiocordyceps sinensis CO18 PRINASSS69 7
s 8 Beauveria bassiana ARSEF 2860 PRINAZ25503 8
s
[SI-Y Cordyceps militaris Chaol PRINAZ25510 a
Fusarium graminearum PH-1 AACKNOOD00000 10
E F. pseudograminearum C53096 AFNWO0000000 11
; F. oxysporum f. sp. lycopersici 4287 PRINA34 2688 12
E. F. fujikuroi InI 58289 PRIEB1ES 13
Nectria h occa mpVl 77-134 PRINAS1499 14
. Sordariacese HDOrd Crassa OR74a AAB 15
L™ chastomiscese Chaetomium globosum €BS 148.51 PRINA12795 16
n.a. -not available
*References
1 Martinez, D. et al. Genome sequencing and analysis of the biomass-degrading fungus Trichoderma reesei (syn. Hypocreo jecoring ). Nat. Biotechnol. 26, 553=560 (2008).
2 Yang, D. et al. Genome Sequence and Annotation of Trichoderma parareesei , the Ancestor of the Cellulase Producer Trichoderma reesei. Genome Announc. 3, e00B85-15 (2015).
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S1 Figure

S1 Figure: Growth of Trichoderma spp., Escovopsis weberi and Pestalotiopsis fici on
natural substrates resembling polymers in the fungal and plant cell walls.

FUNGAL PLANT
BIOMASS CELL WALL POLYMERS

Cell walls of Epiphyte- Biologically Coniferous Micro- Pretreated
Ganoderma lucidum free predegraded fresh crystalline wheat Pectin
fruiting body leaves wood wood cellulose

Shorea johorensis

Escovopsis weberi
TU CIM 4757

T. atroviride
IMI 206040

T. asperellum
CBS 433.97

Trichoderma

T. virens
Gv 29-8

T. guizhouense
NJAU 4742

Sections

T. harzianum
CBS 226.95

Pachybasium

T. citrinoviride
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T. longibrachiatum
ATCC 18648

T. parareesei
CBS 125925

Longibrachiatum

T. reesei
QM 6a

Pestalotiopsis fici
TU CIM 5788

Strains were evaluated after 10 days of incubation at 28°C in darkness. Yellow, green and white shape outlines
correspond to good, weak and no growth, respectively. The first four assays were done in 24-well plates. The last three
columns show assays in Petri plates, 9 cm in diameter. Data are representatives of four separate experiments.
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S2A Table

Dissertation

52A Table: Annotations of 100 orthologous proteins used in phylogenomic analysis in phylogenomic analysis and Neutrality tests

Chapter 3.1

orderinthe | Proteintdin 7. Neutrality tests [Not significant, P > 0.10)
concatenated | harzianum €8S |Function KOG ID KOG CLASS. GROUP ‘Average no. of | Theta (per
alignment 226.95 nuceotide | site) from |Tajima's D
differences. k Eta
1 82401 Tetracydline resistance protein, Tetd KOG0254  |General function prediction only POORLY CHARACTERIZED 37087778 029516  -1.06164
2 503986 Glycoside Hydrolase Family 16 protein K0G2254  |Carbohydrate transport and metabolism METABOLISM 24442222 029525 103862
3 238777 Glycasyltransferase Family 32 protein KOG1928  |Carbohydrate transport and metabolism METABOLISM 5862222 0.2941 -1.01156
4 85356 TPR-containing nuclear phosphoprotein KOG2002  [Inorganicion transport and metabolism METABOLISM 467.62222 036846  -1.05065
5 120662 unknown protein - - 288.48889 034602  -0.60007
¢ CELLULAR PROCESSES AND
11235 Hemalysin Ill containing protein KOGO748  [signal 270.00 023338  0.85621
7 139606 Dihydrolipoamide acetyltransferase KOGOS57  |Energy production and conversion IMETABOLISM 16262222 016159  -0.77337
8 [AMA+-type ATPase containing the peptidase Pasttranslational modification, pratein CELLULAR PROCESSES AND
95023 M41 domain KOGO734  [turnover, chaperones SIGNALING 32242222 024753 0.79568
9 72100 Glycaside Hydrolase Family 76 pratein KOGA342  |Carbohydrate transport and metabolism METABOLISM 28111111 029119 D.87398
0 265 proteasame regulatory complex, subunit Pasttransiational modification, protein CELLULAR PROCESSES AND
81451 RPN10/PSMD4 KOG2884 turnover, chaperones SIGNALING 138 86667 02112 -0.84008
1 80456 unknown protein - - - 650.64444 029444 0.98071
12 491859 Phospholipase D1 KOG1323  |Lipid transport and metabalism METABOLISM 103171111 027733 -0.82944
1 DNA replication licensing factor, MCM7 INFORMATION STORAGE
430345 component KOG0482  [Replication, recombination and repair AND PROCESSING 32262222 019584 0.82402
1 265 proteasome regulatory complex, subunit Posttranslational modification, protein CELLULAR PROCESSES AND
518933 RPN12/PSMOB KOG3151  [turnover, chaperones SIGNALING 14791111 022854  0.93164
15 49445 Glycaside Hydrolase Family 17 protein KOGOE26  |Carbohydrate transport and metabolism METABOLISM 143.04444 034391 -1.249
6 Secondary metabolites biosynthesis, transport
481881 Flavin-containing monooxygenase KOG1399  |and catabolism] METABOLISM 107.31111 0.24846 -1.08928
17 10016 Tandem pore domain K+ channel KOG1418  [Inorganicion transport and metabolism METABOLISM 61155556 038120  -1.13447
Ferric reductase, NADH/NADPH oxidase and Inerganic ion transport and metabalism,
18 494174 KOGOD33  [Secondary metabolites biosynthesis, transport |METABOLISM
related proteins
and @tabollsm 20208667 032283  -0.88749
19 512504 Aspartate-semialdehyde dehydrogenase KOG4777  [Amine acid transport and metabolism METABOLISM 16171111 017364 0.70201
20 478551 Na+/K+ transporter KOG1341  [Inorganicion transport and metabolism METABOLISM 29873333 032875  0.81919
21 79764 Copper chaperone KOG1603  [Inorganicion transport and metabolism METABOLISM 46.73333 024628  -1.10781
22
509002 Uhlqulnu‘ cytochrome ¢ reductase, subunit RIP1 |[KOG1671 Energy production and conversion METABOLISM 4117778 0.11902 0.61715
23 514040 UDP-N-acetylglucosamine transporter KOG1583  |Carbohydrate transport and metabolism METABOLISM 22911111 02889 -0.71549
24 503006 Predicted transporter KOG0327  |General function prediction only POORLY CHARACTERIZED 37822222 027931  -1.03525
2 205 proteasome, regulatory subunit beta type Pasttranslational modification, pratein CELLULAR PROCESSES AND
76997 PSMBS/PSMBR/PRE2 KOGO175  [turnover, chaperones SIGNALING 3213333 016338 08612
2 Helicase-like transcription factor HLTF/DNA Transeription, Replication, recombination and |INFORMATION STORAGE
729 helicase RADS KOG1001  [repair AND PROCESSING 15862222 039308  0.9669
7 205 proteasome, regulatory subunit alpha type Posttransiational modification, protein CELLULAR PROCESSES Al
352623 PSIVA1/PRES KOGOB63  [turnover, chaperanes SIGNALING 11562222 017339 0.78591
% Voltage-gated shaker-like K+ channel, subunit
479595 beta/KCNAB KOG1575  |Energy production and conversion METABOLISM 14417778 024582 116924
" 205 proteasome, regulatory subunit alpha type Posttranslational modification, protein CELLULAR PROCESSES AND
502882 PSMAS/PUP2 KOGO176  [turnover, chaperanes 81.73333 015522 40.78046
. Helicaselike transeription factor HLTF/DNA Transcription, Replication, recombination and [INFORMATION STORAGE
263800 helicase RADS KOG1001  [repalr AND PROCESSING 486.42222 030217 0.80022
3 Translation, ribosomal structure and INFORMATION STORAGE
478827 [Arginy|tRNA synthetase KOG1195 i AND PROCESSING 35291111 021838  0.72517
3 Carbohydrate-Binding Module Family 18 / GH
97567 Family 16 protein K0G2806  [Carbohydrate transport and metabolism METABOLISM 1296 021949 09905
3 Intracellular trafficking, secretion, and CELLULAR PROCESSES AND
729 Golgi integral membrane protein KOG4G77  |vesicular transport SIGNALING 69577778 031667  -0.812
" Intracellular trafficking, secretian, and CELLULAR PROCESSES Al
510852 Signal peptidase complex, subunit SPC25 KOGA072  |vesicular transport SIGNALING 15111111 0293 -0.95396
35 [ARA+-type ATPase containing the peptidase Posttranslational modification, protein CELLULAR PROCESSES AND
89866 M41 domain KOGO731  [turnover, chaperones SIGNALING 39842222 022299  0.79109
- Intracellular trafficking, secretion, and CELLULAR PROCESSES AND
11153 Signal peptidase subunit KOGA4112  |vesicular transport SIGNALING 68.37778 027783  0.68123
3 RNA polymerase | and Iil, subunit INFORMATION STORAGE
281509 RPA40/RPCAD, subunit RPAAD/RPCA0 KOG1521  |Transcription AND PROCESSING 93.91111 020861  -0.90064
% Tyrosine kinase specific for activated (GTP- CELLULAR PROCESSES Al
513792 bound) p21cdca2Hs KOGO192  [signal 321.26667 02637 -0.77558
39 89828 Predicted membrane protein K0G3393  [Function unknown POORLY CHARACTERIZED 180.84444 034539 -1.25833
© Checkpoint kinase and related Cell cyde control, cell division, chromosome  |CELLULAR PROCESSES AND
71143 serine/threonine protein kinases KOGO590  [partitioning SIGNALING 33717778 028231  0.98231
o CELLULAR PROCESSES Al
480715 Serine/threonine protein kinase KOGO583  [Signal transduction mechanisms SIGNALING 25273333 023434 0.97295
2 Intracellular trafficking, secretion, and CELLULAR PROCESSES AND
10328 Vacuolar assembly/sorting protein DID& KOG3230  |vesicular transport SIGNALING 98.27778 018195  -0.80594
43 493940 Uncharacterized conserved protein KOGAG90  [Function unknown POORLY CHARACTERIZED 147.86667 030815  -0.84363
" Ribosomal protein 56 kinase and related
3687 prateins KOGOS98  [General function prediction only POORLY CHARACTERIZED 40164444 029285  0.83202
" CELLULAR PROCESSES AND
484185 Serine/threonine protein kinase KOGOG90  [signal transduction mechanisms SIGNALING 31184444 018937 0.57776
® Serine/threonine protein kinase Chk2 and Cell cyde control, cell division, chromasome  |CELLULAR PROCESSES AND
478444 related proteins KOGOG15  [partitioning SIGNALING 84406667 036135  -0.87983
- Cell cyde control, cell division, chromasome | CELLULAR PROCESSES AND
e iwaonine provin inaee vovedin  |ooos  [Pashssnimsionsl modiicacion, roreln |CEUIULAR PRoCESSES AND [ o OE 07
8 95680 aitanhasy HOGESES |, rnewer traffickine 56031111 026113  -0.86931
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49

3687
50

7270
51

1304
52 126556
53

8065
54

4021
55

490649
56

5601
57 86453
58

a7
59 512767
50 94585
61 478447
62 509997
63 81478
64 125203
65 80647
66 477659
67

73286
68

54490
69 501612
70

493763
71

531645
72

72125
73

2824
74

370513
i 10121
7% 112181
77

95165
7% 111451
79 480170
80 98158
81 499756
82

511717
83

74757
84 502756
85 507555
86

92809
87 286050
88

491877
89

121932
%0

504850
81

84127
92

491076
93

500553
94

6904
5

495079
96 106337
97

217221
98

507914
99

106405
100 138541

Ribasomal pratein 56 kinase and related
prateins

Serine/threcnine protein kinase

s 1-interacting protein NUDE
Nucleolar RNA-assodiated protein (NRAP)
Neurochondrin/leucine-rich protein
(Neurochondrin)

U4/UB.US snRNP associated protein
Vacuslar sorting protein VPS33/slpl

Bedlindike protein
Uncharacterized conserved protein

Nuclear localization sequence binding protein
Uncharacterized conserved protein

Predicted membrane protein
Uncharacterized conserved protein
Uncharacterized conserved prot
Uncharacterized canserved protein KAP-5
Uncharacterized conserved protein
Uncharacterized conserved protein
Predicted membrane protein

Cell cycle-associated protein

Oxysterol-binding protein
Protein kinase PCTAIRE and related kinases

Ca2+/calmadulin-dependent protein kinase
NIMA (never in mitosis)related G2-spedific
serine/threonine protein kinase

Pratein phosphatase 2A-assaciated protein

Mitochondrial ribosomal protein MRPT (L2)
Mitochondrial/chloroplast ribosomal protein
122

unknown protein

Uncharacterized conserved protein

protein 55
Uncharacterized conserved protein
unknown protein

Thicredoxin binding protein TBP-2/VDUPL
Uncharacterized conserved protein
Predicted GTP-binding protein (ODN
superfamily)

Serine/threanine protein phosphatase
Predicted unusual protein kinase
Uncharacterized conserved protein

ial F1-ATPase assembly protein
unknown protein

40 kDa farnesylated protein assoclated with
peraxisomes

Serine/threonine protein phosphatase
Arginyl-tRNA-protein transferase
Chaperonin complex component, TCP-1 eta
subunit (CCT7)

Vacuolar assembly/sorting protein VPSS
Serine/threonine protein phosphatase

Dual specificity phosphatase

ER lumen protein retaining receptor
unknown protein

Protein transporter of the TRAM (transiocating
chain-associating membrane) superfamily
Actin-related protein Arp2/3 complex, subunit
Arp2

Pratein involved in mRNA turnover

Ran GTPase-activating protein

KOG0598
KOG0201

KOG1853
KOG2054

KOG2611
KOG2217
KOG1302

KOG2751
KOG2922

KOG4210
KOG2427
KOG2490
KOG2385
KOG3024
KOG28%4
KOG1228
KOG2861
KOG3134
KOG1852

KOG2210
KOG0534

KOG0032
KOG0591
KOG2830
KOGAB00
KOG1711

KOG2827

KOG2646
KOG2428

KOG3780
KOG2734

KOG1491
KOG1379
KOG1235

KOG3299

KOG3281

KOG3133
KOG1379
KOG1193
KOG0361
KOG2319
KOG0E98
KOG1716

KOG3106

KOG1607
KOGOGE77

KOG0816

KOG1909

Dissertation

General function prediction only

POORLY CHARACTERIZED
CELLULAR PROCESSES AND

Signal

(Cytoskeleton
Function unknown

Function unknown
RNA processing and modification
Intracellular trafficking, secretion, and

vesicular transport

Signal

CELLULAR PROCESSES AND
SIGNALING
POORLY CHARACTERIZED

POCRLY CHARACTERIZED
INFORMATION STORAGE
AND PROCESSING
CELLULAR PROCESSES Al
SIGNALING

CELLULAR PROCESSES AND

Function unknown

Transcription
Function unknown

Function unknown

Function unknown

Function unknown

Function unknown

Function unknown

Function unknown

Function unknown

Cell cyde control, cel division, chromosome
partitioning

POORLY CHARACTERIZED
INFORMATION STORAGE
AND PROCESSING

POORLY CHARACTERIZED
POORLY CHARACTERIZED
POORLY CHARACTERIZED
POORLY CHARACTERIZED
POORLY CHARACTERIZED
POORLY CHARACTERIZED
POORLY CHARACTERIZED
POORLY CHARACTERIZED
CELLULAR PROCESSES AND
SIGNALING

CELLULAR PROCESSES Al

Signal
(General function prediction only

signal transduction mechanisms
Cell eyde control, cell division, chromosome
partitioning

POORLY CHARACTERIZED
CELLULAR PROCESSES AND
SIGNALING

CELLULAR PROCESSES AND
SIGNALING

CELLULAR PROCESSES AND

Signal
Translation, ribosomal structure and
biogenesis
Translation, ribosomal structure and
biogenesis

Function unknown

Translation, ribosomal structure and

Function unknown

General function prediction only
Function unknown

General function prediction only

signal

INFORMATION STORAGE
AND PROCESSING
INFORMATION STORAGE
AND PROCESSING

POORLY CHARACTERIZED

INFORMATION STORAGE
AND PROCESSING
POORLY CHARACTERIZED

POORLY CHARACTERIZED
POORLY CHARACTERIZED

POORLY CHARACTERIZED
CELLULAR PROCESSES AND

General function prediction only
Function unknown

Posttranslational modification, protein
turnover, chaperones

Intracellular trafficking, secretion, and
vesicular transport

POORLY CHARACTERIZED
POORLY CHARACTERIZED
CELLULAR PROCESSES AND
SIGNALING

CELLULAR PROCESSES AND
SIGNALING
CELLULAR PROCESSES AND

Signal
Posttranslational modification, protein
turnover, chaperones
Posttranslational modification, protein
turnover, chaperones

Intracellular trafficking, secretion, and
vesicular transport

Signal transduction mechanisms
Defense mechanisms

Intracellular trafficking, secretion, and

vesicular transport

Intracellular trafficking, secretion, and
vesicular transport

(Cytoskeleton

RNA processing and modification
RNA processing and modification, Nudlear

structure, Signal transduction mechanisms

CELLULAR PROCESSES AND
SIGNALING

CELLULAR PROCESSES AND
SIGNALING

CELLULAR PROCESSES Al
SIGNALING

CELLULAR PROCESSES AND
SIGNALING

CELLULAR PROCESSES Al
SIGNALING

CELLULAR PROCESSES AND
SIGNALING

CELLULAR PROCESSES Al
SIGNALING

CELLULAR PROCESSES Al
SIGNALING
INFORMATION STORAGE
AND PROCESSING
INFORMATION STORAGE
AND PROCESSING

345.28889

432.42222

12862222
751.00

365.44444

411.84444

363.66667

315.68889
315.13333

156.00
243.86667
42431111
482.17778
117.68889
192.73333
23417778
28828889
16537778

232.37778

14188889
160.6

293.44444

B7.57778

27431111

159.13333

2246

282.58333
194.22222

171.2
2444
239.55556
448 86667
3854

296.48889

248.55556

302.28889

326.77778

202.06667
344 9

185.04444

222.24444

292 46667

152.02222

442 44449

27117778

22922222

199.48889

361.55556

277.91111

101.26667

7933333

13533333

0.21637

0.27716

027797
0.3031

033131

0.28319

0.22756

0.28786
0.25179

0.27912
0.30228
0.26433
0.35564
0.2137

0.2619

0.31862
0.25019
0.24346
027322

022258
0.19723

0.21016

0.46256

0.32197

025108

0.297

0.32011
0.2934

0.22951
027948
0.30948
0.36385
0.28296
0.32968
0.27022
0.24768
0.3046

0.28929
0.24156

0.2698

027318

0.34457

0.14221

0.28916

0.25049

0.28574

0.26943

0.25498

0.25261

0.14238

022574

0.24054
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0.73343
0.71652

-0.84769
0.90726

-0.8455
-0.89529
-0.8668

-0.94771
0.98753

0.74179
0.97345
-1.02675
-0.87503
0.82899
-1.0635
-0.83608
0.84617
0.75633

-1.06225

0.88911
-0.82607

-0.66051
-0.82484
-0.87524
0.97565
-0.89289

-0.84851
-0.89603

-1.1097
082248
0.95473
-1.15674
092317
-1.12092
-0.78698
-0.87987
092738

0.93701
-0.86956

-0.96341

0.87722

0.71999

-0.89045

0.87259

0.94853

091421

-0.88923

0.97365

£0.77118

-0.86083

-0.65019

-0.8401
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S2B Table

Dissertation
Trichoderma
Spedes | auroviride virens reesei barsionum m
Strain 1D | 1M1 206040 Gv298 am 6a CBS 22695 ATCC18648  CBS433.97  IMI232088  NJAU4742  CBS 125925
woni| @8 ws  we we  ws s g OECwGN Uwmcoo
1l E
1 201457 58016 64874 82401 361714 55122 49399 OPB36334.1  OTA0S882.1
2 311401 196271 58239 503986 63437 22870 66713 OPB38985.1  OTA03246.1
3 41037 66986 65646 238717 22374 62722 7463 OPB44908.1  OTA08363.1
4 80552 114634 64175 85356 365364 68939 157453 OPB44409.1  OTAQ5%07.1
s 292288 49798 69490 120562 362341 457853 141716 OPBASS89.1  OTAOL114.1
6 13619 30459 Se426 1235 62616 62418 52621 0PB3SI80.1  OTAO2815.1
7 235666 67158 3653 139606 359431 133937 51287 OPBA2431.1  OTAQ7238.1
8 132504 29022 62986 95023 59344 47838 7120 OPBISTBIL  OTA0S850.1
9 247846 51932 55802 72100 64036 130802 707 OPBIB1B6.1  OTAO8616.1
10 7480 84891 65591 81451 298556 160193 66845 OPBA1926.1  OTAO1414.1
1 236852 61393 58282 80456 44902 66944 5697 OPB42290.1  OTAO2327.1
12 243393 36325 55631 491859 50383 244178 63803 OPB37075.1  OTA03623.1
13 294914 35867 am 490345 357610 134891 66749 OPB42986.1  OTA06815.1
14 302439 30721 48366 518933 62231 92348 164833 OPB37751.1  OTAG3344.1
15 298716 111476 66792 49445 7732 62474 68345 OPB41331.1  OTA00997.1
16 302937 33294 70433 481881 103631 69394 64151 0PB43993.1  OTAO6403.1
7 315909 59805 105518 10016 685 29670 165655 OPB40930.1  OTAQ4640.1
18 87063 125482 61116 494174 18617 55453 2594 OPB3EE53.1  OTAQ7173.1
19 300621 80881 usn 512504 346960 24207 3165 OPB3IS951.1  OTAO7065.1
20 30674 19559 120752 478551 78813 219864 57231 0PB39333.1
2 300063 93024 80922 79764 62090 149963 47430 OPB43550.1  OTAO6768.1
2 297251 80807 21609 509002 362645 144539 168735 OPB46999.1  OTA04013.1
bEl 138654 77948 29756 514040 61959 61417 17430 OPB43510.1  OTAC4605.1
2 149241 1912 55814 503006 358692 54531 536 OPB38341.1  OTAOG496.1
25 135900 56206 66707 76997 653 53621 169251 OPB38969.1  OTAOOG42.1
% 211836 44486 56682 729 362750 143849 160218 OPB3B429.1  OTAG2518.1
7 302192 35406 55644 352623 360608 57022 167813 OPB3730B.1  OTA03063.1
8 299801 219641 68336 479595 17931 60141 46690 OPBI7445.1  OTAGM544.1
29 301037 55644 502882 358604 58447 167573 OPB38431.1  OTA08086.1
30 161811 112647 58631 263800 364555 57613 2741 0PBAS224.1  OTAD1416.1
31 188579 75487 75689 478827 15418 70823 169492 0PB39607.1  OTA02071.1
3z 299218 165290 58239 97567 16155 97006 66551 0PB40SSS.1  OTAD3715.1
33 130346 54175 63568 729 16562 43438 63160 0PB38429.1  OTA08088.1
El 129673 42016 5066 510952 68150 177565 8138 0PB41439.1  OTAD3S19.1
s 295500 203700 62986 89866 57130 47838 2826 0PB40163.1  OTAD6457.1
36 129922 57511 121948 11153 62330 32107 163062 0PBAG613.1
37 38208 105191 281509 arn 63993 5902 0PB42910.1  OTAD1971.1
49572 62181 513792 364963 148427 164016 OPBA6S2.1  OTADG3B4.1
39 85866 74386 89828 21148 25832 2785 OPB40126.1  OTAD1594.1
0 294017 61457 S3e47 7143 46051 305694 16072 0PB3865S.1  OTAD3125.1
a 297912 69167 67534 480715 48664 45598 50769 0PBA2663.1  OTA01299.1
a2 317542 209821 120540 10328 93344 248082 165409 OPBAI09L1  OTAO2136.1
a3 36851 3718 60698 493940 353588 55653 68459 0PB36839.1  OTAD0265.1
a“ 280585 40506 57504 3687 63035 28819 57923 0PB42169.1  OTAD2064.1
L] 283660 14525 11799 484185 65934 68829 169473 0PB4SS68.1  OTAD1125.1
% 29235 65449 120806 478444 44536 63886 143294 0PB39244.1  OTADB4S7.1
« 226570 56894 2829 491227 63096 126050 142301 0PB839447.1  OTA07449.1
a8 219318 57640 68364 95880 39959 138849 156249 0PB45144.1  OTAD0160.1
L] 298248 29973 57399 3687 49073 25180 158141 0PB42169.1  OTAD7418.1
50 32174 159566 s7016 nn 6589 136379 49623 0PB401511  OTAD3S92.1
51 2986 153171 81109 1304 5075 128196 19843 0PB42859.1  OTA03025.1
52 222293 208744 €219 126556 274874 24825 61073 0PB36907.1  OTAD2257.1
53 144885 42056 80105 8065 366145 202861 - 0PBA1498.1  OTAO7894.1
54 289864 219900 19721 4021 48987 135639 51288 0PB42499.1  OTAO7245.1
55 85337 56457 76515 490649 44207 157321 165921 0PB38982.1  OTAD3250.1
56 296421 33419 am 5601 297341 69100 154618 0PB44263.1  OTAD0256.1
57 172973 114201 37067 86453 38971 434864 160085 OPB47170.1  OTAD4347.1
58 152830 nn7 78242 4377 23188 148442 54844 0PE37800.1  OTA03321.1
59 1712730 214710 S2446 512767 366678 59006 6919 0PB45747.1  OTAO7006.1
60 220443 123053 68430 94685 22964 145129 29823 0PB40S07.1  OTAD0S83.1
61 163579 29880 54208 478847 351579 45382 158799 0PB39248.1  OTAD6771.1
62 52992 166273 54961 509997 67292 67583 168343 0P40124.1  OTAD1592.1
63 177404 31206 4099 81478 351313 134151 159225 0PB42549.1  OTAD1636.1
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64 152507 44038 4862 125203 53323 68505 66927 OPBA5243.1  OTADG413.1
65 81964 31045 54202 80647 17332 56205 51569 0PB42305.1  OTADS785.1
6 200777 155005 70736 477659 59580 66525 67702 0PBI7959.1  OTA00147.1
67 175575 230521 55592 73286 16583 43470 45221 OPBIB4DBL  OTAD1978.1
o8 152029 33926 68452 94490 21263 49059 66201 OPBA04461  OTA04234.1
L] 158499 36994 70266 501612 20563 153642 62163 OPB45952.1  OTAQ4763.1
70 42549 219049 53402 493763 367327 259993 164757 OPB37771.1  OTA0B191.1
n 188833 66332 104369 531645 90942 19569 OPB4E920.1  OTADS090.1
7 294385 179542 74861 72125 358861 54692 654 OPB3B250.1  OTADI008.1
7 84263 35553 121408 2824 360745 136931 16808 OPB37185.1  OTAD8129.1
7 301353 230083 22821 370513 65765 24024 140492 OPBA1915.1  OTAD0BOA.1
75 140440 181964 122067 10121 21506 147575 164325 OPB37900.1  OTADAB34.1
7% 297752 215604 119739 112181 359405 134403 158920 OPBA2415.1  OTA00701.1
” 132473 184358 78661 95165 59389 142583 144538 OPBIGBIBL  OTAD7029.1
78 129005 61548 21152 111451 359746 163042 168495 0PBA2131.1  OTAO7447.1
7 316201 31470 1735 480170 2286 135782 3241 OPBA2136.1  OTAD7461.1
80 240732 113039 46448 98158 344803 146583 165275 0PB41024.1  OTA01660.1
a1 35792 89472 22660 499756 365487 132722 157861 OPBI5933.1  OTA04367.1
82 299655 215018 a7 sun? 367005 59890 54783 OPBA04731  OTADA267.1
a 85076 214564 76083 74757 357392 53333 57688 OPB39246.1  OTADBAS5.1
84 300977 27740 68371 502756 358482 54348 167549 OPB3RS14.1  OTAD2543.1
8 293410 141842 3812 507555 361557 66016 155492 OPBIES18.1  OTADS036.1
86 216557 183392 22885 92809 366179 150764 OPBA1541.1  OTAD0O14.1
87 250164 165435 77829 286050 19997 126789 162089 0PB43044.1  OTADB03S.1
88 299866 15606 122431 491877 49443 144864 151240 0PBI7094.1  OTAD3633.1
89 290977 24738 66702 121932 59922 93163 147549 OPB41449.1  OTAD3S08.1
%0 265248 50325 67205 504850 212606 150291 63976 OPBA3567.1  OTAD6746.1
91 137693 79907 2508 84127 361064 55680 170047 OPBIGBEA.L  OTADG047.1
92 227596 210788 57465 491076 27121 22572 142948 0PB39334.1 -

93 128623 40568 58587 500553 45245 29572 165406 OPBA1090.1  OTAOSBES.1
94 291210 192739 64938 6904 66631 152381 169890 0PB46429.1  OTA00770.1
95 155639 72566 81263 495079 363998 60249 168098 OPBA4146.1  OTADE170.1
96 84792 82550 121774 106337 363198 127057 168912 0OPBA3071.1  OTAD5755.1
97 241671 153138 67707 nnn 53199 138723 56678 OPBA5309.1  OTADOB75.1
9% 260186 185456 111468 507914 364279 58579 17497 0PB43834.1  OTAD1579.1
99 127105 56356 107335 106405 20046 126120 4622 OPBA3100.1  OTAQE507.1
100 47694 30701 73570 138541 2352 135981 169955 OPB42054.1 _ OTA00949.1
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S3 Table

Distribution of pcwdcazymes in GH families in Hypocreales
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GH27
GH36
GH43
GH51
GH54
GH62
GH67
GH95
GH28
GH35
GH78

GH79

GH88

GH105

GH115
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GH - glycosyl hydrolase

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

S4B Table: Results of the NOTUNG analysis of pcwdCAZome and relevant regulatory proteins

Dissertation

NOTUNG
GHs families EC numbers Duplication and Loss Transfer, duplication and loss
Event Duplications | Gene loss Event l Transfers | Duplications| Gene loss
score score
Cellulases
GH6 Cellobiohydrolase CEL6 EC3.2.1.91 1090 18 82 680 16 2 17
GH7 Endo--1,4-glucanase CEL7B EC3.2.1.4 110 16 86 57 17 0 6
GH7 Cellobiohydrolase CEL7A EC3.2.1.91 1090 18 82 680 16 2 17
GH5 Endo-R-1,4-glucanase 212 36 158 no temporary solution*
GH5 Endo-3-1,4-glucanase clade A 28.5 5 21 16 4 0 4
GH5 Endo-B-1,4-glucanase clade B 13 4 7 11.5 3 1 1
GH5 Endo-R-1,4-glucanase clade C EC3214 295 2 22 20 5 0 5
GH12 Endo-8-1,4-glucanase 109 19 81 66.5 18 1 11
GHA45 Endo-R-1,4-glucanase 77.5 13 58 43 9 2 13
B-glucosidases
GH1 B-1,4-glucosidase clade A 25.5 5 18 15 5 0 0
GH1 R-1,4-glucosidase clade B 55.5 9 42 335 10 1 2
GH1 R-1,4-glucosidase clade C 385 7 28 18 5 0 3
GH3 R#-1,4-glucosidase 106.5 15 84 47 12 0 11
GH3 R-1,4-glucosidase clade A Ec32121 50.5 9 37 40 11 0 7
GH3 R-1,4-glucosidase clade B 9 2 6 8 2 0 2
GH3 B-1,4-glucosidase clade Ca 93 16 69 65.5 15 3 16
GH3 B-1,4-glucosidase clade Cb 45 1 3 4 1 0 1
Xylanases
GH10 Endo-B-1,4-xylanase 68.5 13 49 36.5 9 1 8
GH11 Endo-B-1,4-xylanase EC3.2.1.8 525 11 36 41 7 4 14
GH30 Endo-R-1,4-xylanase 175 20 145 79 19 6 13
Bxylosidases
GH3 Xylan-1,4-B-xylosidase EC3.2.1.37 106.5 15 84 47 12 0 11
Xyloglucanase
GH74 Xyloglucanase EC3.2.1.151 14 60 51 15 0 6
R-mannanases
GH5 Endo-R-1,4-mannanase 66.5 11 50 37.5 10 1 6
GH26 Endo-B-1,4-mannanase FC3:2178 I 3 10 9.5 2 1 2
a-galactosidase
GH27 a-1,4-galactosidase clade A 285 5 21 19 6 0 1
GH27 a-1,4-galactosidase clade B 28.5 5 21 19 6 0 1
GH27 a-1,4-galactosidase clade C Fc32122 36.5 7 26 24 8 0 0
GH36 a-1,4-galactosidase 112 24 76 72.5 13 9 20
a-arabinofuranosidase
xylosidase large clade 134.5 19 136 no temporary solution*
GH43 clade A EC3.2.1.55, 115 18 88 63.5 16 1 13
GH43 clade B EC3.2.1.37 145 3 10 12 3 0 3
GH43 small clade 45.5 9 32 27 7 2 3
xylosidase 325 5 25 22 6 0 4
GH54 a-L-arabinofuranosidase clade A 136 24 100 66.5 18 5 5
FEr29%1ER
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[REEVIE
GH54 a-L-arabinofuranosidase clade B 66.5 11 50 37.5 10 1 6
GH62 a-L-arabinofuranosidase 147.5 33 98 88 18 14 13

GHI5 a-L-fucosidase 232 32 175 no temporary solution*

GH95 a-L-fucosidase clade A 133.5 19 105 no temporary solution*
EC3.2.1.51

GH95 a-L-fucosidase clade Ab 14.5 3 10 12 3 0 3

GH95 a-L-fucosidase clade B 77 12 59 44 11 2 8

i Tewa| n [ w0 [ w [ w [ s [ o | w |
7> plwometmgmronme | 32151 w5 | 5 | s | %s | 5 | 4 | v |

GH121 R-L-arabinobiosidase

EC3.2.1.-

rhamnogalacturonase EC3.2.167, | 2365 35 184 no temporary solution*
EC3.2.1.15,

GH28 Polygalacturonase ! 82.5 13 63 43 12 0 7
EC3.2.1.171,

GH28 Exo-xylogalacturan hydrolase EC3.2.1- 75.5 13 56 47 12 0 11

GH78 a-L-rhamnosidase EC3.2.1.40 135.5 17 110 no temporary solution*

GH78 a-L-rhamnosidase clade A 16 2 13 14.5 2 1 7

GH78 a-L-rhamnosidase clade B 12 2 9 8 2 0 2

GH78 a-L-rthamnosidase clade C 39.5 7 29 16 5 0 1

GH127 B-L-arabinofuranosidase

EC3.2.1.185

Swollenin 52,5 11 36 23 6 2 2
polysaccharide monooxygenase clade
A 131 28 89 88.5 19 9 18
polysaccharide monooxygenase clade
B 1315 25 94 80.5 22 5 7
polysaccharide monooxygenase clade
[ 103 20 73 56 15 2 8

XYR1 75 16 51 51.5 13 2 8
ACE2 19 4 4 9 0 0
ACE3 235 5 16 12 0 0 2
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54C Table: Evolutionary origin of powdCAZome of Trichoderma

Dissertation

Enzymes

Cellulases

B-glucosidase

Xylanases

|cetiobionydrolase ceLs

Endo-B-1,4-glucanase
CEL7B

Cellobiohydrolase CEL7A

Endo-B-1,4-glucanase
Clade A
Endo-8-1,4-glucanase
Clade B
Endo--1,4-glucanase
Clade C
Endo-B-1,4-glucanase
Clade A
Endo-f-1,4-glucanase
Clade B
Endo-B-1,4-glucanase
&-1,4-glucosidase Clade
A

£-1,4-glucosidase Clade
B

B-1,4-glucosidase Clade
C

B-1,4-glucosidase

Endo-8-1,4-xylanase
Endo-B-1,4-xylanase

Endo--1,4-xylanase
Clade A
Endo-f-1,4-xylanase
Clade B

Xylan-1,4-F-xylosidase

galactosidase

e
arabinofurano
sidase

Endo--1,4-mannanase
Endo-B-1,4-mannanase

a-1,4-galactosidase

a-1,4-galactosidase
Clade A

a-1,4-galactosidase
Clade B

a-L-arabinofuranosidase
and B-xylosidase

a-L-arabinofuranosidase
and B-xylosidase

a-L-arabinofuranosidase

a-L-arabinofuranosidase

{xylan) a-1,2-
glucuronidase
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glucuronidase |g-{4-O-methyl)-
glucuronidase

a-L-fucosidase

exo-polygalacturonase,
rhamnogalacturonase

polygalacturonase

exo-xylogalacturan

a-L-rhamnosidase

Pectate lyase |PL1

B
il - B-galactosidase
B BH4-0-methyl)}

glucuronidase |glucuronidase
Unsaturated B-|4-4,5-unsaturated B-
glucuronidase |glucuronyl hydrolase

Pectin side U'::’a'"'a::“ il
rhamnog ur

chail

n hydrolase

R-L-arabinobiosidase

B p-L-arabinofuranosidase

arabinobiosida | clade A

52 pL-arabinofuranosidase
Clade B
AAY Copper-dependent

(Accessory Iytic polysaccharide

Swollenin

Total max

* as estimated for nine genomes in this study

** may include genes obtained through LGT te Trichaderma or dosely related genera (i.g. Escovopsis)

**¥ may indude genes obtained by LGT to the LCA of Trichoderma and closely related genera (i.g. Escovopsis] that are not counted as LGT to T
GD - gene duplication

LGT - lateral gene transfer

LCA - last common ancestor

GH - glycosyl hydroplase

colors indicate conditional formationg from large (red) to low (green)
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S7 Table

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

Accession numbers as available in NCBI

Species

Translation

initiation factor eif-

NAD-dependent
glutamate

Histone
acetyltransferase
subunit of the RNA

Tsrlp, a protein
required for
processing  of

5, FG832 dehydrogenase, FG570 | polymerase I'| 20S  pre-rrna,
holoenzyme, FG533 MS277
Acremonium chrysogenum ATCC11550 | KFH40585 KFH43944 KFH45370 KFH40757

Arthroderma otae CBS113480

XP_002846695

XP_002846871

XP_002844936

XP_002846635

Aspergillus clavatus NRRL1

XP_001267824

XP_001275231

XP_001273950

XP_001275563

Aspergillus flavus AF70 KJJ32228 KOC07435 KOCO07671 KOC10454
Aspergillus nidulans XP_663671 AAP97491 XP_659898 XP_663870
Aspergillus ruber CBS135680 EYE91640 EYE93860 EYE93445 EYE97746

Aspergillus terreus NIH2624

XP_001218500

XP_001215968

XP_001218036

XP_001208611

Aureobasidium melanogenum
CBS110374

KEQ58250

KEQ59374

KEQ66829

KEQ63129

Aureobasidium namibiae CBS14797

XP_013430091

XP_013425835

XP_013425056

XP_013425617

Aureobasidium pullulans EXF150

KEQ84828

KEQ82009

KEQ89537

KEQ83917

Aureobasidium subglaciale EXF2481

XP_013340846

XP_013348192

XP_013345346

XP_013346410

Beauveria bassiana D15

KGQ04568

KGQ04719

KGQ07699

KGQ03110

Bipolaris sorokiniana NDSOPr

XP_007700521

XP_007700378

XP_007697141

XP_007694048

Bipolaris victoriae FI3 XP_014550811 EUC37283 XP_014553743 XP_014553549
Blastomyces dermatitidis ER3 EEQ83302 EEQ87716 EEQ87135 EEQ87580
Blumeria graminis f. Sp. Hordei strain

CCU76728 CCU82742 CCU74971
DH14 CCU77913

Botrytis cinerea BO510

XP_001551174

XP_001546005

XP_001555701

XP_001554581
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Byssochlamys spectabilis No5 GAD93061 GAD98634 GAD97915 GAE00117
Ceratocystis platani KKF97397 KKF93380 KKF92520 KKF92488

Chaetomium globosum

XP_001229575

XP_001225084

XP_001225627

Chaetomium thermophilum.var.
Thermophilum DSM1495

XP_006692916

XP_006693160

XP_006697164

XP_006690768

Claviceps purpurea 201

CCE32248

CCE27530

CCE31916

CCE27229

Coccidioides immitis RS

XP_001247026

XP_001247210

XP_001242149

XP_001245726

Colletotrichum fioriniae PJ-7

XP_007594157

XP_007595829

XP_007598740

XP_007589696

Colletotrichum gloeosporioides
Naragc5

XP_007273022

XP_007280717

XP_007274706

XP_007273210

Colletotrichum graminicola M1001

XP_008097338

XP_008089298

XP_008089925

XP_008094082

Colletotrichum higginsianum CCF33365 CCF32485 CCF41278 CCF45682
Colletotrichum orbiculare MAFF240422 | ENH81153 ENH86491 ENH79595 ENH87819
Colletotrichum sublineola KDN66453 KDN62274 KDN62435 KDN65981
Cordyceps militaris CM-01 XP_006672614 - XP_006672345 XP_006666974
Diaporthe ampelina KKY36125 KKY39469 KKY34351 KKY37242
Diplodia seriata KKY23327 KKY20064 KKY20486 KKY13651

Endocarpon pusillum 207020

XP_007785442

XP_007803903

XP_007805190

XP_007799778

Erysiphe necator

KHJ35773

KHJ31305

KHJ33459

KHJ32223

Escovopsis weberi

KOS19785

K0S21092

K0S21982

KOS19159

Eutypa lata UCREL1

XP_007790145

XP_007791048

XP_007797253

XP_007796337

Exophiala oligosperma KIW41174 KIW41230 KIW45276 KIW39858
Fusarium avenaceum KIL84745 KIL86715 KIL90440 KIL88831
Fusarium fujikuroi IMI158289 CCT71378 CCT73629 CCT72218 CCT74024

Fusarium graminearum PH-1

XP_011323961

XP_011321519

XP_011317913

XP_011321202
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Fusarium oxysporum Fo5176

EGU75640

Dissertation
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EGU85888
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EGU81020

Fusarium pseudograminearum CS3096

XP_009254976

XP_009251531

XP_009256525

XP_009257718

Fusarium verticillioides 7600

EWG46746

EWG51267

EWG47370

EWG52526

Gaeumannomyces graminis var tritici
R3111al

XP_009217808

XP_009217057

XP_009222623

XP_009220373

Glarea lozoyensis ATCC 20868

XP_008087910

XP_008079266

XP_008087199

XP_008081765

Grosmannia clavigera kw1407

XP_014173332

XP_014172124

XP_014170080

XP_014175688

Hirsutella minnesotensis 3608 KJz76027 KIiZ76246 Kiz77117 KJZ70383
Macrophomina phaseolina MS6 EKG10915 EKG17612 EKG15858 EKG21725
Madurella mycetomatis KOP47172 KOP40389 KOP40728 KOP46878

Magnaporthe oryzae 7015

XP_003713892

XP_003712804

XP_003710346

XP_003717850

Magnaporthiopsis poae ATCC64411

KLU87916

KLU89090

KLU85714

KLU91947

Marssonina brunnea f.sp.
Multigermtubi mbm1

XP_007288264

XP_007295000

XP_007288845

XP_007296894

Metarhizium acridum cqmal02

XP_007814679

XP_007807988

XP_007808318

XP_007808144

Metarhizium album ARSEF1941

KHO00830

KHO01177

KHN97240

KHN97747

Metarhizium anisopliae

KFG80865

KFG82462

KIK84401

KJK83283

Metarhizium brunneum ARSEF3297

XP_014542319

XP_014547521

XP_014544685

XP_014549619

Metarhizium majus ARSEF297

XP_014579347

XP_014580572

XP_014576767

XP_014580192

Metarhizium robertsii ARSEF23

XP_007819774

XP_007818669

XP_007821021

XP_007821580

Microsporum gypseum CBS118893

XP_003174667

XP_003170010

XP_003173533

XP_003174717

Myceliophthora thermophila
ATCC42464

XP_003663021

XP_003663104

XP_003661902

XP_003666824

Nectria haematococca mpvi77134

XP_003048814

XP_003044810

XP_003047642

XP_003048538

Neofusicoccum parvum UCRNP2

XP_007580981

XP_007582601

XP_007585848

XP_007586119

Neosartorya fischeri NRRL181

XP_001260399

XP_001260222

XP_001266021

XP_001260747
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Neosartorya udagawae GAO86840 GA090996 GAD082244 GAO87169
Neurospora crassa OR74A XP_957252 XP_956780 XP_961595 XP_956952

Neurospora tetrasperma FGSC2508

XP_009851134

XP_009851230

XP_009848039

XP_009851930

Oidiodendron maius Zn KINO7422 KIM94856 KINO5890 KINO2578
Ophiocordyceps sinensis CO18 EQK99425 EQLO3134 EQLO0966 EQLO2306
Ophiostoma piceae UAMH11346 EPE03528 EPEO4279 EPEO8587 EPEO7763
Penicillium brasilianum CEJ61108 CEJ62475 CEJ60592 CEO60456
Penicillium camemberti CRL25325 CRL29131 CRL26538 CRL31076

Penicillium digitatum Pd1

XP_014532577

XP_014535831

XP_014534415

XP_014535368

Penicillium italicum KGO73776 KGO64856 KGO75861 KGO72170
Penicillium oxalicum 1142 EPS29411 EPS31216 EPS34317 EPS33764
Penicillium roqueforti FM164 CDM27092 CDM36374 CDM35772 CDM35340

Penicillium rubens Wisconsin 541255

XP_002558796

XP_002564843

XP_002557524

XP_002557595

Pestalotiopsis fici W1061

XP_007838617

XP_007832371

XP_007837762

XP_007835675

Podospora anserina Smat

XP_001907948

XP_001907978

XP_001911227

XP_001909286

Pseudocercospora fijiensis CIRAD86

XP_007924684

XP_007928020

XP_007927750

XP_007922079

Pseudogymnoascus destructans
2063121

XP_012740663

XP_012740546

XP_012739073

XP_012741102

Pseudogymnoascus pannorum
VKMF4520 (FW2644)

KFz13121

KFZ15543

KFZ09205

KFZ22821

Pyrenophora teres f teres 01

XP_003305639

XP_003296979

XP_003305194

XP_003301224

Pyrenophora tritici repentis Pt1C BFP

XP_001939654

XP_001941809

XP_001931645

XP_001942331

Rasamsonia emersonii CBS39364

XP_013327757

XP_0133259006

XP_013328538

XP_013325377

Rosellinia necatrix

GAP87460

GAP87731

GAPS2789

GAP83847

Schizosaccharomyces cryophilus OY26

XP_013021759

XP_013024449

XP_013024728

XP_013024541
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Sclerotinia borealis F4157

ESZ92634

Dissertation

ESZ91548

ESZ93290
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ESZ98487

Sclerotinia sclerotiorum 1980

XP_001585325

XP_001597916

XP_001592077

XP_001593672

Sordaria macrospora k-hell

XP_003344256

XP_003348872

XP_003348083

XP_003345570

Sphaerulina musiva SO2202 EMF13312 EMF12921 EMF11758 EMF16254
Sporothrix schenckii ATCC58251 ERS99084 ERS98033 ERTO0617 ERS94971
Stachybotrys chartarum IBT 7711 KEY67454 KEY65600 KEY72911 KEY72726
Stachybotrys chlorohalonata 1BT40285 KFA63476 KFA64546 KFA69092 KFA61210
Talaromyces cellulolyticus GAM35703 GAM34038 GAM35977 GAM37634
Talaromyces islandicus CRGY0567 CRG84640 CRG88591 CRG88913

Talaromyces marneffei ATCC18224

XP_002146590

XP_002144568

XP_002148005

XP_002148829

Talaromyces stipitatus ATCC10500

XP_002478899

XP_002340968

XP_002482232

XP_002485387

Thielavia terrestris NRRL8126

XP_003655551

XP_003655469

XP_003649459

XP_003657675

Thielaviopsis punctulata KKA26865 KKA30551 KKA30016 KKA28760
Tolypocladium ophioglossoides CBS

100239 KND92606 KND3D86L KND87416 KND92841
Torrubiella hemipterigena CEJ81407 CEJ92104 CEJ94403 CEJ94139
Trichoderma asperellum CBS 433.97 149508 147189 62284 72524
Trichoderma atroviride IMI1206040 298941 195239 156760 132866
Trichoderma citrinoviride 1129948 1121793 1126893 1136381
Trichoderma guizhouense NJAU 4742 OPB46086.1 OPB41095.1 OPB44921.1 OPB46249.1
Trichoderma harzianum CBS 226.95 322295 98433 93763 556214
Trichoderma longibrachiatum ATCC

18648 1423421 16127 1342124 1379254
Trichoderma parareesei CBS 125925 OTA08872.1 OTA02151.1 OTA00115.1 OTA04911.1
Trichoderma reesei QM 6a 71410 120943 4989 79817
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Trichoderma virens Gv29-8 83678 155799 46168 77118
Trichophyton tonsurans CBS112818 EGD93608 EGE00928 EGD92577 EGD93652

Uncinocarpus reesii 1704

XP_002541248

XP_002541415

XP_002544814

XP_002583466

Ustilaginoidea virens

GAO16418

KDB16499

KDB11495

KDB12964

Verticillium alfalfae vams102

XP_003003264

XP_003003088

XP_003000323

XP_003007415

Verticillium dahliae vdls17

XP_009653581

XP_009653395

XP_009652650

XP_009656273

Agaricus bisporus 114395 113776 119162 119186
Arthrobotrys oligospora 2379 6097 11173 6523
Aspergillus flavus 30845 38067 36853 36445
Aspergillus fumigatus 2404 2222 6414 2763
Auricularia subglabra 1271474 1276760 1305816 1202878
Gymnopus luxurians 69825 67202 164030 37524
Neofusicoccum parvum 3316 5160 8692 9017
Pleurotus ostreatus 1097707 40761 1073399 1112540
Plicaturopsis crispa 145990 106373 41305 37427
Punctularia strigosozonata 94231 49580 104430 121264
Sphaerobolus stellatus 183735 29602 208026 225108
Thermoascus aurantiacus 37335 5956 2972 4101
Trametes versicolor 109140 156153 164836 160557
Tulasnella calospora 242038 213963 142430 27765
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Chapter 3.2 Phylome of Trichoderma carbohydrate-active enzymes
involved in degradation of plant cell wall (pcwdcazome) and regulatory

proteins

One of the main prerequisites for the study presented in the Chapter 37 was the detailed
evolutionary analysis of all carbohydrate-active enzymes required for the plant cell wall
degradation, assessor proteins, and their regulators. These were also necessary to carry out
the subsequent statistical analyses necessary to test the hypothesis of lateral gene transfers. A

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

The purpose of this subchapter to be highlighted in the dissertation is to provide a detailed
overview on the evolution/acquisition of Carbohydrate-Active enzymes (cazymes) in
Trichoderma species. The putative donors of laterally transferred pcwdcazymes might be of
interest to researchers studying cellulases. For instance, the gain of CEL6A that proceeds from
the nonreducing cellulose ends complements the presence of CEL7A that acts at the reducing
end, and therefore allows a processive movement along cellulose and an increase the speed of
its degradation, reveal that improvements in cellulose and hemicellulose degradation were a
key trait for the phytophagy of this fungus. It is worthwhile to note that the version of the
phylome presented in the dissertation also describes cases of the lateral gene transfers that
took place before the diversification between Trichoderma and Escovopsis genera that were
omitted from Druzhinina et al. (2018). It includes the major secreted cellobiohydrolase CEL7A
(CBH1) used in industrial applications, the GH 5 Endo--1,4-mannanase and the pectate lyase
PL1.

The sub-chapter comprises of Bayesian phylogenetic trees and uses schematic symbols to show
loss, duplication, plesiomorphic and in total 53 gene transfer events that enriched the ability of

initially mycotrophic Trichoderma to feed on dead plant biomass.

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

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

" Druzhinina IS, Chenthamara K, Zhang J, Atanasova L, Yang D, Miao Y, Rahimi MJ, Grujic M, Cai F, Pourmehdi S,
Salim KA. Massive lateral transfer of genes encoding plant cell wall-degrading enzymes to the mycoparasitic fungus
Trichoderma from its plant-associated hosts. PLoS Genetics. 2018 Apr 9;14(4):e1007322.
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Institute) for that particular species. The protein ids for T. Guizhouense, T. Parareesei, and
Escovopsis weberi (except those which starts with KOS) are as available in TUCIM (The TU

Collections of Industrial Microorganisms) local database.
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 20707 characters. Bayesian analysis
was run for 1 million mcmc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first
25% of obtained 10,000 trees. Mean tree length and variance are 7.269450E+00 and 3.9080650E-02, respectively. Posterior
probabilities more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the
taxonomic order and taxonomic class in the phylum Ascomycota, respectively.
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Sordariales
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Pseudogymnoascus pannorum KFY95118
Rasamsonia emersonii AALBS553
Thermoascus aurantiacus AAL16941
Talaromyces leycettanus CDF76456
Neosartorya fischeri EAW16381
Aspergillus fumigatus KMK63466
Neosartorya udagawae GAO88279
Aspergillus terreus AAW68437
KKK12991

KKK24942 Aspergillus spp.
CRL28578

KJJ16261

EKV21584 :

0 Eurotiomycetes
KGO41971  pepicillium spp. Eurotiales Y
AAXB4833

CAP85526

AIL95870 Penicillium spp.

AKI32221
AEL78901
Neosartorya fischeri EAW19938
Oidiodendron maius KIN02410 I Leotiomycetes
EED14886 i
KFX46956 Talaromyces spp. H
GAM33347 i Eurotiales Eurotiomycetes
i

0.1

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 38720 characters. Bayesian analysis was
run for 1 million mcmc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 9.480271E+00 and 2.2693320E-02, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order
and taxonomic classin the phylum Ascomycota, respectively.
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Chapter 3.2

Endo-B-1,4-glucanase Clade A

Hypocreales

Sordariomycetes

iMicroascales

f Ophiostomatales

Xylariales

<

Glomerellales

Magnaporthales
i Diaaporthales
Helotiales

'
i
i
i

i Phacomoniellales
iVenturiales

Eurotlales Eurotiomycetes

Dothideomycetes
Sordariomycetes
Leotiomycetes
Orbiliomycetes

{Capnodiales
{ Dothideales

iTogniniales
. iorbiliales
H

iHelotiales
i

BASIDIOMYCOTA

iHelotiales

; Botryosphaeriales
* Dothideomycetes

Pleosporales

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 70686 characters. Bayesian analysis was
run for 1 million mcmec generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of

obtained 10,000 trees. Mean tree length and variance are 2.425237E+01 and 7.0550690E-02,
more than S0% are marked with circular nodes. Dashed vertical bars and non-dashed vertical b
and taxonomic class in the phylum Ascomycota, respectively.

respectively. Posterior probabilities
ars represents the taxonomic order
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Escovopsis weberi KOS23166
¢ 7. guizhouense S00005_58

T. harzianum KKO98175
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T. atroviride XP_013943634
T. asperellum AHW57398
Thielavia terrestris XP_003656246
Phaeoacremonium minimum UCRPA7
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ERGG7418 Sporothrix spp.
Thielavia terrestris XP_003653515
Rosellinia necatrix GAP84641
Neofusicoccum parvum XP_007580055
Macrophlgmma phaseolina EKG11142

KKY35198 Diaporthe spp.
Glarea lozoyensis XP_008086413

O

Hypocreales

iMicroascales

Glomerellales

EMagnaporthales
;Ophiostomatales
Xylariales
{Helotiales

iDiaporthales
!Phaeomomellales

gEurotlales
i

iOrbiIiaIes

uizhouense S00015_164
Ty Hypocreales

{Sordariales
iTogniniales
|

l Ophiostomatales
rdariales
n?‘iar.aa
Botryosphaerlales
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iHelotiales

Phylogram based on Dayhoff amino acid substitution mode! using an alignment containing 116172 characters, Bayesian analysis
was run for 10 million memc generations and a strict consensus tree was obtained by summarizing 75000 trees, after burning first
25% of obtained 100,000 trees. Mean tree length and variance are 3.029779E+01 and 8.9287420E-02, respectively. Posterior
probabilities more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the

taxonomicorder and taxonomic class in the phylum Ascomycota, respectively.
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T. atroviride Triat81867
- Stachybotrys chlorohalonata KFA70405
’7 Torrubiella hemipterigena CEJ90497
Acremonium chrysogenum KFH41063

Beauveria bassiana EJP63147
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Tolypocladium ophioglossoides KND94669
Rosellinia necatrix GAP85930
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Pestalotiopsis fici ETS88056
Diaporthe ampelina KKY38404
Gaeumannomyces graminis EJT81509
Magnaporthe oryzae ELQ62788
Thielavia terrestris AEQO70062
Verticillium dahliae EGY21718

0.1

*All species fall under taxonomic class Sordariomycetes

Hypocreales

i Xylariales
i

| Diaportales
% Magnaportales

| Sordariales

i Glomerellales

Phylogram based on Dayhoff aminoc acid substitution model using an alignment containing 9867 characters. Bayesian analysis was
run for 1 million mcmc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 3.404872E+00 and 9.6194180E-03, respectively. Posterior probabilities

more than 90% are marked with circular nodes. Dashed vertical bars represents the taxonomic order.
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@ 1nsufficient data T. guizhouense S00011_236
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Escovopsis weberi KOS19957
T. guizhouense S00004_689 Sardarlomycetes
T. harzianum Trihal12585
T. virens Trivi224618
Stachybotrys chlorohalonata KFA69113
Stachybotrys chartarum KFA70716
Memnoniella echinata AAM77710
Purpureocillium lilacinum OAQ75650
Eutypa lata EMR71363 I
i i i | Xylariales
Microdochium bolleyi KX185546
Clonostachys rosea AAM77709 | Hypocreales
Thielavia terrestris AEO68296 {Sordariales
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— AEL12376
ADD12042
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GAT25143 Aspergillus spp.
EAU34588 Eurotiales Eurotiomycetes
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KNG91650
_E Talaromyces stipitatus EED24352
T. cellulolyticus GAM41656
EXF79353 !
0BR04833 ) !
ENH81589 Colletotrichum spp. ;G'Gmerﬁ‘"a‘es
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Claviceps purpurea CCE30194
T. virens Trivi28149
,E T. asperellum Trias139147 Sordariomycetes
T. atroviride Triat48476
Neonectria ditissima KPM42908 Hypocreales
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EKJ74033 Fusarium spp.
KIL85296
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0.1

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 11638 characters. Bayesian analysis was
run for 1 million memce generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 7.751170E+00 and 3.915011e-002, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order
and taxonomic class in the phylum Ascomycota, respectively.
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KDN60286
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Togninia minima XP_007918987
CRK09398
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Ophiostoma piceae EPE02172
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Colletotrichum spp.

Verticillium spp.

Sporothrix spp.

Hypocreales
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{ Togniniales
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Chapter 3.2

Endo-B-1,4-glucanase Clade B

Sordariomycetes

KJK64291
<E ? X002378391 Aspergillus spp.
KNG90187

0.1

i
Z
E Eurotiales
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KEY71811
é N issnnt Stachybotrys spp. E
Thielaviopsis punctulata KKA27203 'i Microascales
Byssochlamys spectabilis GAD96266 | Eurotiales
Oidiodendron maius KIM99495
Penicillium brasilianum CE061041  Eurotiomycetes
: Leotiomycetes

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 15910 characters. Bayesian analysis was
run for 1 million mecmc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 7.371628E+00 and 2.7724420E-02, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order

and taxonomic classin the phylum Ascomycota, respectively.
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1

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 11220 characters. Bayesian analysis was

run for 1 million meme generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of

obtained 10,000 trees. Mean tree length and variance are 8.157591E+00 and 5.7262160E-02, respectively. Posterior probabilities

more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order

and taxonomic class inthe phylum Ascomycota, respectively.
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T. parareesei g14264
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T. citrinoviride Trici21969
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E Metarhizium robertsii ARSEF235954
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Fusarium spp.
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Stachybotrys charta KFA81498
Neurospora crassa KHE89467
Sordaria macrospora CCC12072
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Magnaporthe oryzae EHA54011

Acremonium chrysogenum KFH48949

*All species fall under taxonomic class Sordariomycetes

Hypocreales

Sordariales

! Glomerellales
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i Hypocreales

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 9620 characters. Bayesian analysis was
run for 1 million mcme generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 1.568965E+00 and 3.6838590E-03, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars representsthe taxonomicorder.
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E T. guizhouense 500021_51
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 14007 characters. Bayesian analysis
was run for 1 million meme generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first
25% of obtained 10,000 trees. Mean tree length and variance are 4.467266E+00 and 8.8859970E-03, respectively. Posterior
probabilities more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the
taxonomic order and taxonomic class in the phylum Ascomycota, respectively.

148 |Page



Komal Chenthamara Dissertation

\k L6t GH1
EC 3.2.1.21
\& adelpholGT

Donor/s

- Incongruent topology
a Plesiomorphy
< Gene Duplication

@ Insufficient data

T. parareesei g6118
T. reesei Trire22197
. longibrachiatum Trilo276676
. citrinoviride Trici8387
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L Tolypocladium ophioglossoides KND90722
Stachybotrys chartarum KFA49121
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Acremonium chrysogenum KFH44264

Pseudogymnoascus sp. KFY80337
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Oidiodendron maius KIN03510
Penicillium expansum KGO53074

Rasamsonia emersonii KKA16724

- Neosartorya fischeri EAW22226
_— Aspergillus fumigatus KEY78484

Chapter 3.2

B-1,4-glucosidase Clade C

Hypocreales

| Eurotiales

Sordariomycetes

Leotiomycetes

Eurotiomycetes

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 12150 characters. Bayesian analysis was
run for 1 million memc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 2.625839E+00 and 6.1282930E-03, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order
and taxonomic class in the phylum Ascomycota, respectively.
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Phylogram based on Dayhoff amino acid substitution maodel using an alignment containing 209655 characters. Bayesian analysis was
run for 3 million memce generations and a strict consensus tree was obtained by summarizing 22500 trees, after burning first 25% of
obtained 100,000 trees. Mean tree length and variance are 2,077053E+01 and 3.2554480E-02, respectively. Posterior probabilities
maore than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order
and taxonomic class in the phylum Ascomycota, respectively. All qgn—\abelled taxonomic classes are from class Sordariomycetes.
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 21172 characters. Bayesian analysis was
run for 1 million memc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 8.903780E+00 and 3.1751560E-02, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars represents the taxenomic order. All the species belongs to the

taxonomicclassinthe phylum Ascomycota, Sordariomycetes unless marked otherwise.
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 18571 characters. Bayesian analysis was run
for 1 million mcmc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of obtained
10,000 trees. Mean tree length and variance are 7.314463E+00 and 2.5260940€-02, respectively. Posterior probabilities more than
90% are marked with circular nodes. Dashed vertical barsand non-dashed vertical bars represents the taxonomic order and taxonomic
classinthe phylum Ascomycota, respectively.
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 18370 characters. Bayesian analysis was
run for 0.66 million mcmc generations and a strict consensus tree was obtained by summarizing 4950 trees, after burning first 25%
of obtained 6600 trees. Mean tree length and variance are 6.798910E+00 and 3.0536650E-02, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order
andtaxonomic classin the phylum Ascomycota, respectively.
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Dothideales Dothideomycetes

BASIDIOMYCOTA
i Sordariales | Sordariomycetes

Pleosporales Dothideomycetes

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 44730 characters. Bayesian analysis was run
for 1 million memc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of obtained
10,000 trees. Mean tree length and variance are 4.169406E+00 and 9.7577200E-03, respectively. Posterior probabilities more than
90% are marked with circular nodes. Dashed vertical barsand non-dashed vertical bars represents the taxonomic order and taxonomic

classinthe phylum Ascomycota, respectively.
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. Eurotiomycetes
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 15873 characters. Bayesian analysis was
run for 1 million memc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 4.491939E+00 and 1.0864500E-02, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order
and taxonomic class in the phylum Ascomycota, respectively.

156 | Page



Komal Chenthamara Dissertation

\j: LGT GH3
EC 3.2.1.37
\k adelphoLGT
Donor/s

Incongruent topology

Plesiomorphy

Gene Duplication

Insufficient data

KOS43534
KUM58623
CRL26802
EKVZI
KGO4064-

O
{

BAESS5977
K1136274
KIK63040

[
L AIC36733

Termitomyces sp. 1132 KNZ75702
Pleurotus ostreat:

Rhizopagon vinicolor DAX3
Serpula lacrymans EGO18806
Jaapia argillacea KDQ58994

Trametes versicolor EIW63936

Mycena chiorophos GAT49846
Gymnopus luxurians KIKE8708
Stereum hirsutum EIM89677

Exidia glandulosa KZW02642

A it a roreri KTB38972
Neofusicoccum parvum EOD46327

—Q __ Doedalea quertina KZT65756

on maius KIM97393

EED5225!
KIKB0892

Oidiodendron maius KIM3I8703
Rasamsonia emersonfi KKA16223

Byssachlamys spectabilis GADS9233
Thermoascus aurantiacus AMWE4957

0946  Penicilfium spp.
4

Talaromyces purpureogenus AKH40279
Peniciliium oxalicum AGW24290

GBO602Z
GAAB2061

Galerina marginata KDR83517
Hypsizygqus marmoreus KYQ32887

KDQ23477
Agaricus bisporus EKV48282
Leucoagaricus sp. KXN86330
Suilius Juteus KIK48620

XP_001825822

Chapter 3.2

Xylan-1,4-B-xylosidase

T. asperellum Trias62211
T. atroviride Triat161159
T. guizhouense S00021_167
Q7. harzianum Trina502198
T. virens Trivi29366
T. longibrachiatum Trilo1406286
2787

Sordario-
mycetes

T. reesei Trire121127
T. citrinoviride Trici1133892
GAMA2374
QruLsgssa
AKI79184
KFX41059
EED20979
CRGH2694

Eurotio-

Eurctiales mycetes

Talaromyces spp.

Phialocephala scopiformis KU123772iHelotiales | Leotiomycetes

Eurctiales |Eurctiomycetes

Aspergifius spp.

6323
BASIDIOMYCOTA

. iXylariales

5 Aspergillus spp.

CE059802
EED20475
GAM36658 22
Pseud is
EFQ28434
KDNG5282

Acidamyces richmon!

KEQB9919
r‘:KEQQQMS
KEQ61706

T. parareesei g9679
T. reesei Trire58450

T. citrinoviride Trici55459

. harzianum Triha99736
T. virens Trivi192759

T. asperellum Trias198886
atroviride Triat161158

Pochonia ¢
Oidisdendron malius KIM99063
Pochonia chlamydasporia OAQ62:

Zymoseptaria brevis KIX92119
Zymoseptoria tritici EGP89514

Talaromyces isiandicus CRGB89403

Aurecbasidium spp.

Thielavia terrestris AEO67512

T. longibrachiatum Trllo1368415

T. guizhouense S00001_921

| Tormbielia hemipterigena CEJ61860
Cordyceps confragosa OAABO935
2 OAQS9362

460

EPS33 D?Si Eurotiales
Penicitiium spp.

romyees spp.
sp. KFY00624
Colletotrichum spp. l Glomerellales

éCapnodiales

Sordariomycetes
Eurotiomycetes
Dothideomycetes

densis KYG45419
iEurotiales

Dothideales

Sordariales

Hypocreales

Sordariomycetes

is weberi KOS21229 | Mixed

Oidiodendran maius KIM94359
necatrix GAP87409

FED45224

BAEG5591

EAU30189 Aspergilus spp.

GAM43536
Ecumﬁszs
EED14015
msonia emersonii KKA25852
T. guizhouense S00019_154

T. harzianum Triha495549
T. virens Trivi1299

Tataromyces spp.

R

0.2

!Eurotiales Eurctiomycetes

Sordariomycetes

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 82264 characters. Bayesian analysis was run for 2 million memc
generations and a strict consensus tree was obtained by summarizing 15000 trees, after burning first 25% of obtained 20,000 trees. Mean tree length and

variance are 1.676796E+01 and 2.6915590€E-02, respectively. Posterior probabilities more than 90

% are marked with circular nodes. Dashed vertical bars and

non-dashed vertical bars represents the taxanomic order and taxonomic class in the phylum Ascomycota, respectively.
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Chapter 3.2
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Sordariomycetes
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 80880 characters. Bayesian analysis was
run for 1 million mcmc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 1.334523E+01 and 1.8721190E-02, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order

and taxonomic class in the phylum Ascomycota, respectively.
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 30130 characters. Bayesian analysis was
run for 1 million mcme generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 1.147689E+01 and 4.8778060E-02, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order
and taxonomicclassinthe phylum Ascomycota, respectively.
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 6930 characters. Bayesian analysis was run
for 1 million mcme generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of obtained
10,000 trees. Mean tree length and variance are 5.565739E+00 and 2.7990880E-02, respectively. Posterior probabilities more than 90%
are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order and taxonomic class
in the phylum Ascomycota, respectively.

160 | Page



Komal Chenthamara

\k LGT
m adelpholLGT

Donor/s

Plesiomorphy

Incongruent topology

Gene Duplication

Insufficient data

Dissertation

XP_007700949 ; i
XP007689195 CIPOIars SPp-

Stemphylium lycopersici KNG51977
Pyrenophora teres XP_003306408 i
Leptosphaeria macula XP_003842406 |

Magnaporthiopsis poae KLU90327
Pestalotiopsis fici XP_007827438

XP_007596168 s
ENH7B4: Colletotrichum spp.
XP_007282819 .,
Magnaporthe oryzae ELQ34674 i
XP_009653970 il
%P_003002192 Verticiliium spp.
Pseudogymneascus pannorum KFY74425
T. longibrachiatum Trilo1363072
T. parareesei gl684
T. reesei Trire65986
T. virens Trive195132
T. guizhouense S00011_306
T. harzianum Triha484731
T. citrinoviride Trici1128649
T. atroviride Triat52109
T. asperellum Trias202784
T. harzianum Triha249987
T. guizhouense S00015_199
T. virens Trivi3991
T. asperellum Trias4 7755
T. atroviride Triat240154
T. reesei Trire55999
T. parareesei g8401
T. citrinoviride Trici1165441

2 i
&

Oidiodendron maius KINO8522

X’;E%ﬁ”%%%? verticillium spp.
T. reesei Trire72632
7. parareesei g218
T. longibrachiatum Trllo1401709
T. citrinoviride Tricil158884
T. virens Trivi76590
T. harzianum Triha509041
T. guizhouense S00009_403
T. atroviride Triat51401
T. asperellum Trias59499

1831
KID99579
KID75622 Metarhizium spp.
KIK81203
XP_007815219
Torrubiella hemipterigena CEJ80631

i
":llw:g:;ffxcphisfa | Chaetothyriales
GAOB4586

Hypocreales

'
320 i
V79321 Aspergilius spp. i
XP_002374041 |Eurctiales
Penicillium brasilianum CEJ59911
Talaromyees purpureogen AKH40275
Rasamsonia emersonii KKA24651

Glarea lozoyensis XPOOBO78205
Pseudogymnoascus pannorum KFY18642
KIM94000  gidiodendran maius Zn

KIME9709

7. harzianum Triha422216

7. guizhouense 500003 _136

T. virens Trivel45075

T. atroviride Triat207285

Pseudogymnoascus pannorum KFZ17288
EWY8767

" iHelotiales

gHypocreaEes

psis fici XP_007830870
EQB43543
ENH86995 Colletotrichum spp.
XP_007599804
XP_009652656 o

¥P 003000328 Verticillivm spp.
Eutypa lata XPOO7790681

ixylariales
iGlomerellales

iHypocreales
iXylariales

Neofusicoccum parvum XPOD7587527
KEY76263
XP_001265525 Aspergiilus spp.
GAOS0060 e i
Oidiodendron maius KIM38409
Talaromyces celluiofyticus GAM34950 i
Aspergiilus piger EHA26157 L
E

iBotryosphaeriales
i

;Eumtia\es

268
EQB55149 Colletotrichum spp. Glomerellales
XP_007599917 £
T. aspereflum Trias205507 ;
virens Trivel51988 i Hypocreales
Claviceps purpurea CCE32645 i
P_007695987 } ¥ H
R
xp 001934181 ©YTenephora sep.
EWG55004
EWY81918 Fusarfum spp.

!Flensparales
i

next page

E Hypocreales
i

CCT75166

Pseudocercospora fici XP_007921710
Dothistroma um EME41391

Aureobasidium namibiae KEQ74661

!Capnoma\es
iDothideales

Gaeumannomyces graminis XP_009228959 |
t Xylariales

Glomerellales

gnaporthales
Hypocreales

Chapter 3.2

a-1,4-galactosidase

Setosphaeria turcica XP_008028151} plagsporales Dothideamycetes
i

iMagnaporthales|

Sordariomycetes

KEQ68157 | Dathideales|Dothideomycetes

Sordariomycetes

Eurctiomycetes

Leotiomycetes

Sordariomycetes

Dpthideomycetes

Eurotiomycetes

Sordariomycetes

Dothideomycetes

Sordariomycetes

Dothideomycetes

161 |Page



Komal Chenthamara Dissertation Chapter 3.2

& Ler
\k adelpholGT

Donor/s

Incongruent topology
Plesiomorphy
Gene Duplication

Insufficient data

T. reesei XP 006959334

T. parareesei g22

T. Inngfbrachratum Trilo8251
T. citrinoviride Trici22572

T. guizhouense T37_09623

T. harzianum Trihal50452

T. virens Trivi46494

T. atroviride Triat234784

T. asperellum Trias31758

o
=
a
a
%
o
€

T. reesei XP_{ 006964236
T. parareesei g276:
T. longibrachiatum Tnloud 1268
T. citrinoviride Trici1136835
T. guizhouense T37_11982
T. harzianum Triha71962
T. virens Trivi27922
T. atroviride Triat33775
T. aspem”um Trlas449570
on maius K- ti ycet
Talaromyces stipitatus XP 002436571 iEurotiales

Pseudogymnoascus pannorum KFZ 19000

Talaromyces ceﬂufo‘f"yﬁcus GAM35247 QEU rotiales
Pestalotiopsis fici XP_007841906 i Xylariales

T. guizhouense T37_00796

T. harzianum Triha94444

T. virens Trivi33738

T. parareesei g83
T. citrinoviride Tru:|54557
T. atroviride Triat83919
T. asperellum Trias180019
-Oidiodendron maius KIM96824, Leotiomycetes
Talaromyces islandicus CRGI1690 | Eurotiales
laria delicata XP_007354263
= Mafmphpmmlgl ggf‘e&lma EKG15963
YMNopUs fuxurians
Cylindrobasidium torrendii KIY72445 BASIDIOMYCOTA

Gymnopus luxurians KIK60422
Byssochlamys spectabiils GAD96967
T. reesei XP_006962437
T. parareesei 97196
T. longibrachiatum Trilo1398107
T. citrinoviride Tricil134118
T. guizhouense T37_10507
T. harzianum Triha95162
T. virens Trivi39936
T. atroviride Triat80701
T. asperellum Trias141811
Escovopsis weberi 001928
T. guizhouense T37_09654
T. harzianum Triha93168
T. virens Trivil24849 Hypocreales

Sordariomycetes

T. asperellum Trias1 79044

T. reesei XP_006969289

¢ T. parareesei g2291

T. longibrachiatum Trilc1342436
T. citrinoviride Trici1171554

Torrubielia hemigten‘%ena CEI91245

EXU96706 Metarhizium spp.
KID74805
KIK74977
Eutypa lata XP007799547 iXylariales

o1

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 148596 characters. Bayesian analysis
was run for 5 million meme generations and a strict consensus tree was obtained by summarizing 37500 trees, after burning first
25% of obtained 50,000 trees. Mean tree length and variance are 3.133589E+01 and 9.2971280E-02, respectively. Posterior
probabilities more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the
taxonomic order and taxonomic class in the phylum Ascomycota, respectively.
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 33220 characters. Bayesian analysis was run
for 1 million memc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of obtained
10,000 trees. Mean tree length and variance are 4.453243e+000 and 6.667453e-003, respectively. Posterior probabilities more than
90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order and taxonomic
classinthe phylum Ascomycota, respectively.
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 51030 characters. Bayesian analysis was run
for 1 million meme generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of obtained
10,000 trees. Mean tree length and variance are 1.242005e+001 and 1.914577e-002, respectively. Pesterior probabilities more than
90% are marked with circular nodes. Dashed vertical bars and nen-dashed vertical bars represents the taxonomic order and taxonomic

classinthe phylum Ascomycota, respectively.
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 99630 characters. Bayesian analysis
was run for 3 million memc generations and a strict consensus tree was obtained by summarizing 22500 trees, after burning first
25% of obtained 30,000 trees. Mean tree length and variance are 3.687042E+01 and 2.1489000E-01, respectively. Posterior
probabilities more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the
taxonomicorderand taxonomicclass in the phylum Ascomycota, respectively.
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 10736 characters. Bayesian analysis was
run for 1 million mcmc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 1.940448E+01 and 4.3743370E-02, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order
and taxonomic classinthe phylum Ascomycota, respectively.
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 47070 characters. Bayesian analysis was run
for 3 million mcmc generations and a strict consensus tree was obtained by summarizing 22500 trees, after burning first 25% of
obtained 30,000 trees. Mean tree length and variance are 8.226706E+00 and 1.7511440E-02, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order and
taxonomic classin the phylum Ascomycota, respectively.
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 18154 characters. Bayesian analysis was
run for 1 million mcmc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 6.723306e+000 and 2.384449e-002, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomicorder and
taxonomic classin the phylum Ascomycota, respectively.
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 50763 characters. Bayesian analysis was
run for 1 million mcmc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 1.058915E+01 and 1.4302340E-02, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order and
taxonomic classin the phylum Ascomycota, respectively.
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 10780 characters. Bayesian analysis was
run for 1 million mcmc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 2.943435E+00 and 8.8934440E-03, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order
and taxonomic class in the phylum Ascomycota, respectively.
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model using an alignment containing 86762 characters. Bayesian analysis was

run for 1 million meme generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 2.349982E+01 and 4.1706740E-02, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order and
taxonomic classin the phylum Ascomycota, respectively.
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 22626 characters. Bayesian analysis was
run for 1 million meme generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 1.046359E+01 and 3.3770210E-02, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order and
taxonomic classin the phylum Ascomycota, respectively.
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Sordariomycetes

Eurotiomycetes

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 10611 characters. Bayesian analysis was
run for 1 million mcmc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 2.800150E+00 and 8.0533830E-03, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order
and taxonomic classinthe phylum Ascomycota, respectively.
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T. parareesei g4140
T. reesei Trire108577

‘rg T. atroviride Triat38139

Nectria haematococca EEU41539

EEY23044 Verticilli
DI)EGYIGM_l erticillium spp.

EQB49156 )

ELA33651 Colletotrichum spp.

\l: T. harzianum Triha75047
T. guizhouense T37_09181
KLO78912
EXL51791
Nectria haematococca EEU42168
Phaeoacremonium minimum EO001314
Pseudogymnoascus pannorum KFZ20571

Fusarium spp.

=]
=

T. asperellum Trias171354

— Escovopsis weberi 6180
T. guizhouense T3_704364
T. harzianum Triha77977
L T. virens Trivi124605
Pestalotiopsis fici ETS78436
Pseudogymnoascus pannorum KFY29502
T. harzianum Triha551823
T. guizhouense T37_09044
Talaromyces celluloticus GAM43200

T. longibrachiatum Trilo1461496
T. citrinoviride Tricil1165967

Xylariales

Eurotiales

Hypocreales

Glomerellales

Hypocreales

{ Togniniales

Chapter 3.2

Exo-xylogalacturan hydrolase

Sordariomycetes

Leotiomycetes
Sordariomycetes

| Eurotiomycetes

Sordariomycetes

l Leotiomycetes

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 21349 characters. Bayesian analysis was
run for 1 million memc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 1.138844F+01 and 8.8116490E-02, respectively. Posterior probabilities
maore than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order

and taxonomic class in the phylum Ascomycota, respectively.
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@ Insufficient data

T. citrinoviride Trici1121408

T. longibrachiatum Trilo1368388
T. parareesei g9690

T. reesei EGR50306

T. harzianum Triha546580

T. guizhouense S00001_931

T. virens Trivil92768

T. asperellum Trias82242

T. atroviride Triat43821
Tolypocladium ophioglossoides KND89181
Torrubiella hemipterigena CEJ94030
Acremonium chrysogenum KFH41889
Ophiostoma piceae EPE04277
Sporothrix schenckii KIR89903
Gaeumannomyces graminis EJT81050
Magnaporthiopsis poae KLU89092
Magnaporthe oryzae ELQ63186
Diaporthe ampelina KKY35077
Sclerotinia sclerotiorum EDO02065
Botrytis cinerea EMR85281
Oidiodendron maius KIM97618
Pestalotiopsis fici ETS83722

T. harzianum Triha99295

T. guizhouense S00011_27

T. asperellum Triasp41614

T. virens Trivi53342

Cladophialophora psammophila EX16846
Penicillium brasiliensis CE162781
Penicillium expansum KGO55347

KJ1J29831
CAK38995 Aspergillus spp.
Sporothrix schenckii KIR87609
Exophiala aquamarina KEF55031
Torrubiella hemipterigena CEJ81537
T. asperellum Trias26963
T. atroviride Triat220087
\k Exophiala xenobiotica KIW58412
L——— T. atroviride Triat268956
T. harzi Triha501445
Thielaviopsis punctulata KKA27604
Myceliophthora thermophila AEO55772
Chaetomium globosum EAQ90053
Magnaporthiopsis poae KLU85839
T. asperellum Trias83956
E)\ggigggs Fusarium spp.
Stachybotrys chlorohalonata KFA69610
I(E:EAF23§7777: Colletotrichum spp.

CBF88938
Pseudogymnoascus pannorum KFZ10255
Oidiodendron maius KIN08706
Sphaerulina musiva EMF13362
Neurospora crassa KHE78718
Pestalotiopsis fici ETS77973
— T. virens Trivi68030
Bipolaris oryzae EUC43588

0.1

Chapter 3.2

a-L-rhamnosidase

Hypocreales

Ophiostomatales

Magnaporthales

Diaporthales
Helotiales

Xylariales

Chaetothyriales

Eurotiales

i Ophiostomatales
i Chaetothyriales

i Capnodiales
i Chaetothyriales

Microascales
Sordariales

i Magnaporthales

Sordariales
Xylariales

Hypocreales

i Glomerellales

i Pleosporales

Sordariomycetes

Leotiomycetes

Sordariomycetes

Eurotiomycetes

| Leotiomycetes
| Sordariomycetes
| Eurotiomycetes

Sordariomycetes

| Leotiomycetes
| Sordariomycetes
| Eurotiomycetes

Sordariomycetes

| Dothideomycetes

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 62700 characters. Bayesian analysis was
run for 1 million mcmc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 1.058915E+01 and 1.4302340E-02, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order

and taxonomic class in the phylum Ascomycota, respectively.
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@ Insufficient data

T. atroviride EHK43630

T. aspere’lum Trias40836 Hypocreales | Sordariomycetes
E Escovopsis weberi KOS20949

Aspergillus ochraceoroseus KKK18059
H’ Aspergillus rambellii KKK21646
Talaromyces verruculosus KUL85713
T. cellulolyticus GAM37782
9 Gymnopus luxurians KIK69118 BASIDIOMYCOTA
Valsa mali KUI53467

Diaporthales Sordariomycetes
Diaporthe ampelina KKY39299
Pseudogymnoascus sp. KFX93768

Actinospica robiniae WP_051451021
BACTERIA
—Ciamadaea tsunoensis WP_051367200

Massilia sp. WP_056440735

F

Eurotiales Eurotiomycetes

0.1

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 4858 characters. Bayesian analysis was run
for 1 million memc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of obtained
10,000 trees, Mean tree length and variance are 2.165486E+00 and 7.1493260E-03, respectively. Posterior probabilities more than 90%
are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonemic order and taxonomic class
inthe phylum Ascomycota, respectively.
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@ Insufficient data

ET. guizhouense S00011_475

T. harzianum KKP05943
LT. virens XP_013951156

E T. asperellum 51088
T. atroviride XP_013945605
a _+_— T. parareesei g12841
T.reesei XP_006967558

—— T. longibrachiatum 1449314
T. citrinoviride 1193787

EBeauveria bassiana KGQ07343
OAA43330
XP_006668544 Cordyceps spp.
] OAA75382

EXP_009256764
EYB32127
}_— EWG50980
EGU78733

Nectria haematococca XP_003041572

KID60336
4€{ EXV02098 Metarhizium spp.
XP_014580341
Claviceps purpurea CCE33545
J—?—Usl‘i/aginoidea virens KDB14079
Ophiocordyceps unilateralis KOM20234

 KFA71227

L KFA63712
Colletotrichum

graminicola XP_008090779

Fusarium spp.

Stachybotrys spp.

0.06

*All species fall under taxonomic class Sordariomycetes and taxonomic order Hypocreales, except Colletotrichum graminicola which is from order
Glomerellales

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 24794 characters. Bayesian analysis was
run for 1 million mcmc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 3.587438E+00 and 4.1878620E-03, respectively. Posterior probabilities
more than 90% are marked with circular nodes.
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EC 3.2.1.31

Incongruent topology

Gene Duplication

T. reesei Trire106575
T. parareesei g13247
T. longibrachiatum Trilo1420839
T. citrinoviride Trici1186775
T. guizhouense S00005_592
T. harzianum Triha3216
T. virens Trivi77255
T. asperellum Trias191352
T. atroviride Triat146878
Oidiodendron maius KIN02395
CEJ57332
EPS27008
Byssochlamys spectabilis GAD97470
Rasamsonia emersonii KKA19896
Capronia semiimmersa KIW67341
XP_008728874
XP_007758395
KIX95565
KIW85530
Rhinocladiella mackenziei KIX02569
Capronia epimyces XP_007735465
Exophiala mesophila KIVS0003
T. citrinoviride Trici1197794
T. longibrachiatum Trilo1434758
T. reesei Trire71394
T. parareesei g2410
T. guizhouense S00004_791
T. harzianum Trihal5655
T. virens Trive71604
T. atroviride Triat214230
T. asperellum Trias67425
Torrublella hemipterigena CEJ89338

Penicillium spp.
Eurotiales

Cladophialophora spp.

Fonsecaea spp. Chaetothyriales

Hypocreales

0.1
Phylogram based on Dayhoff amino acid substitution model using an alignment containing 34664 characters. Bayesian analysis was run
for 1 million memc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of obtained
10,000 trees. Mean tree length and variance are 1.069127E+01 and 2.7815940E-02, respectively. Posterior probabilities more than 90%
are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order and taxonomic class
inthe phylum Ascomycota, respectively.

Escovopsis weberi 3337
T. reesei Trire73005

T. parareesei g9688

T. longibrachiatum Trilo1347166

T. citrinoviride Trici1121571

T. guizhouense S00001_929

T. harzianum Trihal127900

T. virens Trive48997

T. asperellum Trias49498
T. atroviride Triat43063
Oidiodendron maius KIN0O2751

T. reesei Trire72568

T. longibrachiatum Trilo1457633

T. citrinoviride Tricil168165

T. guizhouense S00019_167

T. harzianum Triha495533

T. virens Trive112103

T. atroviride Triat161139

T. asperellum Trias454421

Scedosporium apiospermum KEZ42093
Exophiala sideris KIV79657

i Microascales
i Chaetothyriales

Chapter 3.2

B-(4-0-methyl)-glucuronidase

Sordariomycetes

Lectiomycetes

Eurotiomycetes

Sordariomycetes

Leotiomycetes

Sordariomycetes

Eurotiomycetes

Byssochlamys spectabills GAD99181 i Eurotiales
Oidiodendron maius KIM95348
Moniliophthora rorerf XP_007855932 BASIDOMYCQOTA
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KIL89321
. c%r?-;ésgﬁo Fusarium spp.
Insufficient data XP_ 003040699 Hypocreales Sordariomycetes
T. atroviride Triat28509
Stachybotrys chartarum KFAB0956
Botrytis cinerea CCD48264 Helotiales Leotiomycetes
Pestalotiopsis fici XP_007830872 i Xylariales
Diaporthe ampelina KKY35461 Diaportales
EQB43544
ENHB86994  copatotrichum spp.
XP_007599804 Glomerellales
XP_009652660 ST Sordariomycetes
XP_ 003000332 Verticillium spp.
—C) Eutypa lata XP_007790679 I Xylariales
T. harzianum Trihal0271
T. guizhouense T37_11631
T. virens Trivi224428
L & — Pseudogymnoascus pannorum KFZ17289 Leotiomycetes
Glarea lozoyensis XP_008078214 Helotiales
KNG89934
KIK63991 ; :
XP_002381595  AsPergilius spp. Eurotiales Euratiamycetes
XP_0018255982
Talaramyces cellulofyticus GAM39963
Oidiodendron maius KIM98404 Leotiomycetes
KEY76315
—g XP_001265520 aspergitius spp.
Y GAD90055 LR
CRL30078 o . :
Kllizags Penicillium spp. Eurotiales Eurotiomycetes
Talaromyces islandicus CRG91718
XP_001388574 .
GAAG1827 Aspergilius spp.
T. virens Trivil63488
T. harzianum KKP00121
Torrubiella ipterigena CE1J83101
- T. virens Trivi34630
T. harzianum KKP02506 Hypocreales Sordariomycetes
T. guizhouense T37_791
T. atroviride Triat54915
T. asperelium Trias154058
Escovopsis weberi 1404
Rasamsonia emersonii KKA20204 I Eurotiales Eurotiomycetes
Pseudogymnoascus pannorum KFY76305 .
Oidiodendron majus KIM93057 Letiomyeetes
KIH90841  sporothri ! i 1
\IRe3goy SPerothrix spp. i Ophiostomatales Sordariomycetes
Penicillium brasilianum CE154958 i Eurotiales | Eurotiomycetes
. I nnoass Verticiflium spp. | Hypocreales
Stachybotrys chartarum KFA72795 ! Hypocreales
Colletotrichum gloeosporioides EQB43991 | Glomerellales Sordariomycetes
Fusarium fujikuroi CCT75108 |
Acremonium chrysogenum KFH42490 i Hypocreales
Nectria haematococca XP_003045005 |
Talaromyces cellulolyticus GAM37400 ! Eurotiales | Eurotiomycetes
Pseudogymnoascus pannorum KFY44785 | Lectiomycetes
Aspergillus fumigatus KMK56112 : Eurotiales | Eurotiomycetes
¥P_DOTS93528 cotetotrichum spp. | Glomereliales Sordariomycetes

ENHB7648
Aureobasidium namibiae KEQ68397
KIK74724
KID64125
KID94558

KID84468

Metarhizium guizhouense KID81440
Aspergillus nomius KNG89014
Pyrenophora teres XP003302993
EMD93537
XP_007695873
EUN23706
XP_007714644
XP_007688993

Bipolaris spp.

0.1

Pleosporales

i Dothideales | Dothideomycetes
Metarhizium spp.
Hypocreales Sordariomycetes
Cordyceps militaris XP_006673182
{Eurotiales | Eurotiomycetes

Dothideomycetes

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 9984 characters. Bayesian analysis was run
for 1 million memc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of obtained
10,000 trees. Mean tree length and variance are 2.334795E+00 and 6.8740380E-03, respectively. Posterior probabilities more than
90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order and taxonomic

classinthe phylum Ascomycota, respectively.
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T. reesei 57179
T. parareesei g11070
T. longibrachiatum 3135671
T. citrinoviride 452631
T. harzianum KKP03492
T. guizhouense T37_11507
T.virens EHK21829
i T. asperellum 154479
> T. atroviride EHK50170
XP_014575808
XP_014548162
| XP_007821234
KIK80202
Eutypa lata XP_007793765
_+:Pestalotiopsis fici XP_007837230
Rosellinia necatrix GAP90220
XP_011315776 )
EGU88990 Fusarium spp.
Nectria haematococca XP_003051064
Neonectria ditissima KPM33895
Acremonium chrysogenum KFH45599
Stachybotrys chlorohalonata KFA69520

_‘{’j XP_008096584
EQB46344
EGO53007
Neurospora spp.
XP_965427
Sordaria macrospora XP_003351008

Phaeoacremonium minimum XP_007913302

o

Metarhizium spp.

Colletotrichum spp.

0.1

*All species fall under taxonomic class Sordariomycetes

Hypocreales

Xylariales

Hypocreales

Glomerellales

Sordariales

i Togniniales

Chapter 3.2

Unsaturated rhamnogalacturonyl

hydrolase

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 10752 characters. Bayasian analysis was run
for 1 million memc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of obtained
10,000 trees. Mean tree length and variance are 2.390426E+00 and 7.1870230E-03, respectively. Posterior probabilities more than
90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order and taxonomic

class in the phylum Ascomycota, respectively.
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Donor/s
Incongruent topology T. harzianum Triha9084
Plesiomorphy
Gene Duplication
T. guizhouense S00015_180
Insufficient data
—0 Hypocreales
T. asperellum Trias32093
—Q T. atroviride Triat54103
) Sordariomycetes
XP_960132 g
i
o Neurospora spp. } Sordarialaes
|
XP_009854001 ‘
] Fusarium graminearum XP_011327496
Beauveria bassiana XP_008595989 Hypocreales
Cordyceps militaris XP_006668393
Glarea lozoyensis XP_008083366 iHelotiales | Leotiomycetes
—Q
Pseudocercospora fijiensis XP_007922356 {Capnodiales
—0
Dothideomycetes
Neofusicoccum parvum XP_007581392 |Botryosphaeriales
0.2

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 10932 characters. Bayesian analysis was run
for 1 million memc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of obtained
10,000 trees. Mean tree length and variance are 3.748802e+000 and 8.399156e-003, respectively. Posterior probabilities more than
90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic arder and taxonomic
classin the phylum Ascomycota, respectively.
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Donor/s

Incongruent topology
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Insufficient data

T.

T. parareesei g8930
T. reesei XP_006964775
T. longibrachiatum Trilo1329598

T.

citrinoviride Tricil109836
T. atroviride EHK42210
I Trias393413

T
T.
E:

7. harzianum KKP04362

guizhouense T37_04920
virens EHK20144

scovopsis weberi KOS17010
KID75726
XP_Q07820676
KID91722
KID99682
KFG78985
XP_007815692
KHN97309
Claviceps purpurea CCE27420

Hypocreales
Sordariomycetes

Metarhizium spp.

Ophiocordyceps sinensis EQL04224
Cordyceps militaris XP_006668119
Beauveria bassiana XP_008599179

Torrubiella ! ig CE)80168

Sphaerulina musiva EMF13436
Pseudocercospoia fijiensis XP_007925427
ymnopus juxunans KIKS4869

Chaetomium globosum XP_001228833
Diaporthe ampeiina KKY36163

| Sordariales
i Diaporthales

Capnodiales

| Dothideomycetes

BASIDIOMYCOTA

iBotryosphaeriales | Dothideomycetes

EKG20858

Macrophomina pt

1

GAQ90491

Eurotiomycetes

| Eurotiales
i

CRG84128

Oidiodendren maius KING8599

Neosartorya L
Aspergillus clavatus XP_001273133
:E ! tarreus XP_001217006
Togninia minima XP_007911065

GAM34623
XP_002340250

ia emersonii XP_013329341

Sphaerulina musiva EMF10193
on maius KIM94670

{Togniniales
|

| Sordariomycetes

Talaromyces spp.

urotiales Eurotiomycetes

Pseudogymnaascus pannorum KFY28633 | Lectiomycetes

Exophiala oligospernta KIW39346 . iChaetothyriales
Endocarpon puslium XP_007802024 tVerrucariales
p[.‘acgﬂdmldss immitis XP_001239765 {onygenales Buradmiy detes
Blastomyces dermatitidis EEQ89916 :
| Leatiomycetes
Byssochiamys spectabilis GAD94192 iE};rotimes | Eurotiomycetes
iCapnodiales | Dothideomycetes

KOC17783
XP_001822098

: urotiales | Eurotiomycetes

Aspergillus spp.

iopsis fici XP_DO7828054 iXylariales | Sordariomycetes
KNGB89830 iEurotiales | Eurotiomycetes
Trametes versicolor XP_008037261 BASIDIOMYCOTA
GAM36401 i
XP_002481737 Talaromyces spp. Eurotiomycetes

CRGB7544

XP_007284769 i
- Colletotrichum spp. 11z e
XP_007597231 | Glomereliales Sordariomycetes
Fusarium fujikuroi CCTE6557 iHypocreales
Aspergiiius niger EHA19811 iEurotiales | Eurotiomycetes

Oidiodendron maius KIM98411

nielia cf

ora KKY14018

ydosp
Glarea iozoyensis XP_008078209 . iPhacomoniellales | Eurotiomycetes

eudogymnoascus pannorum KFZ12411 {Helotiales | Leotiomycetes
Macrophomina EKG10037 R {Botryosphaeriales | othideomycetes
pergillus kawachil CCX13102 1Euretiales Eurotiomycetes
Coccidioides immitis KMUB5811 iOnygenales
Pestalotiopsis fici XP_00783.5557 | Xylariales
Gr clavigera EFX06033 phiostomatales Sordarfomycetes
ia necatrix GAP91660 ylariales

rﬂ—

KDQ25444
Gymnopus luxurians KIK51601
lus stellatus K1134650

BASIDIOMYCOTA

Sp!

0.2

Phylogram based on Dayheff amino acid substitution model using an alignment containing 56140 characters, Bayesian analysis was run

for 1 million meme generations and a strict consensus tree
10,000 trees. Mean tree length and variance are 1.93959
90% are marked with circular nodes. Dashed vertical bars
classin the phylum Ascomycota, respectively.

was obtained by summarizing 7500 trees, after burning first 25% of obtained
2e+001 and 3.952966e-002, respectively. Posterior probabilities more than
and non-dashed vertical bars represents the taxonomic order and taxonomic
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T. atroviride EHK46852

CT. asperellum Trias205486

XP_003042044

Insufficient data

Nectria spp.
%P_003054056

Hypocreales
XP_009256946

XP_011322972
Fusarium spp.

EWG55099

CCT69642

KDNE3248

XP_008093039 Sordariomycetes

CCF41960
Colietotrichum spp. Glomerellales

XP_007601926

ENHB1756

EQB47423
Thielavia terrestris XP_0D03651261 E Sordariales
Pestalotiopsis fici XP_007839516 Pylericlay
Grosmannia clavigera EFX02541 { Ophiostomatales

ERS98120 :

{ Sporothrix spp. i Ophiostomatales
KIH87284 i
CRG92704 !

Talaromyces spp. i Eurctiales Eurotiomycetes

GAM34252 i

Psey pannorum KFX96326

Leotiomycetes
Oidicdendron malus KIMIB523

T. harzianum KKPQ1279

;
!

Hypocreales Sordariomycetes
T. guizhouense S0001 967
Scilerotinia borealis ESZ93500 §
i Helotiales Leotiomycetes
Botrytis cinerea EMR82289 i
acrophomina p. EKG17518 i Botryosphaeriales |Eurctlomycetes
KEQ76368 !
Aureobasidium spp. : Dothideales Dothideomycetes

KEQ78389 §

aquamarina XP013261699 | Chaetothyriales | Eurotiomycetes

KMK51218

XP_752258

Aspergillus spp.
XP_001264874

XP_001269365 Eurotiales Eurotiomycetes
CEJS7241

Penicillivm spp
KGO46453

Rasamsonia emersonii XP_013330051

Diaporthe KKY29417 iDiaporthales | Sordariomycetes

Oldiodendron maius KINOO367 | Leotiomycetes

0.08
Phylogram based on Dayhoff amino acid substitution model using an alignment containing 27680 characters. Bayesian analysis was run
for 1 million mcme generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of obtained
10,000 trees. Mean tree length and variance are 8.069252e+000 and 1.439181e-002, respectively. Posterior probabilities more than
90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order and taxonomic
class inthe phylum Ascomycota, respectively.
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 129950 characters, Bayesian analysis was run
for 1 million mcmc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of obtained
10,000 trees. Mean tree length and variance are 5.586972E+01 and 2.1853650E-01, respectively. Posterior probabilities more than 90%
are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order and taxonomic class
in the phylum Ascomycota, respectively.
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T. longibrachiatum Trilo1376720
T. citrinoviride Trici1123591
T. parareesei g2111
T. reesei Trirel23992
T. guizhouense T37_08447

\E T. harzianum Triha484109

T. virens Trivi49838
T. asperellum ACB05430
T. atroviride EHK46169

N GAM40115
KFX52555 Ta.’aromyces spp. Eurotiales
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Oidiodendron maius KIM96191 Leotiomycetes
Neosartorya fischeri EAW15624 RHrEYEeE
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o] Penicillium oxalicum EPS27159

Phialocephala scopiformis KUJ19078  iHelotiales

Talaromyces stipitatus EED18662 {Eurotiales

Solanum lycopersicum XP_4240232
Setaria italica KQK87945
Fragaria vesca XP_4306959 GREEN PLANTS
Glycine soja KHM99416
] Cicer arietinum XP_4514103
Acanthamoeba castellanii ELR15669 | Amebozoa

0.1

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 12144 characters, Bayesian analysis was run
for 1 million memc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of obtained
10,000 trees. Mean tree length and variance are 7.653121E+00 and 4.9981080E-02, respectively. Posterior probabilities more than
90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order and taxonomic
classin the phylum Ascomycota, respectively.
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Magnaporthe oryzae XP_003716240 i Magnaporthales
Pestalotiopsis fici XP_007833929 i Xylariales Sordariomycetes

KPA45549
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T. harzianum KKP04868
T. guizhouense S00017_144
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Phylogram based on Dayhoff amino acid substitution model using an alignment containing 18753 characters. Bayesian analysis was
run for 1 million mcmc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 5.781707E+00 and 2.0201740E-02, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars and non-dashed vertical bars represents the taxonomic order
and taxonomic class in the phylum Ascomycota, respectively..
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T. guizhouense S00003_953
T.harzianum KKP03898
T.virens EHK19290

T. asperellum 72138

T. atroviride EHK40070

T. parareesei g10939
T.reesei ETS07156

T. longibrachiatum 346401
T.citrinoviride 1120877 Hypocreales
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Stachybotrys spp.
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0.2

*All species fall under taxonomic class Sordariomycetes

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 5910 characters. Bayesian analysis was
run for 1 million mcmc generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 8.181301E+00 and 5.4077250E-02, respectively. Posterior probabilities
more than 90% are marked with circular nodes. Dashed vertical bars represents the taxonomicorder.
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EWG53953
KIL93958

0.1

*All species fall under taxonomic class Sordariomycetes and taxonomic order Hypocreales

Phylogram based on Dayhoff amino acid substitution model using an alignment containing 12155 characters. Bayesian analysis was
run for 1 million mcme generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of
obtained 10,000 trees. Mean tree length and variance are 2.543828E+00 and 9.7324330E-03, respectively. Posterior probabilities
more than 90% are marked with circular nodes.
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Chapter 4 The pilot assessment of the contribution of putative
xenologues genes in the development of Hypocrealean genomes
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The unique property of Trichoderma spp. To be capable of various associations with fungi

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

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

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

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

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

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

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

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

shown in Table 4.1.

Hycocreaceae

Trichoderma reesei Qm 6a PRINA225530 33.39 9,115 [51]
T. Reesei Rut C-30 PRINA207855 32.68 9,849 [52]
T. Parareesei CBS 125925 LFMIO0000000 32.07 9,062 [53]
T. Longibrachiatum ATCC 18648 MBDJO0000000 32.2 10,934
T. Citrinoviride TUCIM 6016 MBDIO0000000 33.13 9,735
T. Guizhouense T37 12,251 [15]
N/A
T. Guizhouense S000 11,297
T. Guizhouense NJAU 4742 LVVK00000000 38.33 11,255
T. Afroharzianum T6776 PRINA252551 39.72 11,498 [54]
T. Harzianum CBS 226.95 MBGIO0000000 40.98 14,065 [15]
T. Harzianum TR274 PRINA397414 40.87 13,925 [55]
T. Virens Gv29-8 PRINA264113 39.02 12,406 [56]
T.hamatum GD-12 PRINA178391 38.42 10,520 [57]
T. Asperellum CBS 433.97 MBGH00000000 37.46 12,557 | [15]
T.gamsii T6085 PRINA342687 37.90 11,171 [13]
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T.gamsii ASMH PRINA361020 38.49 10,994 NA
Q
3
§ T. Atroviride IMI 206040 PRINA264112 36.14 11,816 [4]
3]
o
S
T Escovopsis weberi CC031208-10 | PRINA253870 27.20 6,870 [58]
Metarhizium acridium Cgmal02 PRINA38715 38.05 9,849 [5]
E M.anisopliae ARSEF 549 PRINA184754 38.49 10,891 [59]
Q
©
.‘é
jlg M.rileyi RCEF 4871 PRINA72739 32.01 8,764 [60]
S
S
Pochonia chlamydosporia 170 PRINA342685 44.21 14,204 [61]
Beauveria bassiana ARSEF 2860 PRINA225503 33.69 10,364 9]
E Calviceps purpurea 20.1 PRJEA76493 32.09 8,823 [10]
Q
©
a
_% Cordyceps militaris CMO01 PRINA225510 32.26 9,651 [6]
S
(o]
C. Confragosa RCEF 1005 PRINA72733 35.59 11,030 [60]
Ophiocordyceps sinensis co18 PRINA59569 78.51 6,972 [62]
Ophiocordycipitaceae | Purpureocillium lilacinum PLFJ-1 PRINA342689 38.53 11,763
[63]
P. Lilacinum PLBJ-1 PRINA308626 38.14 11,773
Fusarium graminearum PH-1 AACMO0000000 36.45 13,313 [19]
F. Pseudograminearum CS3096 AFNWO00000000 36.97 12,397 [11]
®
S F. Oxysporum f. Sp. Lycopersici | 4287 PRINA342688 61.38 27,347 | [64]
=
z
F. Fujikuroi IMI 58289 PRJEB185 43.83 14,810 [65]
Nectria haematococca Mpvi 77-13-4 | PRINA51499 51.23 15,708 [3]
Stachybotrys chartarum IBT 7711 PRJNA185811 36.87 11,530
Stachybotryaceae Stachybotrys chartarum IBT 40293 PRINA185808 36.48 11,453 [66]
S.chlorohalonata IBT 40285 PRINA185807 34.39 10,706
Ustilaginoidea virens IPU 010 PRJDB3318 33.56 6,451 [67]
Sordariaceae Neurospora crassa OR74a AABX00000000 41.1 10,812 [68]
Chaetomiaceae Chaetomium globosum CBS 148.51 PRINA12795 34.34 11,048 [69]

Table 4.1: Properties of fungal genomes that were used in this study.
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STAG [70] was used in conjunction with the orthofinder [49]. Each orthogroup with all species
present is used to infer gene trees using fastme [71, 72] and a greedy consensus tree [73] is
taken of all of the individual estimates to get the final consensus tree. The support of each
bipartition in the STAG consensus species tree is equal to the proportion of individual gene
trees that contain this bipartition and the branch lengths in the STAG consensus species tree
are the average branch lengths for each bipartition in the individual gene trees [70]. The tree
produced by STAG is unrooted. The orthofinder analysis was repeated using rooted species tree
(rooted against known outgroups Figure 1.1A, Node shared between Chaetomium globosum
and Neurospora crassa). This introduces slight changes in orthogroups and reconcile gene
trees. STRIDE [74] was then implied to decipher Gene-Duplication events by analysing each
gene tree against the newly rooted species tree as described by Emms and Kelly (2018). The
same comparison of each gene tree to the rooted species tree results in a list of putative

xenologues too for each species.

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

4,24,362

27,645

93.9%

6.1%

20,924

102

414

13,754

0.1

20.3

2,796

1,220

Table 4.2 Overall statistics of the orthofinder analysis implementing both STAG and STRIDE
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As a result of this analysis, a list of nodes where duplication has occurred was obtained by
comparing of 13,754 individual gene trees with the rooted species tree (Figure 1.1). Duplication
events in terminals (within the single genome) and at shared nodes (between two or more
genomes) were obtained. Only nodes with 100% support that suggested a duplication event

would be considered for further investigations.

This approach showed that 17,726 duplication events have occurred in 6088 orthogroups. The
detailed table with these strongly supported 17,726 duplication events in 39 genomes is provided
as in Appendix | provided in a CD with this dissertation along with the 13,754 reconciled gene
trees ( Appendix ).

Simultaneously, a list of 196 putative Horizontally®/Laterally® transferred genes was obtained
by similar comparison of individual 13,754 gene trees to the rooted species tree. Figure 4.1

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

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

° When the transfer occurs from species within the same domain of life. For instance from one fungi to another
fungi
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Number of Total putative LGT genes

Trichodermavirens Gv29-8

T. gamsiiT6085

T. asperellum CBS 433.91

T.gamsii ASMH

T. afroharzianum T6776

T. atroviride IMI 206040
T.harzianum TR274

T. parareesei TUCIM 717

T. harzianum CBS 226.95

Nectriag haematococca mpV| 77-13-4
T. guizhouense NJAU

Fusarium oxysporum f. sp. lycopersici 4287
T. longibrachiotum ATCC 18648
F.graminearum PH-1

Cordyceps confragosa RCEF 1005
T. citrinoviride

T. reesei RUT C-30

Chaetomium globosum CBS 148,51
Stachybotrys chartarum IBT 7711
S.chlorohalonata IBT 40285
F.fujikuroi IM| 58289

Pochonia chlamydosporia 170
Metarhizium anisoplice ARSEF 549
M.acridum CQMa 102

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

It can be seen that the number of such genes are higher in Trichoderma than compared to their
close carnivory phylogenetic neighbours. This may be explained by Trichoderma’s capability to
parasitize diverse fungi [15, 75]. To support this hypothesis, there are species like Escovopsis
weberi with a specialized genome with very specific nutritional strategy (so far isolated only
from the fungal gardens of leaf cutting ants and its close neighbours [76]) where not a single

gene has been putatively laterally transferred.

All of the 196 putative laterally transferred genes were searched against NCBI for their
description. Most of them were hypothetical proteins, and some were of unknown functions.
Those proteins with a function assigned to them are shown in Table 4.3. A detailed table with

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

It is important to note that these 196 putative laterally transferred genes cannot be directly
compared with lateral transferred gene events of plant cell wall degrading enzymes described
in Chapter 3 and Chapter 3, because in case of latter most of the gene events have occurred to
last common ancestral node for all present Trichoderma spp., which is not similar but
complementary to the cases presented here.

197 |Page



Komal Chenthamara

10

11

12

13

14

15

16

17

18

19

20

Gene Accession

Number

XP_003039268

Dissertation

Species

Nectria haematococca mpvi 77-13-4

Chapter 4

Description

SET domain protein, partial

XP_018239816

Fusarium oxysporum f. Sp. Lycopersici 4287

Argininosuccinate lyase

XP_023437029

F. Fujikuroi IMI 58289

Related to protoporphyrinogen
oxidase

XP_007816010

Metarhizium acridum cgma 102

ATP-binding cassette transporter,
putative

KID60642 M. Anisopliae ARSEF 549 Cytqchrome P450 oxidoreductase,
partial
OAA57342 Acyl transferase/acyl
hydrolase/lysophospholipase
Cordyceps confragosa RCEF 1005
0OAA70101 Major facilitator superfamily

domain, general substrate
transporter

XP_018138597

Pochonia chlamydosporia 170

Fungal specific transcription factor

XP_013946518

XP_013945054

T. Atroviride IMI 206040

Mpr-like GPCR protein

Putative ankyrin repeat protein,
partial

XP_018656148

XP_018659459

XP_024405772

XP_018655719

XP_018655727

XP_024405808

T. Gamsii T6085

Acyl-coa desaturase

Ankyrin repeat and SAM domain-
containing protein

Cytochrome P450 3A24

Dihydroflavonol-4-reductase

Fungal specific transcription factor
domain-containing protein

General alpha-glucoside permease

XP_013957351

XP_013959919

XP_013960079

T. Virens Gv29-8

Ankyrin domain protein

Glycoside hydrolase family 18
protein

Non-ribosomal peptide synthetase

KKP05589

T. Afroharzianum T6776

Aflatoxin B1 aldehyde reductase
member 3
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KKP06488

KKP06686

KKP00718

KKOS9967

Pfs domain-containing protein

Polyketide synthase

Riboflavin aldehyde-forming
enzyme

Scytalone dehydratase

XP_024744676

XP_024744760

T. Citrinoviride

Actin-like atpase domain-containing
protein, partial

PBD-domain-containing protein,
partial

PTB79931

PTB71047

T. Longibrachiatum ATCC 18648

Ankyrin

The ubiquitin-conjugating enzyme,
partial

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

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

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

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

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

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

[6].
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Figure 4.2 Genome evolution in Trichoderma.

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

Interestingly, in our other study, we have detected the highest number of gene gain events that
putatively occurred in the course of the evolution of T. Virens when compared among other
commonly occurring Trichoderma species (Figure 4.2). These findings correlate directly with
the outcome of the LGT assessment of this chapter where T. Virens is the species with the
maximum number of laterally transferred genes (Figure 4.1). It would be tempting to speculate
here that the correlation between the results of these two analyses suggest that LGT is the
essential, if not the major, mechanism of genome expansion in 7. Virens. On the other hand,
the gene loss in species of the Section Longibrachiatum correlates to almost no cases of LGT in
these group. Symmetrically, it may suggest that these fungi were deprived of LGT and their
genomes were not expanded in the way seen in such clades/sections as Harzianum/Virens or
Trichoderma. We will refrain from such claims as more experimental or analytical evidence

would be required.
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This study further allows us to speculate that the abundance of transfer of genes to
Trichoderma from a particular gene family is confined to only plant cell-wall degrading

carbohydrate active enzymes and not any other gene families.

The data generated in this chapter should be helpful when the DOE JGI approved project
“Genus-Wide Genomics of Trichoderma” will start producing new genomes (300 are expected).
The new genomes can be incorporated into dataset presented here without having to repeat
the similarity search using BLAST and orthofinder by integrating STAG and STRIDE, for updated
phylograms, updated list of duplication events and updated list of xenologues. This will give a
more accurate insight on the consequence of adelphoparasitism in context of lateral gene

transfer.
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Chapter 5 Ankyrin domain containing proteins are frequent in
orphomes of all Trichoderma species 19

The first detailed comparative genomics study by Kubicek et al., (2011) [1] with the first three
Trichoderma spp. Compared with other Pezizomycotina fungi revealed the relative expansion
of certain gene families in Trichoderma through Markov cluster algorithm (MCL) analysis. This
study published and considered strongly opportunistic and cosmopolitan T. Atroviride and T.
Virens and performed the first comparative genomics study with already published 7. Reesei
genome. Inspired by this study, a more extensive Markov cluster algorithm (MCL) analysis of
44 Pezizomycotina genomes in total, including the three previously mentioned Trichoderma
spp. Was done. The MCL analysis revealed that Trichoderma spp. Contained an increased
number of ankyrin-domain-containing (ankdc) proteins compared to the average number of
these genes in considered Pezizomycotina species (Figure 5.1) [2]. Furthermore, within
Trichoderma genus, in strongly opportunistic and cosmopolitan T. Atroviride and T. Virens,

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

10 Chenthamara K, Gojic V, Druzhinina IS. Ankyrin domain containing proteins are frequent in orphomes of all
Trichoderma species
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Figure 5.1 MCL analysis of gene families in 44 Pezizomycotina genomes

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

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

Ankyrin was named after a cytoskeletal protein ankyrin which contains 22 copies of the ANK-
repeat [3]. A single ANK-repeat consists of 33-amino acid residues that form a motif of a helix-
turn-helix-beta-hairpin/loop fold, which is shown in Figure 5.3A. The two helices are arranged
in antiparallel fashion followed by a loop region that points outward at an approximately 90°
angle, resembling a structure similar to letter L [4]. Specific residues often referred to as
signature residues, are relatively conserved to keep the structural integrity of the motif. The

positions 4-7 are usually occupied by T-P-L-H (Threonine-Proline-Leucine-Histidine) amino
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acids. Proline at 5th position is responsible for the L-shaped structure by forming the tight turn
and initiating the first helix. Hydrogen bonding between the hydroxyl group of threonine and
the imidazole ring of histidine contribute to the stability of ANK-domain. In positions 17-22,
amino acids V/I-V-X-L/V-LL (Valin/Isoleucine-Valin-XX(hydrophilic)-Leucine/Valine-Leucine-
Leucine) form the central part of the second alpha-helix and inter- and intra-hydrophobic
networks to stabilize the whole ANK-domain [5]. Solvent accessibility affects the amino acid
composition, so those residues that do not come into contact with solvent are usually
hydrophobic and constitute the hydrophobic core of the ANK-domain. Some of these residues
are replaced with hydrophilic residues in terminal ANK-repeats of an ANK-domain-containing

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

A
B-Turn  a-Helix | a-Helix 1l B-Turn
B
. @ o (b)
\i“gl

(d) P, ‘\:“ t

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

In ANK-domains, helices of one ANK-repeat pack against the helices of the adjacent ANK-repeat
while the beta-hairpin/loop region, in some cases, forms a continuous beta-sheet as shown in

Figure 5.3B. The tips of beta-hairpins/loop region and the surface of packed helices facing them
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are responsible for binding of the target molecule. The residues constituting these regions of
ANK-domain are generally variable to ensure functional and binding specificity (Sedgwick and
Smerdon 1999). On average there are 4-7 ANK-repeats per ankdc-protein, and proteins with
more ANK-repeats generally have more compact and concave structure which reflects their

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

The ankdc-proteins can be loner-proteins, containing exclusively ANK-domain(s), or they can
be multidomain proteins where ANK-domain(s) are associated with a functional (host) domain.
These functional domains are involved in transcription regulation, signal transduction, cell-cell
signaling, cell-cycle regulation, inflammatory response, cytoskeleton integrity, toxin-encoding,
transport phenomena, etc. [6, 7]. The function of ankdc-proteins in Trichoderma and fungi, in

general, is not well understood.

This chapter is mainly aimed to set a foundation towards explaining the expansion and roles of
ankdc (ANK domain containing) genes in Trichoderma. For this, representative genomes of
Trichoderma and other closely related species for a comparative genomics study of their ankdc-

protein were selected.

An inventory of all ankdc-proteins from 10 Trichoderma spp. And eight closely related non-
Trichoderma hypocrealean genomes (nthgs), referred to as hypocrealean ankyrome was built
and were re-annotated using interproscan within the frame of a master thesis, supervised by

the Ph.D. Candidate.

Objectives set within the realm of this dissertation

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

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

Hypocreales, as previously thought

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

are associated with other pfam domains

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

One-hundred genes were randomly selected from the genomes of the nine Trichoderma spp.
And 12 reference Hypocreales (Escovopsis weberi, Metarhizium acridium, M. Robertsii,
Calviceps purpurea, Ophiocordyceps sinensis, Beauveria bassiana, Cordyceps militaris, Fusarium
graminearum, F. Oxysporum f. Sp. Lycopersici strain 4287, F. Pseudograminearum, F. Fujikuroi,
and Nectria haematococca) based on two requirements: (a) they should display a syntenic
position in all genomes, and (b) be true orthologues (no other gene encoding a protein with
amino acid similarity >50% present; . Statistical analysis to test the neutral theory of evolution
[8] was carried out using dnasp V5.10.01 [9] based on Tajima’s D test [10] as described by Rozas
(2009)[11]. Neurospora crassa and Chaetomium globosum from the order Sordariales were
chosen as outgroups. Accession numbers of all genes used in the phylogenomic analysis are
given in Additional file Table S2B under Chapter 3. The concatenated set of 100 proteins for
each species was subjected to alignment using the stand alone MAFFT tool [12] using accurate
parameters. Selection of conserved blocks was made using relaxed conditions in Gblocks [13].
The final conserved concatenated alignment contained 47726 amino acids from each genome
and was subjected to Bayesian analysis using mrbayes v3.2.5 [14], 1 million generations and
the Dayhoff amino acid substitution model [15]. Two simultaneous, completely independent
analyses starting from different random trees were run, using 3 heated chains and one "cold"
chain. Once the analysis was completed, 7500 trees were summarized after discarding the first

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

Concatenated set of corresponding 100 nucleotide sequences were also subjected to the
similar analysis described as above (Data not shown). Maximum likelihood trees based on
corresponding best substitution model [16] were also constructed individually for each of the

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

Based on the resultant phylogenomic analysis of amino acid and nucleotide sequences,
respectively, clade ages were estimated using the tool cladeage [17] as described in Matschiner

et al.[18]. Two ancestral nodes were used for the time calibration: a common ancestral node of
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the order Hypocreales was calibrated for a central 95% range of 192-194 Mya [19], and a
common ancestral node between carnivore-fungivore families (Hypocreaceae,
Ophiocordycipitaceae and Clavicipitaceae) was calibrated for a central 95% range of 164-166
Mya [20]. Species within these clades were forced to form a monophyletic group in order to
constrain the tree topology. Two independent MCMC analyses were carried out in BEAST
V2.4.0, using JTT I+G+F for amino acid and GTR for nucleotides, respectively. The best fit models
were determined based on BIC criterion as implemented in phyml [16, 21] with smart model

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

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

combined logs for the analyses for each dataset were diagnosed using Tracer v1.6 [17] to
confirm that the effective sample size (ESS) is above 200 for the estimated parameters. Trees
of respective mirror analyses were combined manually by the aid of a text editor. In each case,
25% of the first total trees were discarded using Tree annotator v2.4.0 [22] before summarizing.
A maximum clade credibility tree was obtained by summarizing the trees that occurred at least
50% of times with a posterior probability of over 0.5. Node heights were estimated using mean
heights. The final trees with node ages and an automatic reverse scale axis were visualized and

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

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

bars in figtree to show the age in the chronogram.

211 |Page


http://www.atgc-montpellier.fr/phyml-sms/
http://www.phylo.org/
http://tree.bio.ed.ac.uk/software/figtree/

Komal Chenthamara Dissertation Chapter 5

.1

®
_=dl®
» g
a\.
9
—eh T
D
9

T

Figure 5.4 Chronogram of selective Hypocreales species.

The subsequent phylogenetic analysis revealed that the monophyletic fungivorous family
Hypocreaceae represented here by Escovopsis and Trichoderma genera, shared their last
common ancestor with fungi from families Cordycipitaceae, Ophiocordycipitaceae, and
Clavicipitaceae that are dominated by extant entomotrophic fungi (Figure 5.4). The branch
leading to plant-associated Nectriaceae family diverged earlier in the course of evolution of the
Hypocreales. The results show that the common ancestor of Trichoderma and E. Weberi existed
approximately 150 Mya, while the common ancestor of all modern Trichoderma species (the
origin of the genus) can be dated back to approximately 70-90 Mya. Our phylogram is
concordant with an earlier analysis which showed that T. Atroviride (section Trichoderma) most
closely represents the ancestral state of the genus, while T. Reesei (section Longibrachiatum)
was the evolutionary most derived species [23]. The closest and youngest Trichoderma species
in our dataset are T. Harzianum and T. Guizhouense, respectively, that are separated by
approximately 4-8 Mya while the other sibling species T. Reesei and T. Parareesei are divided

by at least 7-10 Mya of independent evolution (Figure 5.4).
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Statistical comparison of genomes from the taxonomical order Hypocreales (available at that
time), including those that were considered in this study for detailed comparison, are

presented in Table 5.1

Genome N° of Gene N° of ankdc- | Share of ankdc-

Organism Name Size [Mbp] Models proteins proteins [%]
Ilyonectria robusta PMI 751 20499

I. Europaea CBS 129078 20870

Trichoderma virens Gv29-8 39.02 12423

Clonostachys rosea CBS125111 52.44 18639 267 1.43
T. Harzianum TR274 40.87 13932 182 1.31
T. Atroviride IMI 206040 36.14 11828 154 1.30
T. Harzianum CBS 226.95 40.98 14095 179 1.27
T. Gamsii T6085 37.97 10944 134 1.22
T. Guizhouense NJAU 4742 38.29 11297 138 1.22
Pochonia chlamydosporia 170 44.22 14204 172 1.21
Metarhizium robertsii ARSEF 23 41.66 11688 135 1.16
Stachybotrys elegans LAHC-LSPK-M15 43.47 14925 169 1.13
Fusarium fujikuroi IMI 58289 43.83 14813 163 1.10
F. Redolens A4 52.56 17051 185 1.08
Nectria haematococca 51.29 15707 170 1.08
T. Asperellum TR356 35.39 12320 133 1.08
T. Asperellum CBS 433.97 37.46 12586 135 1.07
T. Parareesei TUCIM 717 31.13 9318 95 1.02
Myrothecium inundatum CBS 120646 39.21 13553 134 0.99
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T. Citrinoviride TUCIM 6016 0.99
Neonectria ditissima R09/05 0.97
F. Oxysporum f. Sp. Lycopersici 4287 0.97
Beauveria bassiana ARSEF 2860 0.95
M. Acridum cgma 102 0.93
F. Pseudograminearum CS3096 0.93
F. Verticillioides 7600 0.91
T. Reesei Qm6a 0.91
Mariannaea sp. PMI_226 42.25 12638 113 0.89
T. Longibrachiatum ATCC 18648 0.88
F. Graminearum v1.0 36.45 13322 114 0.86
Niesslia exilis CBS 358.70 v1.0

Tolypocladium inflatum NRRL 8044

Purpureocillium sp. Udea0106 v1.0

Acremonium strictum DS1bioAY4a v1.0

Cordyceps militaris CM01

A. Chrysogenum ATCC 11550

Ustilaginoidea virens

Valetoniellopsis laxa CBS 191.97 v1.0

Table 5.1: Hypocreales genomes that were used for genome characteristics comparison

The listed Trichoderma spp. Belong to four different taxonomical sections the Longibrachiatum,
Harzianum, Trichoderma, and Virens, respectively. Within the Trichoderma genus, average
genome size is 36.3 Mbp, while the average number of gene models is 11,618. T. Harzianum

CBS 226.95 is the largest genome with the highest number of gene-models among all
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Trichoderma spp., whereas T. Parareesei TUCIM 717 is the smallest genome. The
Longibrachiatum section’s genomes are generally smaller when compared to the rest of

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

The results of ankdc-proteins abundance comparison in Hypocreales genomes are summarized
in Table 5.1. Species in the table are arranged in decreasing order of proportion of ankdc genes
to the total number of genes present within them. It can be seen that /lyonectria sp., which are
the fungi belonging to nectriacea family and are phytotrohs share the top place with T. Virens,
a strong mycotroph (and also phytosaprotroph) and Clonostachys rosea [24], another
mycotroph. In T. Virens ankdc-proteins account for 1.56 % of all gene models which is only
superseded by llyonectria robusta PMI 751 inside the Hypocreales order. Some of the highest
shares of ankdc-proteins among considered Hypocreales species are found in T. Atroviride with
1.3 %, T. Harzianum with 1.27 %, T. Gamsii with 1.22 % and T. Guizhouense with 1.22 % of all
genes. Below 1 % share of ankdc-proteins are found in Trichoderma spp. From Longibrachiatum
section. These findings are in concordance with results from the Kubicek and Steindorff et al.™!
(also described in Chapter 6) and confirm that the expansion of ankdc-proteins in most
aggressive Trichoderma spp. Is present. However, according to these updated results, the
expansion is not exclusive to Trichoderma spp. Even if only the species from Hypocreales order
are taken into account. Two Ilyonectria spp. Had the highest share of ankdc-genes and also the
highest total number of ankdc-proteins. These genomes were sequenced and published in 2016
and 2017, so the data was not available at the time of preliminary investigation by Kubicek et

al. In 2011 [23].

All the fungi listed in Figure 5.4 are categorized into four groups based on their nutritional
strategy. And a tree map on ankdc gene content in each of these groups is presented in Figure
5.5. Because in this study, we focus on the expansion of ANK genes in Trichoderma, we compare
the number of ankyrins with taxonomically close relatives (Figure 5.4, and [25]). Figure 5.5
further highlights strikingly low number of ANK repeats in Escovopsis weberi. Note that:

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

1 Kubicek C, Steindorff A, Chenthamara K, Manganiello G, Henrissat B, Zhang J, Cai F, Kopchinskiy A, Kubicek E,
Kuo A, Baroncelli R, Sarrocco S, Noronha E, Vannacci G, Shen Q, Grigoriev |, Druzhinina IS. Evolution and
comparative genomics of the most common Trichoderma species Revised manuscript submitted for peer-review
in Studies in Mycology.
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Escovopsis spp. Have been isolated only from fungal graden of certain Leaf-cutting ants[26]. An
indication that expansion of ankyrins is not exclusive to Trichoderma, but also closely related
phytopathogens that are common soil fungi compels to look at the transcriptomic response of

Trichoderma when interacting with plants or growing in soil.

Here it is important to notice, Trichoderma’s ankdc content is more similar to Phytotrophs than
to Entomotrophs, with who Trichoderma shares the last common ancestor suggesting
evolutionary mechanisms such as lateral gene transfer as one of the probable cause of this

expansion.

[l Feeds on other fungi [JJ] Feeds on plants [Jj Feeds on insects [JJj Feeds on dead wood

Niesslia exilis
CBS 358.70
(99)

Pochonia chlamydosporia

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

All the 2406 retrieved proteins from shown hypocreales in (Figure 5.4) were retrieved with a
text-search “Ankyrin” in JGI and were re-annotated using interproscan [27] in BLAST2GO [28].
INTERPRO considers in total 14 different protein databases. It annotates whole genes, for all

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

the annotated domains could be filtered.

Of 2406 proteins annotated, only 2382 proteins could be annotated with e-value less than
0.0003. So, this means out of 2406 retrieved proteins from JGI; only 2272 had an ANK domain
in the genes, suggesting 134 genes that were retrieved as ankdc are false positives. Figure 5.6
shows the percentage of false positives that are annotated as ankdc containing genes in public
databases in several genomes. The highest percentage of false positives of ankdc genes are in
the genomes that were among first to be sequenced and annotated, like T. Reesei (2008) and
N. Haematococca (2009). This naturally reflects improvement in the annotation of pfam
domains in fungal genomes as the algorithms for annotation improved with years, in addition

to the development of reference protein databases.

Percentage of originally retrieved genes that were wrongly annotated as to be
containing Ankyrin domain
(False positives)

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

This re-annotation and correction of the base inventory of ankdc genes of all the considered
hypocrealean species was done for most accurate interpretations (that is possible in the

present date).
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According to interproscan analysis results, Out of 2,272 ankdc-proteins in the Hypocreales,
1,215 genes (53.4%) contained ANK-domain as the only identified domain (pure ankyrins ). The
ankdc-proteins that contain other associated pfam domains are referred to as host-domain

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

Within the Trichoderma ankyrome, T. Guizhouense and T. Afroharzianum ankyromes contained
the highest share of hdc-ankdc-proteins with 63% and 59%, respectively. T. Virens ankyrome
has the lowest share of hdc-ankdc-proteins with 37.1%, implying that most of the ankdc

proteins in T. Virens are pure ankyrins.

Orthofinder analysis (as described in Chapter 4) with total of 2272 ANK-dc proteins resulted in
200 putative orthogroups that had to be filtered by visual inspection based on homology
between motus. After this step, 140 orthogroups containing 1053 proteins, as well as 1353
proteins as putative orphans (these proteins were not assigned to any orthogroup) were
obtained. To verify their orphan status, a new orthofinder analysis was performed with only
putative orphans from the previous step. After visual inspection, further 43 orthogroups,
containing 119 proteins, were identified. The main reason why further orthogroups were
identified is the calculation of rbnhs (Reciprocal Best Length-Normalized hit) which led to the

less strict lower limit for acceptance of putative orthologs.

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

the remaining 1000 proteins could be considered as orphan proteins.

A closer look into the number of orphan ankdc-protein per species is shown in Figure 5.7. The
results reveal that the largest share of Nectria haematococca ankyromes is orphans with 71%
of all ankdc-proteins. Within the Trichoderma genus, 61% of T. Virens ankyrome are orphans,
followed by T. Asperellum ankyrome which has 60.7 % orphans. In the ankyromes from T.

Parareesei and T afroharzianum orphans account for 33.7 % and 36.7 %, respectively.
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Nectria haematococca
Metarhizium robertsii
Trichoderma virens
Trichoderma asperellum
Fusarium graminearum
Beauveria bassiana
Metarhizium acridum
Trichoderma atroviride
Trichoderma harzianum
Cordyceps militaris
Fusarium fujikuroi
Trichoderma reesei
Trichoderma citrinoviride
Trichoderma longibrachiatum
Fusarium oxysporum
Trichoderma guizhouense
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Figure 5.7 Share of orphan ankdc-proteins per species

Orthofinder orthology inference found 1172 homologous proteins distributed between 183

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

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

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

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

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

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

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

described in a master thesis'? supervised by the Ph.D. Candidate.

The ankdc-gene expansion was confirmed in strongly opportunistic Trichoderma spp. It has
been also shown that this expansion is not exclusive to Trichoderma spp. The high abundance
of orphans in Trichoderma ankyrome suggests the occurrence of evolutionary mechanisms
such as segmental duplications and lateral gene transfer (LGT) events by which these genes
may have originated. Horizontal gene transfer between Prokaryotes and Eukaryotes as one of
the gene expansion mechanisms has been suggested first by Bork (1993) [30], but later
questioned by Al-Khodor et al. (2010) [31]., who suggested that expansion of ankdc-genes
probably occurred by gene duplication and convergent evolution. Their hypothesis is based on
the fact that genes containing repeats are generally more prone to such mechanisms [32], but

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

As described in Druzhinina et al. [25], LGT of plant cell wall degradation enzymes from a wide
range of phytopathogenic Ascomycota species to Trichoderma which Trichoderma could
penetrate is massive, LGT could be a probable reason for this expansion. However, based on
the findings alone from this study, it cannot be concluded whether the orphan ankdc-genes
were obtained by means of convergent evolution or LGT. The most probable hypothesis is that
these genes originated by a combination of multiple mechanisms. Further research is necessary
to investigate these possibilities. Finally, the selection pressure analysis of core ankdc-proteins
indicates that they have a key function in Trichoderma interactomes that is maintained by

purifying selection.

Transcriptomic data was searched of Trichoderma interacting with several fungi, but a
significant number of expressed ankdc genes were not found in such data®®. However,
revelation that expansion of ankyrins is not exclusive to Trichoderma, but also closely related
phytopathogens that are common soil fungi compels to look at the transcriptomic response of

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

12 Master thesis of DI Vladimir Gojic: Convergent evolution of ankyrin domains the main genomic hallmark of an
industrially relevant fungus Trichoderma.
Supervisors: Chenthamara K, Druzhinina IS
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Trichoderma ankyrome cannot be explained, until the purpose of these proteins is understood

in more detail.
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Chapter 6 Conclusive notes on the comparative analysis of the core
genome of Trichoderma species and respective orphomes!*

The growing importance of the ubiquitous fungal genus Trichoderma requires understanding
its biology and evolution. The Sordariomycetes, one of the largest classes in the Division
Ascomycota, display a wide range of nutritional strategies, including saprotrophy and
biotrophic interactions with bacteria, plants, animals, fungi or other organisms [1]. The
Sordariomycetes order with the highest number of genera is Hypocreales [2], and it comprises
half of the whole-genome sequenced species of Sordariomycetes (Nov. 2017, NCBI Taxonomy
Browser and Mycocosm (Figure 1.1)). Molecular data suggest that the ancestors of the
Hypocreales evolved some 170 — 200 Mya as fungi associated with plants as either parasites or
saprotrophs [3]. Diversification into extant taxa was accompanied by several intra- and
interkingdom host shifts involving fungi, higher plants, and animals [4]. Among them, parasites
of animals likely appeared first in the Jurassic period, and specialized entomoparasitic families
developed during the Cretaceous period, thereby following the diversification of herbivory

insects and angiosperms [3].

Mycoparasitic fungi are found in species from several fungal taxa [5], but only the Hypocreales
contain exclusively fungicolous genera, i.e., Hypomyces, Escovopsis, and Trichoderma. Among
these fungicolous fungal genera, Trichoderma is the largest taxon, with many ubiquitously
distributed species. Detailed ecological and biogeographic surveys of Trichoderma [6-9]
revealed that species of this genus are most frequently found on the fruiting bodies of other
fungi and the dead wood colonized by them. While mycoparasitism in Hypomyces is frequently
species-specific and restricted to fruiting body-forming Basidiomycota [10], the genus
Trichoderma is unique, as many of its species can also act as parasites on Ascomycota and even

phylogenetically close species [11].

14 This chapter includes materials presented in
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Kuo A, Baroncelli R, Sarrocco S, Noronha E, Vannacci G, Shen Q, Grigoriev |, Druzhinina IS. Evolution and
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that is not included in this dissertation
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An analysis of the genomes from three species of Trichoderma (T. Reesei, T. Virens, and T.
Atroviride) suggested that mycoparasitism is an innate property of Trichoderma [12] but that
these species are also characterized by considerable nutritional versatility [13]. In addition to
acting as mycoparasites, which promotes its use as a biocontrol agent against plant pathogenic
fungi [12, 14], Trichoderma has become an opportunistic infectant of humans [15].
Trichoderma is rarely reported as a parasite on plants and invertebrates, but it can colonize
plants as a symptomless endosymbiont [12]. Finally, many species of the genus grow efficiently
on dead plant biomass, and one of its species - T. Reesei - is a major industrial source of
cellulases and hemicellulases. Interestingly, the most opportunistic Trichoderma species may
also grow in soil, where they can either establish in a bulk soil or colonize the rhizosphere. As
plants usually positively respond to the presence of Trichoderma, this property attracts
attention for the use of these fungi in biofertilizers. The fact that some Trichoderma species can

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

LR I U OCOMPROMISED HUMANS

: & [ Oral lesions in a female
8| with malignant
S8 lymphoma

as

Figure 6.1 Nutritional versatility of Trichoderma

It was not known how generalism evolved from the phytosaprotrophic background of the
Hypocreales. Chaverri and Samuels [16] compared a phylogenetic tree of the genus
Trichoderma with the habitats from which the individual species had been isolated and
concluded that the evolution of the genus involved several interkingdom host jumps and that
preference for a special habitat was gained or lost multiple times. It has been argued that the
versatility of Trichoderma nutritional strategies is described by expansions of the spectrum of
hosts and substrates due to the enrichment of its genome by the laterally transferred genes

required for feeding on the plant biomass [11].
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The hypothesis of the comparative genomic!® was that comparative genomic analysis of those
species of Trichoderma that are most frequently sampled (and therefore must be the most
successful generalists) and an analysis of their pattern of gene evolution would reveal the
evolutionary events that shaped their nutritional diversification and environmental generalism.
In addition, the elucidation of the gene inventory of the Trichoderma core genome (i.e., the
genes that are present in all Trichoderma species) and its intersection with genomes of other

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

Although the sequences of several Trichoderma genomes have already been published
[11],[17-25] detailed genome-wide analyses have been published for only three Trichoderma
species (T. Reesei, T. Virens and T. Atroviride [11, 17, 26-28]). To test the hypothesis raised
above, the evolution and gene inventory of the genomes from 13 Trichoderma isolates (Figure
6.3), that together represent 12 species with a worldwide distribution and are members of
three major infrageneric groups, was analyzed [8]. These 12 species were also most frequently
found in our own studies of soil or rhizosphere sampled in different geographic regions such as
the Canary Islands, Sardinia, Columbia, Egypt, China, Israel, South-East Asia, and Siberia [7-9,
13] and may, therefore, be called cosmopolitan. Because several of the 12 species that were
selected are used as bioeffectors in biocontrol products against plant pathogenic fungi,
stimulate plant growth and immunity, are opportunistic pathogens of immunocompromised
humans and are causative agents of the green mould disease on mushroom farms [7, 13], they
can be considered environmental opportunists in a broad sense. Although species in each of
the sections and clades of Trichoderma have unique morphological features, their overall
ecological features are similar: They are mycoparasites, can feed on cellulolytic material and
can establish themselves in soil and then colonize the rhizosphere. These features suggest that
these species possibly maintained the “opportunistic” features from a common ancestor, which

may be reflected in the core genome.

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

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

15 Kubicek C, Steindorff A15, Chenthamara K, Manganiello G, Henrissat B, Zhang J, Cai F, Kopchinskiy A, Kubicek E,
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the small percentage of predicted missing genes (2-5 % for all species except T.
Longibrachiatum) makes it probable that most gene families that are relevant for the
interpretations and conclusions have been identified. It was particularly emphasized that the
differences in gene numbers that were considered relevant were in most cases several folds

higher than the number of putatively missing genes.

The results in this study® and Chapter 5 revealed that the mycoparasitic Hypocreales diversified
between 140 and 100 Mya, the ancestor of Trichoderma evolved around the time of the K-Pg
event and the formation of the three infrageneric groups studied (Clade Trichoderma, Clade
Longibrachiatum and the Harzianum/Virens clade) occurred 45 - 40 Mya after the K-Pg event.
The uncertainty in chronological dating makes determining whether the genus Trichoderma

arose before or after the K-Pg event impossible.
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Figure 6.2 Bayesian chronogram obtained based on the concatenated alignment of 638 core orthologous proteins of Hypocreales and the
two other Sordariomycetes revealing the evolution of 13 most common Trichoderma isolates. All nodes were supported with posterior
probability=1. Chronological estimations are given on a geological time scale in Mya, and the numbers represent the corresponding node
age. Numbers with asterisks at nodes indicate calibration points against the origin of Hypocreales (see Materials and Methods for details).
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Bars correspond to 95% confidence interval in time estimation based on the lognormal relaxed clock. The chronogram shown in this picture
is unlinked from the one shown in Chapter 5 (Figure 5.7) in terms of their locii and the number of motus.

However, since it was shown that the genus Trichoderma had obtained most of the genes
encoding plant cell wall-degrading cazymes required for phytosaprotrophic growth by a lateral
gene transfer that likely took place before the diversification into infrageneric groups [11]. The
most likely interpretation of these data is therefore that Trichoderma was one of the fungal
genera that participated in the strong burst in fungal populations that fed on the decaying
biomass of the plants killed by the K-Pg event [29]. Whether or not this increase in the number
of fungi stimulated mycoparasitism can only be speculated, but successful antagonism and the
ability to kill its competitor clearly may have aided Trichoderma in establishing a high population
density on decaying plant biomass. Moreover, the ability to endoparasitise closely related
species (up to adelphoparasitism) could favour host/parasite DNA exchanges and further

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

Despite the standard deviation in the dating of fungal phylogenies, our data strongly suggest
that the evolution of the three Trichoderma sections/clades investigated occurred after the K-
Pg event. The origin of extant species in the three sections/clades occurred in the early
Oligocene (30 — 20 Mya), a phase characterized by cooler seasons and a significant extinction
of the invertebrate marine fauna [30]. It is intriguing that this split led to an increased rate of
gene gain and genome expansion in the HV clade, whereas the formation of Section
Longibrachiatum was accompanied by significant gene loss. Kelkar and Ochman [31] reported
that Pezizomycotina genomes with sizes from 25 to 75 Mb (which includes all Trichoderma spp.
Investigated) exhibit a negative correlation between genome size and genetic drift. At first
glance, this observation may be inapplicable to genome contraction in Section Longibrachiatum
because it concerned genes from nearly all functional categories and was thus not specifically
directed to support a certain trait. Alternatively, the results could be explained by the
streamlining hypothesis [32], which considers selection for a more economical lifestyle the
major driving force for genome reduction. According to this model, the presence or absence of
multiple genes for the same function may produce only a small effect on the performance of
the organism and thus have only little benefits for the cell. Sun and Blanchard [33] considered
this scenario most likely to occur in relatively stable environments where competition for
nutrients is severe and a smaller genome has the ecological advantage of spending less energy

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

ecological success.

It was shown that the core genome of the genus Trichoderma consists of 7,000 genes and is
generally similar to that of other Hypocreales. Therefore, the unique ecology and physiology of

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

species.
Longibrachiatum Green Spored Trichoderma
14000
12000
]
5 10000
o0
o >
« 8000 S =
o G = ih ) ~ =
= O = S 2 @ s g )
0] (] = i 9 N = S o
2 6000 e = = Q < = 5 S 8 9
E ° § = o (72) ﬁ — o~ o ]
= [ £ 5l o S = = in @ a
3 4000 £ I S o o = = 2 g = 3 = T)
> o [ = A 'S E £ S S o ) S
o S = v S S N o S = S S
= B S 8 S g S 3 = . = S S
2000 288 B BH B H BH B E 5 B B E
ol £ S S S S &= = = 3 o S
o
[s] =~ - (%) (SN = = o (S)) o o o =
o = = = = = = = = = = = =

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

One of the hypotheses for this work!’ was that gene families that were gained during
Trichoderma evolution and are more abundant in Trichoderma than in other related fungi could
give further insights into how this genus became an environmental opportunist. Gene families
that were gained by Trichoderma in the highest number were those encoding proteins with an
ankyrin repeats, proteins with a HET domain and MFS transporters. In addition, protein families
that were present in higher numbers in Trichoderma than in other Sordariomycetes were the
PNP_UDP_1 nucleotide phosphorylases and nmra-like transcriptional regulators. However, all
of their analysis was beyond the scope of this dissertation. It was revealed within the realm of

this dissertation that about 50% of Ankyrins in genus Trichoderma are Orphomes (Chapter 5).
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Also, complemented by the unlinked comparative genomic analysis of 12 Trichoderma species
by Kubicek, Steindorff et al.* revealing that when the two closely related strains of the same
agamospecies were compared, proteins with ankyrin repeats accounted for the highest

number of orphan genes with predicted function (Figure 6.5).
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Figure 6.4 Comparison of orphan genes with predicted functions between T. Harzianum CBS226.95 marked with “T” and
T. Harzianum TR274

So far, proteins with ankyrin repeats have not been systematically characterized from
Pezizomycotina, but an expansion of proteins containing ankyrin repeats has been reported for
the insect endosymbiotic bacterium Wolbachia [34]. Ankyrins have therefore been suggested
to play an important role in the endosymbiosis of this bacterium [34]. The fact that more
proteins with this protein-protein interaction module are present in Trichoderma than in other
fungi (with Nectria being the only exception) suggests that signalling and metabolic processes
are more tightly coordinated in Trichoderma than in other fungi, which could ultimately result

in enhanced fitness in its habitat.

In general, a striking feature in all Trichoderma genomes was the high number of orphan genes,
of which only a very small number is also present in the core genome. Orphan genes have been
postulated to originate either as a consequence of gene duplication events, rearrangement
processes, and subsequent fast divergence or from de novo evolution out of non-coding
genomic regions [35]. Kubicek, Steindorff et al.'® showed that - in the case of T. Reesei - only a
fifth of the orphan genes are in clusters that could be indicative of gene duplications and that

only a very small portion of orphans (clustered and non-clustered) are near the telomeres, a
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frequent area for gene duplication. Last but not least, these orphan genes are not preferred
targets for RIP (repeat-Induced point mutation), which inactivates duplicated genes. Therefore
the hypothesis of gene duplication as the major mechanism for the emergence of orphan genes
is not supported. Published transcriptome data from T. Reesei and T. Virens [36, 37] show that
approximately 40 % of the orphan genes are indeed expressed and therefore represent
protogenes, which are exposed to natural selection [38]; the presence of this pressure was
verified by showing that the orphan genes present in the core genome are under purifying
selection (Chapter 5). It was therefore interesting to see the species-specific orphan genes
evolve so fast that their sequences diverged beyond recognition, as discussed previously [39,

and Chapter 5].

This dissertation highlights the evolution of several Trichoderma species that are most
frequently observed in nature. The data reveal a high genomic diversity at both the
section/clade level and the species level. The high polymorphism in ankyrin-containing proteins
correlates with the expansions in HET genes as well as the transcription factors and enzymes
for carbohydrate and secondary metabolism encoded by these genes. It possibly illustrates that
Trichoderma constantly reshaped its genome for fast responses and successful competition in
potentially novel habitats. These properties are exactly what one would expect from an

environmental opportunist and a generalist.
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1. Introduction

Engineering Research Center for Organic-based Fertilizers, Nonjing Agricultural University, Nanjing, China

ABSTRACT

Hydrophobins are small secreted cysteine-rich proteins exclusively found in fungi. They are able to self-
assemble in single molecular layers at hydrophobic-hydrophilic interfaces and can therefore be directly
involved in establishment of fungi in their habitat. The genomes of filamentous mycotrophic fungi
Trichoderma encode a rich diversity of hydrophobins, which are divided in several groups based on their
structure and evolution. Here we describe a new member of class Il hydrophobins, HFB7, that has a tax-
onomically restricted occurrence in Harzianum and Virens clades of Trichoderma, Evolutionary analysis
reveals that HFB7 proteins form a separate clade distinct from other Trichoderma class 11 hydrophobins
and that genes encoding them evolve under positive selection pressure, Homology modelling of HFB7
structure in comparison to T. reesei HFB2 reveals that the two large hydrophobic patches on the surface
of the protein are remarkably conserved between the two hydrophobins despite significant difference
in their primary structures, Expression of ifb7 gene in T. virens increases at interactions with other fungi
and a plant and in response to a diversity of abiotic stress conditions, and is also upregulated during for-
mation of aerial mycelium in a standing liquid culture. This upregulation significantly exceeds that of
expression of ifb7 under a strong constitutive promoter, and T. virens strains overexpressing ifb7 thus dis-
play only changes in traits characterized by low b7 expression, i.e. faster growth in submerged liquid cul-
ture, The hfb7 gene is not expressed in conidia, Our data allow to conclude that this protein is involved in
defence of Trichoderma against a diversity of stress factors related to the oxidative stress. Moreover. HFB7
likely helps in the establishment of the fungus in wetlands or other conditions related to high humidity.
© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/hy-nc-nd 4.0/},

bodies (Wisten et al., 1994; Lugones et al., 1999; Waosten, 2001).
Because of their intrinsic property of self-assembly, hydrophobins
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Hydrophobins are small secreted cysteine-rich proteins exclu-
sively found in fungi. Due to their amphiphilic structure they are
able to self-assemble at hydrophobic-hydrophilic interfaces into
ordered monolayers (Wiasten and de Vocht, 2000), Thus in the fun-
gal growth and development cycle they are able to facilitate the
formation of aerial hyphae by lowering the surface tension of the
liquid. Moreover, they are required for the efficient spore disper-
sion through air, for the attachment to hydrophobic and hydrophi-
lic surfaces and for the stabilization of air channels in fruiting

* [ ding author at; Mic Group, Research Area Biochemical
Technology, Institute of Chemical and Biological Engineering, TU Wien, Gumpen-
dorferstrasse 1a, A1060, Vienna, Austria,

E-mail address: irina.drozhinina@luwien.acat (1.5, Druzhinina).

' present address: Steinschitelgasse 7, 1100 Vienna, Austria,

http:{fdx.doi 10.1016/1./gb.2017.01.002
1087-1845/0 2017 The Authors. Published by Elsevier Inc.

are potential candidates for a diversity of applications ranging from
bulk (foam stabilizers, emulsifiers) to high-value products (biosen-
sors, fusion tags for efficient purification and immobilization,
biomedical devices) (Corvis et al, 2005; Janssen et al, 2002;
Khalesi et al.,, 2012; von Vacano et al., 2011), Several studies have
also demonstrated hydrophobins as powerful implements in
nanoparticle based drug delivery (Bimbo et al., 2011; Fang et al.,
2014; Valo et al., 2010; Zhao et al., 2016).

Hydrophobins are conventionally grouped into two classes
(class 1 and 1) according to their interactions with solvents,
hydropathy profiles and spacing between the conserved cysteine
residues (Linder et al., 2005; Sunde et al., 2008), although this
concept has recently been challenged (Jensen et al, 2010;
Seidl-Seiboth et al., 2011). Nevertheless, it is assumed that class [
hydrophobins are able to form highly stable monolayers known

This is an open access article under the CC BY-NC-ND license {http://creativecommons,org/licenses by-ne-nd 4.0/}
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as rodlets that can be only solubilized in formic or trifluoroacetic
acids, while class Il assemble into monolayers that can be more
readily solubilized with detergents and organic solvents (Wessels
et al, 1991; de Vries et al,, 1993; Carpenter et al., 1992). The spac-
ing between the eight conserved cysteine residues in class | hydro-
phobins shows a higher variation compared to class II.

The genus of filamentous mycotrophic fungi Trichoderma
(Hypocreales, Ascomycota) that is enriched with environmental
opportunistic species (Druzhinina et al., 201 1), exhibits a high diver-
sity of class Il hydrophobins along with several proteins resembling
class 1. Among the diverse arsenal of Trichoderma class 11 hydropho-
bins, HFBl and HFBII from T. reesei are the most studied. The high res-
olution three dimensional structures of HFBI and HFBII are the only
hydrophobin crystal structures available up to now. They have been
widely tested as foam stabilizers (Basheva et al, 201 1), in biosensor
development (Takatsuji et al, 2013) and medical technology (Peters
et al.,, 2016). Kubicek et al. (2008) analyzed the genome of T. reesei
and a collection of ESTs libraries from other Trichoderma spp. and
showed that hydrophobins in this genus are present in most infra-
generic clades and evolve under purifying selection.

With the availability of the genome sequences of T. virens and T.
atroviride (Kubicek et al.,, 2011), we have identified a novel evolu-
tionary derived member of class Il hydrophobins, HFB7, that is
restricted to species related to T. harzianum (Harzianum Clade) and
T. virens (Virens Clade) but is absent from Section Longibrachiatum
(represented by T. reesei) and Section Trichoderma (represented by
T. atroviride). Espino-Rammer et al. (2013) and Ribitsch et al.
(2015) have shown that these proteins can improve the hydrolysis
of polyethylene terephthalate by a microbial cutinase, thus making
a further investigation of this new hydrophobin worthwhile.

Here we report the evolution of HFB7, model its structure and
show the expression of the hfb7 gene during development of T.
virens, in interactions with fungi and plants and under abiotic
stress conditions.

2. Material and methods
2.1. Strains used in this study and their identification

The isolates, newly determined species identity, origin, identi-
fiers in international strain collections, and NCBI GenBank acces-
sion numbers of obtained gene sequences are given in Table 1.
The fungal strains used in this work are available from the TU
CIM - TU Wien Collection of Industrial Microorganisms (www.
vi.tuwien.ac.at). For the taxonemic identification of isolates that
have been previously attributed to T. ‘pseudoharzianum’ nom.
prov. sensu Druzhinina et al. (2010) or T. cf. harzianum according
to the recently proposed taxonomy of the group by Chaverri
et al. (2015), we analyzed the sequences of tefl gene encoding
the translation elongation factor 1-alpha. NCBI accession numbers
of tefl sequences are given in Table 1.

2.2. DNA extraction, PCR amplification and sequencing

For DNA extraction, isolates were cultivated on PDA plates [4%
{w/v) potato dextrose agar| and the genomic DNA was extracted
using the DNeasy Plant Mini Kit (Qiagen, Germany) according to
manufacturer's protocol and adjusted to 10 ngful.

To investigate the occurrence of the ifb7 in different Tricho-
derma isolates, a pair of hfb7-specific degenerate PCR primers
was designed based on the sequences published by Kubicek et al.
(2008) using T. virens Gv 29-8 (accession no. ABS59373) and T. har-
zianum CBS 22695 (accession no. AJF36076.1) as templates
[Table 2]. The hfb7 amplification protocol was set up as following:
initial denaturation (2 min at 95 °C) followed by 30 cycles consist-

ing of denaturation (1 min at 95 °C), annealing (1 min at 59 °C) and
elongation (505 at 72 °C). The PCR was completed with a final
elongation step for 7 min at 72 °C.

Amplification of tefl was performed as described in Druzhinina
et al. (2010), The PCR products were purified using mi-PCR purifi-
cation kit (Metabion, Germany) according to the manufacturer's
instructions. Sequencing was performed by Microsynth AG
(Switzerland) using Sanger dideoxy sequencing.

2.3, Phylogenetic analyses and derection of selection pressure

Hydrophobin protein sequences for HFB1, HFB2, HFB7 and HFB3
were obtained from Entrez NCBI. Sequences were aligned using
Muscle 3.8.425 (Edgar, 2004) program integrated in the Aliview
software (Larsson, 2014). Ambiguous regions of the alignment
were removed using GCblocks server [http://molevol.cmima.csic.
es/castresana/Gblocks_server.html (Castresana, 2000; Talavera
and Castresana, 2007)] with least stringent options. A two letter
reduced amino acid alphabet, where AGTSNQDEHRKP residues
were considered as hydrophilic (P) and CMFILVWY residues con-
sidered as hydrophobic (H), was used to replace all residues one
by one (Murphy et al., 2000; Li et al,, 2003). For this purpose, a
BioPHP script (http://www.biophp.org/minitools/reduce_protein

alphabet/) was used to transform the sequences. The reduced
sequences were aligned using Muscle 3.8.425. Similarly, to obtain
a phylogram based on HFB7 amino acids, the sequences were
aligned using integrated Muscle 3.8.425 in program Aliview.
Ambiguous areas of the alignment were removed using the
Gblocks server as specified above, Reduced and non-reduced align-
ments were subjected to phylogenetic analyses that were per-
formed with MrBayes v3.2.5. (Huelsenbeck and Ronquist, 2001)
using 1 million meme generations based on Dayhoff amino acid
substitution model (Schwarz and Dayhoff, 1979). For each test
two simultaneous, completely independent analyses starting from
different random trees were run, each using three heated chains
and one “cold” chain. Once the analyses were finished, 7500 trees
were summarized after discarding the first 25% of obtained 10,000
trees, and a strict consensus tree was constructed. Tree was visu-
alised and annotated using FigTree Version 1.4.2 (http://tree.bio,
ed.ac.ukfsoftware/figtree/).

For identification of strains by means of the analysis of tefi phy-
logenetic marker, the reference sequences for relevant Trichoderma
species were retrieved from Chaverri et al. (2015) and Bissett er al.
(2015) and were combined with the tefl sequences of the strains
used in this study. The alignment was obtained using integrated
Muscle 3.8.425. The phylogenetic analysis was performed as
descried above with the use of the general time reversible maodel
of nucleotide substitutions for all sites,

Tajima's D statistic (Tajima, 1989) and K,/K; ratio were deter-
mined with DNASp 5.0 (Librado and Rozas, 2009), using a
sliding-window approach and alignment of cDNA sequences of
hfb?. Codon based Fisher's test and the Codon-based Z test, imple-
mented in MEGA 5.0 (Tamura et al., 2011) were used to test the
hypotheses of selection pressure.

ConSurf server (http:/fconsurf.tav.ac.il) (Ashkenazy et al., 2016)
was used to estimate the degree of conservation of the amino acid
residues of HFB2 and HFB7 based on the multiple sequence align-
ment of HFB7 orthologues. Consurf images were rendered with
Rasmol (Sayle and Milner-White, 1995).

2.4. Homology modelling of HFB? and molecular dynamics (MD)
simulations

We used SignalP (Emanuelsson et al,, 2008) to identify signal
peptide cleavage sequences, and ProtParam (Gasteiger et al,
2005) to predict the molecular weight and IP of HFB7.
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Table 1
The strains used in this study, their TU CIM collection numbers, identifiers from other collections, origin and NCBI accession numbers for ifb7 and tef1 sequences.
Clade Species TU CIM collection number Other collection numbers Qrigin NCBI acc no
hfb7 tefl
Harzianum Trichederma harzianum 916 CBS 226.95 UK KX373335 AYB05833
1070 DAOM 222343 Ireland KX373337 AYBOSTTE
1818 Ethiopia KX373344 EF116562
206 Russia KX373308 AYGOS830
2111 Hungary KX373345 EF116562
217 Russia KX373304 AYG058289
261 Russia KX373314 AYBO3E2T
265 Russia KX373317 EF113554
T. cf. harzionum 3408 Papua New Guinea KX373353 FI577791
T. cf. harzianum 3408 Papua Mew Guinea KX373354 FI577792
T. afarasin 838 CBS 115334 Costa Rica KX373334 AYBO5EIT
T. afroharzianum 238 Costa Rica KX373312 AYBEO5841
1061 DAOM 231421 Rwanda KX373336 AYBOSTT0
a07 Japan na. AYGD5842
51 south Africa KX373307 AYBO5845
2618 Ethiapia KX373347 FI577788
246 Phillipines KX373313 EF191319
T. camerunense 1722 Cameroun KX373342 EF191327
1724 Cameroun KX373343 EF191328
1720 Cameroun KX373341 EF191326
T. lentiforme G4E Hawai KX373328 FIS77780
705 Brazil KX373332 AYBO5851
T. lixii 2784 CRS 110080 Thailand KX373350 FI716622
T. cf. lixii 837 CHS 115333 Egypt KX373333 AYB05839
T. pyrimidale 272 Mepal KX373318 AYB05849
2673 Ethiopia KX373349 F]577789
T. simmaonsii 4310 CBS 354.33 UsA KX373338 KX655779
373 DAOM 222136 Ontario, Canada KX373323 AYGO5T92
334 usa KX373321 FI577776
335 UsA KX373322 FIS77777
T. cf. simmonsii 588 Laos KX373327 FI577778
T. rawa 1632 Thailand KX373340 Fl463313
T. alni 2657 Italy KX373348 EF488107
T. atrobrunneum 241 Nepal KX373319 AYBEO5848
T. atrogelatinosum 1627 CBS 237.63 MNew Zealand KX373339 KJ871083
Virens T. virens 3530 Gv 29-8 usa ABS59373 Jgi_v2_83874
2931 Hungary KX373351 KX655777
2935 Hungary KX373352 KXB55778
320 USA KX373320 KX655770
396 Cambaodia KX373324 KX655771
507 Indonesia KX373326 KX655773
669 Hawai, USA KX373329 KXG655774
GE1 Mexico KX373330 KXG655775
82 Brazil KX373306 KX655765
T. cf. virens 2558 Ivory Coast KX373346 KX655776
T. cf. virens 404 Singapore KX373325 KX655772
T. crassum 219 Russia KX373310 KXG55766
226 Russia KX373311 KX655767
262 Russia KX373315 KX655768
263 Russia KX373316 KX655769
Table 2

Primers used in this study for the amplification of tefT (tefAPF. tefAPR) and hfb7 (hfb7F, hib7R) for the analysis of genetic expression: primers used for the amplification of hfb7
(hfb7F, hibTharzR, hibTvirk) in genomic DNA of T. virens and T. harzianum species, respectively.

Primer name Target locus Sequence 5'-3' Tm, “C Expected amplicon
length
CDNA ZDNA
hib7F hfb7 including complete Cy - Cy sequence AACCACYWCCACATTCAAA 59
hibTharzR TTCACCATCCAAGTGCAACA 371 471
hibTvirk TTCACCATCCAAACTACAGCTA i 472
tef1APF partial 6th exon of refl ACGCTCTGCTOGCCTACACT 59 184 184
tef1APR TCACCGTTGAAACCGOGAGATG
hib7F partial hfb? CTCGACTGTGGCACTCCTACTGT -] 136 281
hib7R COACCOGCTTCTCGCAAA

Homology modelled structures of HFB7 from T. virens Gv 29-8 of hydrophobin HFB2 from T. reesei was used as the template
were constructed with Modeller v9.2 loop model script (Sali and (pdb ID: 2B97) with 62.3% overall similarity. Twenty different
Blundell, 1993). For this purpose, ultra-high resolution structure models were generated and the model with the lowest discrete
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optimized protein energy (DOPE) score was further selected for
molecular dynamics (MD) simulations.

MD simulations were performed on HFB7 structure. NAMD/
VMD software package (Phillips et al., 2005) with CHARMM27
all-atom force field (MacKerell et al,, 1998) was used. Throughout
the simulations water was described using the TIP3P model
(Jorgensen et al., 1983). HFB7 structure was first placed in a water
box with 50 » 50 x 48 A dimensions (with the minimum solute-
wall distance of 10 A). One sodium atom was added to the system
for the neutralization of the protein, Simulations were performed
under periodic boundary conditions at 298 K with a 2 fs time step
using NVT ensemble. Data collection was done every 2 ps. The sys-
tem was minimized over 50,000 steps using the conjugate gradient
(CG) algorithm and the resulting structure was equilibrated for
1 ns at the same temperature. The equilibrated structure was fur-
ther simulated for an additional 4 ns at 298 K. 4 ns simulation
was repeated once. Root mean squared deviation (RMSD) values
were calculated from trajectory files and final structures were pre-
pared using VMD software.

The solvent accessible surface area (SASA) was determined
using the homology modelled, energy minimized and equilibrated
HFB7 structure and HFB2 structure available in the PDB database.
SASA was determined with a 1.4 A solvent probe radius using a
tel seript written for VMD (Phillips et al., 2005). The structures
were colored based on the SASA values with VMD.

2.5, Cultivation of T. virens

For submerged fermentation in shake flasks T. virens was culti-
vated on PDA plates containing 100 ugml ' chloramphenicol at
28 °C for seven days. Spores were collected using deionized water
with 0.1% Triton X-100 (10’ml "' spores counted via hemocytome-
ter) and used as inoculum.

Submerged cultivation was performed in 1L Erlenmeyer flasks
at 28 °C agitated at 220 rpm. Biomass was grown in 100 ml of
pre-culture medium [4% carbon source (glycerol, glucose, starch),
0.4% (wjv) peptone, 37 mM KH;PO4 21 mM (NH4):504 2 mM
Mgs504-7H:0, 3.5mM CaCly-2H:0, 0.1 pgml ' hyromycin] at
28°C and 220 rpm for approx. 30 h. The medium was supple-
mented with 40mlL " trace elements (0.9 mM FeS0,7H-0,
0.5 mM MnSO4H;0, 0.25 mM ZnSQ,-7H,0, 0.6 mM CoCly2H,0),
The inoculum was then transferred to a 1 L Erlenmeyer flask con-
taining 250 ml of the same medium. Samples were taken in inter-
vals of 24 h. Biomass dry weight was determined by filtering 10 ml
of the culture broth on Whatman 20 mm filter disks (Sigma
Aldrich, Missouri, USA) and drying at 80 °C to a constant weight.
Total secreted protein was quantified using Bradford protein assay
(Bio-Rad).

For growth of T. virens in liguid standing culture, 30% (wfv)
Murashige Skoog basal salt mixture (Sigma-Aldrich, Missouri,
uUsA) was supplemented with 1% (wfv) glucose (MS-G). Experi-
ments were performed in 24-well plates, each well containing
0.7 ml medium inoculated with 0.01 ml of the spore suspension
(10° total conidia). The plates were cultivated in standing culture
at 25°C in a 12 i’ illumination cycle for seven days. Growth was
measured as a function of turbidity at 750 nm. Mycelium was har-
vested after 48, 72, 96 and 120 h,

To investigate growth on the surface of solid media, 9 cm Petri
plates, 1 ml of the spore suspension ( 10° total conidia) were inoc-
ulated on MS-G agar medium covered with cellophane and incu-
bated under the same conditions as above. Mycelium was
harvested every 24 h starting after the two days and before the
plate was covered by the colony (seven days). All experiments
were performed in triplicates.

For morphological characterization of the T. virens OEhfb7
strains, nine cm diameter plates containing a standardized amount

of medium (20 ml) were prepared. The media consisted of PDA
medium as the rich medium, and poor medium i.e. SNA medium
(1.7 % w/v synthetic nutrient deficient agar; Sifin diagnostics
GmbH, Germany), and SNA plus medium which contained 1% (w/
v) of glucose. The overexpression strain and control were grown
at 25 °C in light and darkness cycles. The radial growth was mea-
sured every 24 h.

2.6. Interactions with Fusarium oxysporum and Athelia rolfsii

Dual confrontation assays were used to study potential myco-
parasitic and antagonistic actions of T. virens. Agar plugs (six mm
diameter) of fresh culture of Fusarium oxysporum f. sp. cubense 4
TU CIM 4812 (Hypocreales, Ascomycota; see Zhang et al, 2016
for strain identity) or Athelia rolfsii (Sclerotium rolfsii, Atheliales,
Basidiomycota), and 10° T. virens spores were inoculated on oppo-
site poles of a MS-G containing agar plate (agar 2 % w/v) covered
with cellophane. The cultures were incubated under the same con-
dition as used for the cultivation in liquid culture. T. virens mycelia
were harvested before contact (48 h), when the contact hetween T.
virens and its partner was established (72 h) and 24 h after the
contact,

2.7. Interaction with Solanum Iycopersicum cv. Micro-Tom seedlings

To study the interaction of T. virens with a plant, tomato seeds
(Selanum lycopersicum L. cv. Micro-Tom) were surface-sterilized
with 95 % (v/v) ethanol for five min and 5 % (vfv) sodium hypochlo-
rite for five min. The seeds were thereafter rinsed six times with
sterile deionized water. Seeds were germinated on 0.3 = MS-G
medium supplemented with 1 % (w/v) phytagel (Sigma). For each
test three 15-day-old seedlings were transplanted to a new
0.3 x MS-G-phytagel plate covered with cellophane, and inocu-
lated with 10° spores of T. virens and incubated at the same condi-
tions (see Section 2.6).

2.8, Mechanical injury and oxidative stress

To test the response of T. virens to mechanical injury and oxida-
tive stress, the fungus was incubated 48 h on MS$-G agar medium
covered with sterile cellophane and then (i) injured by cutting
the hyphae with a sterile cold scalpel as described by
Hernandez-Ofate et al. (2012), or (ii) treated with 10 mM Hz0,,
or (iii) 0.1 mM menadione (Friedl et al., 2008), or combinations
of injury and later compounds were applied (vi and v). Plates were
imaged 1,3, 12, 18, 24, 36 and 48 h after impact. Biomass was har-
vested immediately after application of stress conditions and after
1, 3 and 24 h respectively.

2.9. Analysis of hfb? expression

Mycelia and/or spores were harvested and immediately frozen
in liquid nitrogen, After grinding in a mortar with a pestle under
liquid nitrogen, total RNA was extracted using the RNeasy Plant
Mini Kit (Qiagen) according to the manufacturer’s instructions.
To remove DNA, the extracted RNA was incubated with DNase
(DNase I, RNase free; Fermentas). The RNA quantity was measured
using a NanoDrop spectrophotometer (Thermo Scientific, Massa-
chon PDA usetts, USA). cDNAs were synthesized with the Rev-
ertAid™ First Strand cDNA Kit (Fermentas, Germany) using oligo-
dT primers according to the manufacturer’s protocol.

qPCR assays were performed on the real-time thermal cycler
qTOWER (Jena Analytics, Germany). For the reaction 20 pl assays
were prepared containing the 1Q SYBR Green Supermix (Bio-Rad,
Germany), a final primer concentration of 0.5 pM each and cDNA
with a final concentration of 82.5 ng pl ', The amplification proto-
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col was set up as following: initial denaturation (6 min at 95°C)
followed by 40 cycles consisting of denaturation (305 at 95°C),
annealing (60 s ar 60 °C) and elongation (7 min at 72 °C). For the
calculation of the gene expression, samples were first normalized
against the constitutively expressed transcription elongation factor
1-alpha (tef1) gene, then the fold regulation was estimated accord-
ing to the 2T method (Livak and Schmittgen, 2001). Primers
for the amplification of target (hfb7F, hib7R) and control gene
(tef1 APF, tef1APR) were designed using Primer Premier 5 software
(Lalitha, 2004), The primer efficiencies of target and control gene
were assessed by checking if Act values vary with template dilu-
tion. A dilution row was prepared over a 20-fold range. The abso-
lute value of the slope was >0.1, proving that the designed
primers are sufficiently equal in efficiency.

2.10. Determination of surface hydrophobicity of hyphae

Surface hydrophobicity of hyphae was determined by measur-
ing the water contact angle (WCA) of a droplet of deionized water
on fungal mycelium grown for 72 h on solid agar medium. Water
droplets of 5 pl were set onto the surface of the material and a pic-
ture taken after ten seconds. The drop shape was analyzed using
the DropSnake method (Stalder et al,, 2006).

2.11. Production and characterization of a hfb7 overexpressing strain
of T. virens

A T. virens strain that overexpressed hfb7 under the strong con-
stitutive cDNA1 promoter {Makari-Setdld and Penttild, 1995) and
its own signal sequences was constructed essentially as described
earlier (Uzbas et al., 2012). The vector also carries the hygromycin
B resistance encoding hph gene as dominant selection marker. The
expression cassette was synthesized and subcloned by Eurofins
Genomics (Bavaria, Germany). Transformation was performed as
described in Penttild et al, (1987), using the Apal linearized vector.
Transformants were selected on PDA plates containing
100 pg ml~" hygromycin, and mitotically stable single spores iso-
lated. Extraction of genomic DNA and confirmation of positive
murtants using gene specific primers and target gene amplification
were performed as described in Section 2.2.

3. Results
3.1. HFB? forms a novel clade of class 1l hydrophobins

Espino-Rammer et al. (2013 ) proposed HFB7 as a distinct termi-
nal clade of Trichoderma hydrophobins, which is phylogenetically
related to T. reesei HFB1 and HFB2. In order to learn whether
HFB7 indeed forms its own clade and is conserved in Trichoderma,
we used blastp and screened all available Trichoderma genomes (T.
reesei, T. parareesei, T. longibrachiatum, T. citrinoviride, T. harzianum,
T. afroharzianum, T. virens, T. atroviride, T. asperellum, and T. gamsii;
Martinez et al, 2008; Kubicek et al, 2011; Yang et al., 2015;
Baroncelli et al., 2015, 2016) for the presence of HFB1, HFB2 and
similar class Il hydrophobins. All retrieved sequences were then
subjected to a phylogenetic analysis (Fig. 1). The tree based on
the reduced amino acid alignment that only considers hydropho-
bicity of residues, rooted against the more distant T. reesei HFB3
(Linder er al., 2005) shows that HFB7 forms a statistically sup-
ported clade that is distinct from a monophyletic clade that com-
prises HFB1 and HFB2, respectively. Interestingly, the HFB7 clade
only contained proteins from T. virens and T. harzianum. A blastp
search of T. virens HFB7 against the NCBI database also revealed
T. harzianum as the closest neighbor (75 % similarity, E-value 7e-
43). The next best neighbor in NCBI was T. reesei HFB2, indicating

that HFB7 is an orphan protein in the closely related species T. har-
zianum and T. virens that is absent from all other fungi in the NCBI
database, and no known orthologues are present in other fungal
genera.

3.2, HFBY has a restricted occurrence in the Harzianum and Virens
Clades of Trichoderma

Since the above screening only involved those species for which
a genome sequence is available, we developed degenerate primers
specific for Afb7 (Table 2) and used them to potentially amplify the
gene from 49 isolates and species of the Harzianum and Virens
Clades of Trichoderma, thereby making a balanced choice of geo-
graphic origin (cf. Druzhinina et al,, 2010). As a negative control,
these tests were also applied to T. gamsii and T. reesei (Sections Tri-
choderma and Longibrachiatum, respectively). However, since the
taxonomy of the Harzianum Clade has recently been revised
(Chaverri et al., 2015), we assessed the correct species identity of
these isolates prior to the analysis. To this end, we performed a
phylogenetic analysis of sequences of the 4th and 5th introns of
the elongation factor 1-u gene tefl of former T. harzianum species
complex isolates together with those of the recently established
ex-type strains. The results are given in Supplementary Fig. 51
and species identifications are given in Table 1: our sample was
shown to consist of (numbers in brackets specify the number of
isolates) the following species that were previously termed T.
‘pseudoharzianum’ sensu Druzhinina et al, (2010, 2011) or T. cf.
harzianum of T. harzianum: T. afarasin (1), T. afroharzianum (5), T.
atrobrunneum (1), T. camerunense (3), T. harzianum (8), T. lentiforme
(2), T. lixii (1), T. pyrimidale (2), and T. simmonsii (4); the phyloge-
netically close taxa from the Harzianum Clade T. atrogelatinosum
(1). T alni (1), and T. tawa (1); and T. virens (9) and T. crassum (4)
as members of the Virens Clade, respectively. Six isolates could
not be identified with certainty by this method but formed lone
lineages monophyletic with other strains (Supplementary
Fig. 51), and were thus maintained in our sample. They were
named T. cf. harzianum (2), T. cf. virens (2), T. cf. simmonsii (1)
and T. cf, lixii (1).

As shown in Table 1, we could successfully amplify hfb7
sequences from all 49 isolates of the Harzianum and Virens Clades
of Trichederma but not from the negative control, showing that the
gene consistently and exclusively occurs in these two species
clades.

In order to test whether the variations in the HFB7 protein
sequence of these strains would be consistent with their phy-
logeny, we constructed a Bayesian phylogeny of the amino acid
sequences of the 49 HFB7 sequences (Fig. 2) and compared them
to the tefl species tree (Supplementary Fig. 51). The topology of
the two trees appeared to be not concordant: while HFB7 from
some species, like T. harzianum, formed a monophyletic clade, the
HFB7 of others (e.g., T. afroharzianum) occurred in several posi-
tions. It was also interesting to note that HFBY of T. virens occupied
a closer position to the “T. harzianum” species than T. alni or T. atro-
gelatinosum, and that T. lentiforme HFB7 formed a basal cluster to
bath the other Harzianum and Virens HFB7s. Considering that tef1
evolves without selection pressure and corresponds to the evolu-
tion of the Trichoderma (see Druzhinina et al, 2010; Chaverri
et al, 2015), these data suggest either a recombination hot spot
or selection pressure at hfb7 locus.

3.3. HFB? evolves under positive selection pressure

We have previously reported that both the class Il as well as the
novel cf. “class 1" hydrophobin genes evolve by purifying selection
without concerted evolution (Kubicek et al., 2008; Seidl-Seiboth
et al., 2011). This model of "birth-and-death” evolution assumes
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Fig. 1. Bayesian phylogram based on amino acids sequences from hydrophobins, reduced according to their hydrophobic property (Murphy et al, 2000; Li et al., 2003)
Bayesian analysis was run for 1 million meme generations and a strict consensus tree was obtained by summarizing 7500 trees, after burning first 25% of obtained 10,000

trees. Posterior probabilities more than 90% are shown near the nodes.

that new genes are created by repeated events of gene duplication
and that some of the copies are maintained in the genome for a
long time whereas others are deleted or become non-functional
(Nei and Rooney, 2005). Under these conditions nucleotide
sequence differences between genes primarily occur at synony-
mous sites, thus resulting in K5 = K, and indeed the hydrophobins
investigated so far displayed a very low K,/K; ratio (Kubicek et al.,
2008, Seidl-Seiboth et al., 2011). When the K,/K. ratio was deter-
mined for HFB7, values close to one and even higher than one (T.
virens) were obtained (Table 3) A ratio of 1 would indicates neutral
evolution or absence of selection pressure, whereas a ratio above 1
would be evidence for positive selection. Since the K,/K; value is
the mean for the whole protein, some amino acids must therefore
be under positive selection. In any case, these values indicate a fas-
ter fixation rate for non-synonymous changes in HFB7 than in the
other class Il hydrophobins,

3.4. Protein structure of HFB7

HFB7 from T. virens encodes a protein of 93 aa, in which SignalP
predicts the N-terminal 15 aa to form a signal peptide. The

corresponding 76 aa mature protein has a theoretical mass of
7483.7 Da and displays a theoretical 1P of 6.03. It is particularly rich
(*9%)in A, C, G, L, P, V, whereas R, M, W and Y are absent.

The closest hydrophobin neighbor to HFB7 is HFB2 (Fig. 1; see
Section 3.1.), which exhibits overall 62.3% sequence similarity
and 50.6% sequence identity with HFB7. Since structural features
are highly conserved in hydrophobins (Sunde et al., 2008), we per-
formed homology modelling towards establishing the structure of
HFB7. In fact, a superimposition of HFE7 and HFB2 did not show
many differences, thus increasing the quality of the homology
model. Additionally, the accuracy of the model was further
increased by the ultra-high resolution of the HFB2 structure in
the PDB database. We also performed MD simulations of the
hemology modelled HFB7 structure in water to identify the struc-
tural features of HFB7 in solution, The structures obtained after
4 ns MD simulations are shown in Fig, 3A. As indicated in the fig-
ure, STAMP structural alignment has shown that both structures
obtained at the end of 4 ns MD simulation 1 and simulation 2 were
highly similar. Moreover, the core hydrophobin structure was
stable throughout 4 ns MD simulations (Supplementary Fig. S2).
Surface properties of HFB7 structure was shown in Fig. 3B by color-
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Table 3 A &
Nucleotide diversity and K, /K, ratio of the §fb7 exon. =
Harzionum Clade  Virens Clade  hfbh7? _8
oo
Number of isolates 35 15 50 e c
Sequence length 289 o8
Total number of mutations (n) 80 25 100 5:“ 2
Nucleotide diversity (n) 0.0935 0.054 0.186
Total number of codons 96
K JK, 1.015 1.276 1.023 Hydrophobic
Patch 1

ing the surface of the molecule according to hydrophobicity. The
hydrophaobic residues forming the hydrophobic patch are found
to be V24, 125, V27, A28, L30, 161, P62, AG3, AG4, LGG, LG8, LGY. This
patch was found to extend to the other side of the molecule form-
ing an L-shaped large hydrophobic patch and this second patch
was found to be formed with the involvement of the residues A1,
P2, A3, V16, P17, L18, P35, V37, P38, V39, L40.

A ConSurf analysis of the HFB7, indicated that most of the P,C, T
and F residues are highly conserved as well as the hydrophobicity
is also conserved along the hydrophobic parch residues (Fig. 4).
Considering that the protein evolves under positive selection pres-
sure this finding indicates the possible role of other amino acid
properties than hydrophaobicity in the function of the protein.

3.5. Constitutive overexpression of hfb7 in T. virens increases the
growth rate in submerged culture

To study the function of Rfb7 in T. virens, we constructed two
strains overexpressing hfb7 under the strong and constitutive
cDNAIP promoter, i.e. OERfb7-4871 and OEhfb7-4872. In these
strains, the hfb7 transcript, normalized to tefl as a housekeeping
gene, was approximately 10-12-fold more abundant, during
growth in submerged culture on glucose compared to the parental
strain. During growth in submerged culture, both strains exhibited
a higher growth rate and secreted more protein to the medium
(Fig. 5). Cultivations on glycerol and starch showed the same trend
(data not shown). Conversely, however, there was no effect on the
radial growth rate or conidiation on solid media and both overex-
pressing strains grew equal to the parental strain in a still liquid
culture (vide infra).

In order to test whether HFB7 would be involved in rendering
the hyphae more hydrophobic, we performed WCA using water
droplets. The parental strain already displayed quite high angles
(128.10 £ 8.67°) indicating that its hyphae are hydrophobic. How-
ever, similar values (123.70+7.20° and 134.38 £ 5.43°) were
obtained for the OERfb7-4871 and OEhfb7-4872 strains, respec-
tively, indicating that overexpression of hfb7 does not further
increase the hydrophobicity of the hyphae.

3.6. Expression of hfb7 parallels for the formation of aerial hyphae

To study the expression of hfb7 during the vegetative growth of
T. virens, the fungus was grown on MS-G medium. Under these
conditions, the formation of submerged mycelium is followed by
the appearance of aerial hyphae on the surface and finally by coni-
diation. The hfb7 transcript showed a steady increase over the
course of the different experimental stages, being lowest during
submerged growth, but strongly increasing during formation of
aerial mycelium. Mo further increase in hfb7 expression was
observed when culture matured and conidia were formed in stand-
ing liquid medium. Interestingly, hfb7 was constitutively expressed
at the equal level to tef! used for normalization during vegetative
growth on agar plate (Fig. 6). However, as tef] is considered to be
generally highly expressed in fungi, similar values for ifb7 indicate
a demand in this protein for the fungus.

Hydrophobic
Patch 1

STAMP Structural Alignment

Hydrophobic
Patch 2

Fig. 3. Structure of HFB7 at the end of MD simulations after 4 ns runs. (A) Right:
structure of HFB7 after 4 ns MD simulations colored by secondary structure; left:
STAMP structural alignment was performed on the final structures of HFE7, The
simulation was repeated and the resulting structure was structurally aligned with
the first structure obtained from the first simulation. Gray: HFBT after Simulation 1,
Red; HFB7 after Simulation 2, (B) From left to right; surface representation of HFB7
structure colored by hydrophebicity. First hydrophabic patch of HFB7. Second
hydrophobic patch of HFB7 Purple: Hydrophobi idues, Cyan: Hydrophili
residues, (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

3.7. hfh7 is downregulated in conidia

We tested if the hfb7 transcript would be abundant in conidia.
However, the amount of transcript in freshly harvested conidia
was approximately 100 fold below the expression of tefl
(0.01 £ 0.001) suggesting that this gene is not required in mature
conidia.

3.8. Expression of hfb7 parallels the interaction with tomato roots

We also investigated the expression of hfb7 during contact with
S. lycopersicum (tomato) roots. Incubation of T. virens with this
plant led to the strongest expression of hfb7 at contact with the
plant, whereas it declined during prolonged interaction (Fig. 7).
Yet the level of expression then was still higher than during inter-
action with fungi (vide infra).

3.9, Expression of hfb7 is enhanced during interaction with other fungi

To learn whether hfh7 would be expressed during the interac-
tion of T. virens with other fungi, we first confronted T. virens with
the two taxonomically unrelated fungi that are generally resistant
against the attacks of this mycotrophic fungus - Fusarium oxyspo-
rum £, sp. cubense 4 (FOC4, Ascomycota) and Athelia rolfsii (Sclero-
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Fig. 4. ConSurf analysis of the multiple sequence alignment of HFB7 against the structure of HFB2 of T. reesei pdb ID: 2E972B97. (A) 3D model of HFB2 indicating aa residues

that are evolutionary conserved in HFB7 (Bay I
Green stars indicate the residues that are not conserved in HFB2 vs HFB7,

tium rolfsii, Basidiomycota). Although FOC4 is known to have
hydrophilic hyphae (Kohlmeier et al., 2005), in conditions of our
experiment (M5-G medium, 96 h of incubation in darkness) FOC4
and A. rolfsii formed highly hydrophobic hyphae. WCA values for
FOC4 were 153.28 £ 7.27° and 145.45 £ 4.07° in the mature center
and at the growing edge of the colony, respectively. The same val-
ues for A rolfsii were 146.88 +6.00° and 154.48 £ 1.03°, Thus,
hyphae of both fungi were in average 20% more hydrophobic com-
pared to T. virens. We monitored hfb7 expression before contact, at
the first time of contact and 24 h after the begin of interaction.
Confrontation of T, virens with itself on MS-G agar plates was per-
formed as a control. During interaction with FOC4, T. virens did not
attach to the host, and neither overgrew nor killed it (Fig. 7). In the
case of A. rolfsii, T. virens overgrew this host, but — similar to FOC4 —
neither attachment nor the formation of dead hyphae of the host
were detected (Fig. 7). Overexpression of hfb7 did not alter this
phenotype because T. virens OEhfb7 strains behaved essentially
similar in these experiments (data not shown).

The expression pattern of hfb7 was similar in interactions with
both hosts (Fig. 7); hfb7 expression increased strongly when T,
virens came into first contact with the partner, and was further
increased during prolonged interaction. This behavior was specific
to the presence of other fungi, because this upregulation was not
seen during confrontation of T. virens with itself (Fiz. 7). As these
two host fungi are taxonomically different and therefore exploit
unequal defence strategies against Trichoderma, the similarity of
expression of hfb7 suggests that this protein is involved in an
unspecific defence of T. virens against biotic stresses,

3.10. T. virens is sensitive to conditions imitating oxidative stress

The above data showed that hfh7 gene expression is triggered
during the formation of aerial hyphae and in contact with other
organisms, but not during conidiation. It suggested a role of the
protein in a general stress response. In order to investigate this,
we studied the response of the fungus to oxidative stress by expos-
ing it to (i) mechanical injury of the hyphae which is known to eli-
cit an oxidative stress response {(Hernandez-Oniate et al,, 2012), (ii)

as impl d in ConSurf). (B) Patch residues of HFBY and their counterparts in HFB2 shown with black boxes.

0.1 mM menadione that generates superoxide (Pdcsi et al., 2005;
Friedl et al., 2008), and (iii) 10 mM H0,. In addition, we also tested
the following combinations of these conditions: (iv) = (i) + (ii) and
() = (i) +(iii). Morphological examinations revealed that mechani-
cal injury caused an inhibition of mycelial growth on the agar plate
that was apparent during the first 24 h after the impact. At late
time points the cultures developed normal hyphae and conidia also
at the injury points, the conidiation was equal to the control plates
(Supplementary Fig. $3), Application of menadione or H20; on the
mycelium did not cause any effect on the morphology of the
strains on agar plates (Supplementary Fig. 53). In order to see
whether the later compounds are toxic for T. virens, we cultivated
the strain in their presence and revealed that this species is sensi-
tive to menadione as it could only tolerate 0.1 mM (poor growth)
and did not grow at higher concentrations of the compound (Sup-
plementary Fig. 54), while T. atroviride is known to tolerate 1 mM
menadione (Friedl et al., 2008). Growth of T. virens in presence of
H,0; was essentially inhibited at early time points but recovered
after 2-3 days probably due to the degradation of the compound.
Thus, the T, virens is sensitive to the conditions imitating oxidative
stress. Overexpression of ifb7 did not influence the growth of the
fungus in any of above conditions (Supplementary Figs. 53 and 54).

3.11. hfb7 expression is triggered by abiotic stress

We also tested whether hfb?7 is regulated in response to
mechanical injury and direct oxidative stress, For this reason, we
monitored its expression before the impact, 1 and 3 h after the
impact, and after 24 h, respectively (Fig. 8). The results show that
hfb7 is indeed involved in the response to these conditions as 1 h
after the impact the gene was upregulated in case of injury (with
or without H;0;) and downregulated after the application of
H30, or menadione. Interestingly, 3 h after the impact, the gene
was essentially downregulated in all conditions, while 24 h after
the impact hfb7 was upregulated also in all conditions. In general,
the expression response of hfb7 to the conditions of oxidative
stress are essentially weaker compared to it in case of biotic inter-
actions (vide supra).
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Fig. 5. Growth (A) and protein secretion (B) of 7. virens OERfb7-4871 (dotted line)
and OEhB7-4872 (dashed line) strains, respectively, in comparison to the wild type
G 29-8 (solid line).

4. Discussion

Species of Trichoderma possess a high diversity of class Il hydro-
phobins (Linder et al,, 2005; Kubicek et al., 2008). However, despite
this richness, most of the work has so far been concentrated on
only a few of them, e.g. T. reesei HFB1 and HFB2 (Linder et al.,
2005), T. longibrachiatum Hytlo1 (Ruocco et al, 2015; an ortho-
logue of T. reesei HFB2), and T. atroviride SRH1 (Mufioz et al,
1997). The latter occupies a phylogenetic position between the
HFB1 and the HFB2 clades, Previous work interpreted them all to
form a HFB1/2 clade (Kubicek et al., 2008), but our present data
- based on the analysis of hydrophobins from nine Trichoderma
genomes - clearly show that HFB1 and HFB2 form two separate
phylogenetic clades. This separation is also underlined by the dif-
ferent roles that hfb1 and hfb2 play in the physiology of T. reesei,
the former being involved in hyphal development, whereas the lat-
ter plays a role in sporulation (Nakari-Setdla et al., 1997). Likewise,
hfb1 was only expressed in vegetative cultures on glucose but not
on cellulose, xylan, cellobiose or lactose, whereas hfb2 was highly
expressed in hyphae growing on media with these carbon sources,
and during conidiation stimulated by N and C starvation and

60 80 100 120

incubation time, h

Fig. 6. Crowth of T. virens Gv 29-8 and expression of ifb7 gene normalized to the
expression of the reference housekeeping gene fefl. (A) Mycelial growth in standing
liquid culture M5 and on MS-G agar plates. (B) Expression of the hfb? gene in
standing liquid culture (gray line) and when confronted to itself on agar plates
(black line). Vertical bars indicate standard deviations, N = 3.

illumination (Askolin et al., 2005). In addition, Hytlo1 has been
shown to increase the systemic resistance of plants to pathogens
(Ruocco et al., 2015).

In the course of a screening for hydrophobins that may be able
to stimulate the degradation of polyethylene terephthalate by cuti-
nase, we have recently detected HFB7 that forms one of the evolu-
tionary youngest clades in the phylogenetic tree of Trichoderma
class I hydrophobins {Espino-Rammer et al., 2013). In the present
work, we further delimited this HFB7 clade: despite of its relation
to the HFB1 and HFB2, the HFB7 clade differs in two important
aspects: first, it has a restricted taxonomic occurrence in Tricho-
derma, and is only present in some species of the Harzianum and
Virens Clades; and second, its evolution exhibits a much faster fix-
ation rate for non-synonymous changes than the other Trichoderma
class Il (Kubicek et al., 2008) and class I-like hydrophaobins (Seidl-
Seiboth et al,, 2011), in which K,/K; was <:1. Theoretically, the K,/
K, values obtained for the HFB7 proteins would be indicative of
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Fig. 7. (A) Biotic interactions of T. virens Gv 29-8 with tomato plants (Solanum lycopersicum) and fungi (FOC4 - Fusarium oxysporum f. sp. cubense 4, and Athelia rolfsii).
Microscopic observations of the interacting zone are shown in framed inserts. (B) Expression of hfb7 gene during interactions normalized to tefl. Triangles correspond to
interactions with $. lycopersicum; circles and squares correspond to interactions with FOC4 and A. rolfsii, respectively. Vertical bars indicate standard deviation, N= 3.
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Fig. 8. Resp of T. virens to oxidative stress. (A) Morphology of T. virens Gv 29-8 without any impact (control) and 24 h after mechanical injury with sterile cold scalpel. The
fungus was incubated 48 h before the impact, both conditions imaged simult (B) Regulation of ifb7 in T. virens Gv 29-8 after (i) mechanical injury with sterile cold
scalpel (black bars), 10 mM H;0; (white bars), mechanical injury and 10 mM H,0; (white striped bars); 0.1 mM menadione (gray bars) and mechanical injury and 0.1 mM
menadione (gray striped bars). The data are normalized to expression of tef! and hfb7 values with no impact (control), Vertical lines indicate standard deviations, N = 3,

unconstrained, neutral evolution, which typically occurs in pseu- which in T. virens and T. crassum even result in a slightly K,/K; > 1?
dogenes (Koonin and Wolf, 2010). However, since we have We consider it is likely that some of the amino acids in HFB7 are
obtained a phenotype for the OEhfb7 strain and have observed reg- already under positive, whereas others are still under purifying

ulation of hfb7 transcript formation, the possibility of hfb7 being a selection, and thus keep the overall K,/K, ratio lowered. Positive
pseudogene is rejected. So why do we observe these high K, values, selection is a process by which new advantageous genetic variants

249 |Page



Komal Chenthamara

Dissertation

74 A. Przylucka et al / Fungal Genetics and Biology 102 (2017) 63-76

manifest themselves in a population. It has been shown to be a
common feature of various selffnon-self recognition and host
defence systems in fungi (Saupe, 2000). Since HFB7 is only present
in two narrow clades of Trichoderma (vide supra), such a role would
be restricted to some species only. Since our claim of this restricted
occurrence is mainly based on PCR detection, it is important to
note that we confirmed the absence in other species also by care-
fully mining the genomes of the HFB7-negative species (i.e,, T. atro-
viride, T. asperellum, and the species from the Longibrachiatum
Clade). Interestingly, the hfb7 gene is absent in T. guizhouense that
is a member of the Harzianum Clade (]. Zang, F. Cai. I. Druzhinina, Q.
Shen, unpublished data).

In order to learn about a role of HFB7, we constructed two
OERfb7 strains and tested their phenotypes. Although they
expressed hfb7 about 10-fold higher than the parent strain, we only
found a few phenotypic changes (i.e. faster submerged growth and
formation of more biomass), no differences were observed with
respect to those conditions that led to a strong increase in hfb7
gene expression (interaction with other fungi and plants, aerial
hyphae formation or response to oxidative stress). While this
may be interpreted as a contradiction, one must consider that
the expression under the latter conditions under the native hfb7
promoter is in the range of 10°-10°-fold and - although a very
strong constitutive promoter was used for overexpression - thus
the induced expression significantly outnumbers (10-20-fold) that
of the OERfb7 strains, Consequently, the constitutive expression is
without consequences under conditions where the native hfb7 is
anyway induced, such as contact with other fungi or plants, and
thus the OERfD7 strains show no distinctive phenotype. This may
also explain why the OERfb7 phenotype is restricted to the early
phase (0-40 h) of submerged growth when the native hfb? expres-
sion is either low or not induced.

Analysis of hft7 expression showed that its formation parallels
the development of aerial hyphae, but not of conidia, and that it is
rapidly induced by mechanical injury-provoked stress. The latter
has been shown in T. atroviride to involve an oxidative stress
response (Hernandez-Onate et al, 2012), If HFB7 has indeed a
function in oxidative stress response, it may serve to protect the
aerial hyphae against the consequences of presence of oxygen
rather than rendering the hyphal cell wall more hydrophobic. Such
an interpretation is supported by our data that the hydrophobicity
of the vegetative hyphae of T. virens wild-type and OEhfb7 strains is
similar. A protection against oxygen stress by HFB7 is also in accor-
dance with a recent demonstration of antioxidant activities of
HFB2 (Khalesi et al., 2016). While the presence of the four disulfide
bonds formed by the eight cysteine residues would theoretically
make any hydrophobin a potential antioxidant, subjecting T. atro-
viride - that does not have hfb7 - to mechanical injury does not
cause the upregulation of any of its hydrophobins (Hernindez-
Ofiate et al, 2012). In our analysis hfb7 was upregulated 24 h after
application of superoxide generating compound menadione and
Hz0;. The response to the later oxidative stress provoking com-
pounds was equal to the mechanical injury. We conclude from this
that T. atroviride does not use any of its hydrophobins for combat-
ing oxidative stress. The upregulation of hfb7 expression in T, virens
may thus be a specific and new trait in these species. Interestingly,
Friedl et al. (2008] reported the use of 1 mM menadione in exper-
iments with T. atroviride, while in our work T. virens could tolerate
(by showing poor growth) only 10-fold lower concentrations. At
elevared concentrations the fungus died. Thus, compared to T. atro-
viride, T. virens appears to be more sensitive to oxidative stress
what is in line with reduced growth at illumination recorded for
T. virens Gv 29-8 and several other strains of the species (L
Druzhinina, unpublished).

Upregulation of hfb7 during contact with other fungi or plants
may also be a direct consequence of oxidative stress: the release

of reactive oxygen species (ROS) is a common reaction of organ-
isms when confronted with a potential pathogen or competitor,
and even occurs in mutualistic interactions like mycorrhizae
(Torres, 2010; Kim, 2014; Lehmann et al., 2015). It has also been
directly demonstrated for Fusarium sp. and tomato plants (Zhang
etal, 2012; Li et al., 2015}, and T. virens is particularly rich in genes
encoding FAD-linked oxidases (Kubicek et al., 2011). In our exper-
iments, Trichoderma may therefore be confronted to varying
degrees with both host-derived reactive oxygen species (ROS) as
well as ROS produced by its own cell metabolic process. The use
of thiol groups, which due to their high pKa values in protein cys-
teine residues (8-9), make these amino acids ideal for maintaining
cellular redox homeostasis by combatting small redox perturba-
tion by forming reactive ionized thiolate groups (Spoel and
Loake, 2011). The participation of hydrophobins, which by being
extracellularly located could serve as a prime protectant before
ROS enter the fungal cells, therefore needs further investigations.

The reason why HFBE7 emerged and has then been functionally
maintained only in the Harzianum and the Virens Clades of Tricho-
derma still remains enigmatic. In this regards, it is interesting to
note that these species are very frequent endophytes of epigeal
parts of green plants in particular in tropics (see for example
Chaverri et al,, 2015). Having a habitat in direct proximity to pho-
tosynthetic machinery may have forced the evolution towards
additional defence mechanisms against ROS. Alternatively, both
species clades contain the most opportunistic taxa, and it is possi-
ble that their environmental success is supported by the acquisi-
tion and maintenance of genes such as hfb7.

5. Conclusions

In this work, we describe a new phylogenetic clade of class I
hydrophobins - the HFB7 - that is only present in some species
of Trichoderma. Both the evolution as well as the expression pat-
tern of hfb7 show remarkable differences to other class Il hydro-
phobins from fungi, thus rendering it an interesting subject for
future research.
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Similar to mycorrhizal mutualists, the rhizospheric and endophytic fungi are also
considered to act as active regulators of host fitness (e.g., nutrition and stress tolerance).
Despite considerable work in selected model systems, it is generally poorly understood
how plant-associated fungi are structured in habitats with extreme conditions and to
what extent they contribute to improved plant performance. Here, we investigate the
community composition of root and seed-associated fungi from six halophytes growing
in saline areas of China, and found that the pleosporalean taxa (Ascomycota) were most
frequently isolated across samples. A total of twenty-seven representative isolates were
selected for construction of the phylogeny based on the multi-locus data (partial 185
rDNA, 288 rDNA, and transcription elongation factor 1-a), which classified them into
seven families, one clade potentially representing a novel lineage. Fungal isolates were
subjected to growth response assays by imposing temperature, pH, ionic and osmotic
conditions. The fungi had a wide pH tolerance, while most isolates showed a variable
degree of sensitivity to increasing concentration of either salt or sorbitol. Subsequent
plant-fungal co-culture assays indicated that most isolates had only neutral or even
aclverse effects on plant growth in the presence of inorganic nitrogen. Interestingly,
when provided with organic nitrogen sources the majority of the isolates enhanced
plant growth especially aboveground biomass. Most of the fungi preferred organic
nitrogen over its inorganic counterpart, suggesting that these fungi can readily mineralize
organic nitrogen into inorganic nitrogen. Microscopy revealed that several isolates
can successfully colonize roots and form melanized hyphae and/or microsclerotia-like
structures within cortical cells suggesting a phylogenetic assignment as dark septate
endophytes. This work provides a better understanding of the symbiotic relationship
between plants and pleosporalean fungi, and initial evidence for the use of this fungal
group in benefiting plant production.

Keywords: Pleosporales, dark , organic nitrog
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INTRODUCTION

As intimate partners of plants, many groups of fungi can establish
associations with roots and seeds and thereby facilitate plant
growth and increase stress tolerance (Ernst et al., 2003; Rodrigues
et al,, 2009; de Zelicourt et al,, 2013). Plant-associated mycobiota
comprise taxonomically diverse members, mainly including
arbuscular mycorrhizal fungi (AMF), ectomycorrhizal fungi
(EMF) and a number of ascomyceteous and non-mycorrhizal
basidiomycetous fungi (NMF) (Gardes and Dahlberg, 1996;
Khidir et al., 2010; Zuccaro et al, 2014). Mycorrhizal symbioses
have been extensively described due to their important role in
improving plant nutrition and stress tolerance (Evelin et al,,
2009). Despite accumulating evidence that plant roots can host
many more non-mycorrhizal endophytes than previous thought
(Vandenkoornhuyse et al,, 2002; Porras-Alfaro et al,, 2008; Toju
et al,, 2013}, the ecological significance of NMF plant associations
are poorly understood.

Plant fungal endophytes have been categorized into four
groups on the basis of a series of criteria including host
colonization pattern, transmission model (vertical transmission
via host seeds and horizontal transmission via soil- or air-
borne spores) and ftness benefits (Rodriguez et al, 2009).
Notably, class 2 fungal endophytes can establish habitat-adapted
symbiosis and confer specific stress tolerance to the host plant
in different extreme habitats (Rodriguez et al., 2008; Redman
et al, 2011). Similarly, dark septate endophytes (DSEs) are
considered to be class 4 endophytes and form melanized hyphae
and microsclerotia-like structures in roots (Knapp et al, 2015;
Yuan et al, 2016). DSEs are the dominant root-associated
fungi and more frequent than AMFs from plants grown in
extreme environments (e.g., salinity and drought) (Porras-Alfaro
et al,, 2008; Newsham et al, 2009). Some root opportunistic
and rhizospheric fungi can also induce systemic resistance
against crop diseases (Shoresh et al, 2010; Druzhinina et al,
2011; Jogaiah et al, 2013) and improve abiotic stress tolerance
{McLellan et al., 2007). These findings underscore the importance
of NMF in mediating plant productivity. However, it is generally
poorly understood how plant-associated fungi are structured in
in extreme conditions, and if so, to what extent they contribute to
improving plant performance.

The Pleosporales order is considered to be among the
largest class within the class Dothideomycetes (Ascomycota)
(Phookamsak et al., 2014; Tibpromma et al., 2015). Some genera
of this order comprise ecologically important plant endophytes,
including numerous DSEs (Hamayun et al., 2009; Knapp et al.,
2015). Knapp et al. (2012) demonstrated that pleosporalean
fungi occurred in all plant species in semi-arid grasslands
of North America. Furthermore, microscopic analysis of the
grass Bouteloua gracilis revealed that the fungal community of
roots was dominated by a novel DSE belonging to Pleosporales
(Porras-Alfaro et al., 2008). Large-scale culture-based surveys
show that some fungal genera of the Pleosporales are common
endophytes in both coastal and inland arid soils (Kageyama
et al., 2008; Macid-Vicente et al., 2008). Consequently, we surmise
that pleosprolean fungi are generalist endophytes common
within adverse environments. However, their basic physiological

Frontiers in Microbickogy | www. frontiersin.org
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characters and potential ecological significance has received only
very limited attention.

In this work, a wide range of pleosporalean fungi were isolated
from the rhizosphere, roots and seeds of halophytic plants
in China. We then determined their phylogeny, sensitivity to
diverse environmental stresses, and their ability to utilize various
substrates of nitrogen. Further, we investigated their effects on
plant growth in the presence of organic and inorganic nitrogen.

MATERIALS AND METHODS
Study Site and Sampling

A total of six halophytes were collected at three sampling sites in
China. In August 2011, the healthy roots of Phragmites australis
(family Poaceae) were collected at the inland saline and arid soil
of Changji, XinJiang Province (N 44°29', E 87°93'), northwest
of China. In July of 2014, roots and rhizosphere soils of Suaeda
salsa were collected from the coastal region at the mouth of
the Yellow River in DongYing, ShanDong Province (N 37°23',
E 118°55"). Furthermore, the rhizosphere soil, intact roots of
§. salsa (family Amaranthaceae), P. australis, Calystegia soldanella
(family Convolvulaceae), Carex scabrifolia (family Cyperaceae),
Kochia scoparia (family Amaranthaceae) and Messerschmidia
sibirica (family Boraginaceae) were collected from a saline coastal
sandy soil in QingDao, ShanDong Province (N 35751, E 120°02")
in 2015. The plant species selected are considered to be good bio-
indicators of saline environments, A map of collection sites and
photos of plant samples was provided in Figure 1.

Isolation of Endophytic and Rhizospheric
Fungi from Six Halophytes
Fungi associated with rhizosphere soils (within a 1-mm vicinity
of the roots) were isolated using the traditional serial dilution
technique (Jogaiah et al, 2013). For collecting the soil samples,
roots with adhering soil were mixed with 40 ml sterile phosphate
buffer solution (100 mM PBS, pH = 7.2} in 50-ml tubes (BD
Falcon). Tubes were vortexed at high speed for 5 min using a
Vortex Genie 2 (Mo Bio Laboratories Inc., USA), allowing the
release of most of the rhizosphere soils. The root samples were
removed and soil suspensions were centrifuged for 15 min at
10°C at 6000 g to pellet the rhizosphere soils, Then, 1 g of each
soil sample was re-suspended in 99 ml PBS and 10-fold serial
dilution was made from the suspension (1072 to 10~%). Dilution
of 107" and 107% were used to isolate fungi. 100 pul of each
diluted suspension was spread evenly onto Czapek’s agar plates
supplemented with 0.05 g/L streptomycin sulfate and 0.02 g/L
tetracycline hydrochloride to eliminate bacterial contamination,
The composition of the medium was as follows: sucrose 30 g,
NaNQO; 2.0 g, KaHPOy 10 g, MgS047H,0 0.5g, KCI 0.5 g,
FeSO4 H;0 0.01g, agar 20 g and 1 liter of distilled water, pH 5.6.
All plates were incubated at 25°C in darkness for at least 1 week
until colonies appeared. Colonies were picked up and transferred
to fresh potato dextrose agar (PDA) plates for purification.

For isolating fungal endophytes, roots and seeds (excised from
the utricles) were heavily surface sterilized by immersion in
ethanol (75%, v/v) for 30 5, and then soaked in 2.0% NaClO (v/v)
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FIGURE 1 | Map of collection sites and photos of plant samples in this study.
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for 5-10 min depending on the type of tissues, followed by 90%
ethanol (v/v) for 30 s to remove the residual NaClO, Finally,
sterilized distilled water was used to rinse the samples at least
five times. The roots were dried with sterile filter paper, cut into
3-5 mm segments (for seeds cut into two halves), and placed
on 2% malt extract agar (MEA, Oxoid) plates supplemented
with antibiotics as mentioned above. Totally, 70 seed segments
from S. salsa and approximately 160 root segments from each
plant species were used for isolation. The plates were incubated
for 2 weeks at 20°C in the dark, after which emerging hyphae
developed from the tissue fragments were transferred to PDA for
purification.

DNA Extraction, PCR Amplification and
Sequencing

The mycelia were scraped from the PDA plates and transferred
to a sterile 1.5 ml microcentrifuge tube. Fungal DNA was
extracted using DNeasy Plant Mini Kit (Qiagen) according
to the manufacturer’s protocol. Four primer pairs, ITS1F and
ITS4 (White et al,, 1990), N51 and NS4 (White et al., 1990),
LROR and LR5 (Vilgalys and Hester, 1990} as well as EF1-983F
and EF1-2218R (Rehner and Buckley, 2005) were used for the
amplification of internal transcribed spacer (ITS) of the rDNA
cluster, partial 188 rRNA (small subunit, SSU) and 288 rRNA
(large subunit, LSU), and partial transcription elongation factor
1-a (tef1) gene, respectively. The final volume of the PCR reaction
was 50 pl which contained 2 ] template DNA (20-50 ng),
0.5 ! of each forward and reverse primer (50 pM), 25 ul 2x Taq
MasterMix (Cwbio, Beijing), and 22 ! sterile deionized water.

Frontiers in Microbiclogy | www frontlersin.org

The PCR reaction consisted of the following steps: a pre-
denaturation at 94°C for 4 min, followed by 35 cycles of
denaturation at 94°C for 40 s, annealing at 55°C for 50 s and
elongation at 72°C for 1 min (2 min for LSU and S5U), and final
extension at 72°C for 10 min. For fefl amplification, we used a
touchdown PCR cycle that started with an annealing temperature
of 66°C in the first cycle, reducing by 1°C in cach successive
cycle over the next nine cycles until it reached 56°C, which
was used in the remaining 30 cycles. All purified PCR products
were sent to Shanghai Sangon Biological Engineering Technology
and Services Co., Ltd (Shanghai, China) and sequenced with the
above primer pairs. All sequences from this study have been
deposited in the GenBank database under the accession numbers
presented in Table 1. TS sequences were subjected to BLASTn
searches' for initial identification.

Molecular Phylogeny of the
Plant-Associated Pleosporalean Fungi
Preliminary ITS sequence-based identification supports the
existence of a wide range of pleosporalean taxa. Thus, we aim to
infer their phylogeny using three loci (SSU, LSU, and tef1), which
have been used to give sufficient phylogenetic resolution within
the Pleosporales (Tanaka et al., 2015), to provide insights into
the relationships between our isolates and known pleosporalean
fungi. To construct the phylogenetic tree, we retrieved the
corresponding gene sequences from recently published papers
focusing on the molecular phylogeny of the Pleosporales
(Lumbsch and Lindemuth, 2001; de Gruyter et al., 2006, 2010;

'hitps:/fblast.ncbinlm.nih.gov/Blast.cgi
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Ariyawansa et al., 2014; Phookamsak et al., 2014; Knapp et al.,
2015; Phukhamsakda et al., 2015). A concatenated set of three
genes from the strains listed in Table 1 and Supplementary Table
§1, was used to create an alignment using muscle v3.8.425 (Edgar,
2004) tool integrated in AliView {Larsson, 2014). The conserved
concatenated alignment based on nucleotides containing 2604
characters was subjected to Bayesian analysis using program
MrBayes v3.2.5 (Huelsenbeck and Ronquist, 2001). The chain
was run for 5 million generations by applying Generalized
time reversible substitution model (Waddell and Steel, 1997).
Two simultaneous, completely independent analyses starting
from different random trees were run, using three heated
chains and one “cold” chain. Once the analysis was finished,
37500 trees were summarized after discarding the first 25% of
obtained 50,000 trees, and a consensus tree was obtained. Branch
color corresponding to the posterior probability percentage of
each clade was generated using FigTree v1.4.2°. Further image
improvement was performed in CorelDraw Graphics Suite X8,

Fungal Growth Responses to
Environmental Stresses

To explore the adaptability of the pleosporalean fungi to adverse
environmental conditions, their growth rates under various
conditions (temperatures, pH, salt and osmolyte concentrations)
were examined. Colony diameter was used as parameter, Mycelial
plugs (5.0 mm in diameter) cut from 7-day-old PDA colonies
were transferred to fresh PDA plates.

To evaluate fungal growth responses to different levels of
temperatures and pH, the inoculated PDA plates were incubated
at 10, 15, 20, 25, 28, and 30°C in the dark for 7 days. Similarly,
fungi were cultured on PDA with a wide range of pH gradients
(ranging from 6 to 11). The pH values were measured with a
Mettler Toledo pH meter. All plates were incubated at 25°C.
The salt stress was induced by adding different concentrations
of ionic osmolytes (NaCl and KCI), and the non-ionic osmotic
stress was imposed by using sorbitol. First, the PDA medium was
supplemented with salt (KCI and NaCl) at concentrations of 2, 4,
6, 8, 10, and 12% (w/v), respectively. In parallel, PDA medium
with non-ionic osmotic treatment was prepared using sorbitol
(0.2-2.0 M) (Nikolaou et al., 2009). All plates were incubated at
25°C. Three to five replicates were performed for each treatment.
This experiment was terminated after 10 days. Colony diameters
of these fungi were recorded. Values were means of replications
and shown in Radar charts.

Nitrogen Utilization Pattern of Pure

Fungal Cultures

We used the modified Melin and Norkrans (MMN) free of
nitrogen as the basal medium, to determine the ability of the
fungi to utilize different inorganic and organic forms of nitrogen
(Midgley et al., 2004; Bizabani and Dames, 2016). The nitrogen-
free MMN medium contained (L™'): 5.0 g glucose, 0.30 g
KH;POy, 0.14 g MgSO, H,0, 50 mg CaCly, 25 mg NaCl, 3 mg
ZnS0y, 12,5 mg ferric EDTA and 0.13 mg thiamine-HCl, pH 4.5

http:/itree.biv.ed.ac.uk/software/ figtree!
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prior to autoclaving. For all treatments, a final N concentration
was adjusted to 50 mg' L~ !. The inorganic N source, ammonium
[0.25 g L=! (NH4);HPO,] and nitrate (0.36 g L~' KNO3), were
separately added into the basal medium. A mixture of acidic,
neutral, and aromatic amino acid amino acids [glutamine (Glu),
glycine (Gly), valine (Val), leucine (Leu), and phenylalanine
(Phe}], as well as Bovine Serum Albumin (BSA, N content 16%),
were chosen as the organic N source. The two solutions were
filter-sterilized with 0.45 and 0.22 pm Millipore filters and added
into the autoclaved nitrogen-free basal medium separately. Three
mycelial plugs of every fungus (5.0 mm in diameter) were cut with
a sterile cork-borer from the edge of actively growing colonies
on PDA plates, and then inoculated into 50 ml of the liquid
medium in 250 ml flasks. Three replicates were prepared for each
treatment. All the cultures were incubated in the dark, at 26°C
and shaking at180 r/min. After 7 days, mycelia were collected
by filtration through filter paper, and the growth of fungi was
measured as dried mycelial biomass (mg).

Plant-Fungal Co-culture Assay under
Organic and Inorganic Nitrogen

Conditions

We established the plant-fungal co-culture system to investigate
the effects of fungal inoculation on plant growth, We also ask if
the nitrogen status in the plant growth substrate will influence the
outcome of plant-fungal interactions. In this case, both organic
nitrogen in the form of amino acids and inorganic nitrogen in
the form of ammonium nitrate (NH4NO3) and potassium nitrate
(KNOs3).

The gnotobiotic rice seedlings were generated using the
following steps. The rice seeds (cultivar: zhongjiazao 17) were
surface sterilized as mentioned above. Seeds were sown in Petri
dishes (150 mm diameter) containing 1/5 Murashige and Skoog
(MS) medium and incubated at 28 £ 1°C for 96 h. Thereafter,
the germinated seeds without microbial contamination were
transplanted into the sterile plastic container with 1/2 M5 and
placed on growth chamber with a photoperiod of 12 h of
light/12 h darkness and temperature of 28 £ 1°C for 5 days
(Rodriguez et al,, 2008). Uniform sized seedlings were selected
for inoculation.

To support the growth of these diverse pleosporalean fungi as
well as maintain a moderate fungal growth rate, 2 g oatmeal. L'
(Difco) as the carbon source was added into the 1/5 Murashige
and Skoog (MS medium) (Mahmoud and Narisawa, 2013).
Inorganic N sources (KNO; and NH;NO3) were added to the
basal medium before autoclaving (Finlay et al, 1992}, while a
mixture of five amino acids (Glu, Gly, Val, Leu, and Phe) was
filter-sterilized with 0.22 jum Millipore filters and added to the
autoclaved basal medium with a final concentration of 30 mg
N.L7! (Usuki and Narisawa, 2007). A total of 70 ml medium
was poured into a sterile glass tube (25 mm diameter, 250 mm
height). One fresh mycelial plug (5 mm in diameter) cut from
colony margins was placed mycelial side down in the center
of each tube, and pure PDA plugs were used as control. Prior
to seedling inoculation, fungi were cultured in the medium for
3-7 days.
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The 8-days-old rice seedlings were transplanted to the tubes
that were pre-inoculated with fungi (five seedlings per tube).
Three-five replications of each treatment were set up, Tubes were
double sealed with parafilm and arranged randomly and finally
kept in the growth chamber at 28 + 1°C with a photoperiod
of 12 h of light/12 h darkness. After incubation for 15 days,
fresh biomass, plant height, root length were measured. Statistical
analysis was performed using GraphPad Prism v6.0 (GraphPad,
San Diego, CA, USA). Statistically significant differences between
treatment and control groups were analyzed using multiple 1-tests
comparison.

Microscopic Observation of Fungal
Colonization Pattern in Roots

Trypan blue staining method was used to confirm whether
the pleosporalean fungi colonize the inner roots endophytically
(Padamsee et al., 2016), Briefly, the roots were cleaned and fixed
in 50% ethanol for 24 h. Then the samples were rinsed three
times with sterilized deionized water and then soaked into 5%
potassium hydroxide (KOH) for 2-3 h in a water bath at 90°C,
Subsequently, the roots were acidified by 2% lactic acid for 1-
2 min followed by strained with 0.05% (w/v) trypan blue (a
mixture of 1:1:1 lactic acid/glycerol/distilled water) for 10 h.
Finally, the roots were placed into 50% glycerin for 24 h to
de-stain. The hyphal structures in roots were viewed with light
microscope (Zeiss, Axio Scope A1) using differential interference
contrast (DIC) illumination and an AxioCam MRe5 camera and
Zen software,

RESULTS

Identification and Molecular
Phylogenetic Appraisal of

Plant-Associated Pleosporalean Fungi

As shown in Table 1, a preliminary BLAST analysis of ITS and
LSU sequences from the 27 fungal strains isolated from halophyte
roots, seeds, and rhizosphere showed that they comprised a
diverse group of pleosporalean taxa.

To identify species level taxonomy and determine the
relationships among our isolates and known pleosporalean
species, we constructed a phylogeny using a multi-locus DNA
sequence dataset (SSU, LSU, and tefl) from 89 taxa. Hysterium
angustatum and H. pulicare (Hysteriales, Dothideomycetes)
served as outgroup taxa (Figure 2). The analysis indicates that
the pleosporalean fungi obtained in our work belong to seven
distinct families including Phaeosphaeriaceae, Pleosporaceae,
Didymellaceae, Sporormiaceae, Didymosphaeriaceae,
Massarinaceae, and Lentitheciaceae, and were distributed
across two suborders (Pleosporineae and Massarineae). Most
isolates belong to the families Phaeosphaeriaceae, Pleosporineae,
and Didymosphaeriaceae. It should be especially noted that, nine
isolates isolated from three host plants and two compartments
(rhizosphere and endosphere) formed a strongly supported clade
sister to Phaeosphaeriaceae and Pleosporaceae, suggesting their
potentially taxonomic novelty. Furthermore, LSU and/or 1TS
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sequences of some isolates (such as SYC-R-4, JP-R-6, DF-R-9,
JP-R-44, and LW-R-2) did not match any known species, and
formed several strongly supported separate clades, This suggests
that they are potentially new genera and that likely many more
taxa to be discovered in this order. The three individual gene
trees also yielded wvery similar topologies (Supplementary
Figure 51).

Comparison of the Utilization of

Inorganic and Organic Nitrogen in Pure
Cultures

All isolates investigated utilize both inorganic and organic N in
liquid cultures, While final strain biomass was variable at different
N sources (Figure 3F), a total of 21 isolates preferred organic
N over inorganic N (Supplementary Figure 52, P < 0.05).
Isolates of the suborder Pleosporineae produced the highest
biomass on organic N. Strains LW-7 (Lentitheciaceae sp.) and
LW-R-2 (Epicoccum sp.) accumulated the greatest biomass when
NH, " was the sole N-source, while the remaining four strains
of R20 (Phaeosphaeriopsis sp.), R(2015)-25 (Curvularia sp.), LW-
R-3 (Paraconiothyrium sp.), and DW-R-4 (Paraconiothyrium sp.)
produced the greatest biomass on nitrate.

Environmental Stress Response in the
Plant-Associated Pleosporalean Fungi
Temperature

Effects of temperature on growth of the pleosporalean fungi were
shown in Figure 3A. Although the growth rate varied among
isolates, 25°C was the optimal temperature for most fungi. Of
these, the isolates of JP-R-44, DW-R-1 and seedl grew much
more slowly than other isolates under the same conditions. An
exception was the isolate R(2015)-25 (Curvularia sp.), which still
grows well at 32°C.

pH

With the exception of DW-R-1 and JP-R-44, the majority of
strains grow well over a wide range of pH level ranging from
6 to 11 (Figure 3B) suggesting that they are highly alkali-
resistant. Isolates (LW-R-2 and CYTC-R-5) performed well at
high pH suggesting adaptation to the alkali environments as is
characteristic of alkalophilic fungi (Horikoshi, 1999).

Salt Stresses

All isolates were sensitive to salt. Overall, their growth rates
were clearly inhibited with increasing concentrations of KCI or
NaCl (Figures 3C,D), although the mycelium remained viable.
Growth in the presence of increased concentrations of NaCl was
considerably more inhibited than KCI at the same concentration.
Only a small number of isolates were able to grow at higher NaCl
concentrations. In contrast, several of them (including LW-R-2,
|P-R-44, DW-R-1, and seed1) could still grow at the highest KC1
concentration tested.

Non-ionic Osmotic Stress

Similar to salt sensitivity, increased sorbitol concentrations also
inhibited fungal growth (Figure 3E), but the effect was much less
pronounced in comparison to the ionic salt stress.
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Accession numbers of the three genes used for the phylogram were given in Table 1 and Supplementary Table S1. Different symibols showing coliection sites, origin
maternials and host plants for each isolate were also indicated.

Nitrogen Status Influences the Outcome effects on plant biomass, and in some cases even negatively
of Plarlt-FungaI Interactions affected the growth when inorganic nitrogen sources (NH4NO;
A plant-fungi co-cultivation system was established to explore and KNO;3) were used. While the root length of rice seedlings
potential beneficial effects of pleosporalean fungi on plant treated with CYTC-R-5 and plant height of JP-R-44 treated
growth. In view of the importance of the type of nitrogen in  seedlings were enhanced (multiple t-tests comparison, df = 26;
plant performance and productivity, we investigated whether P < 0.05) (Figure 5), yet no significant differences in plant
the nitrogen source would influence the outcome of plant-  biomass were observed (Figure 4).

fungal interactions (Upson et al., 2009; Newsham, 2011). Our When organic nitrogen was provided, almost all isolates
preliminary data established that none of the isolates cause increased plant biomass production (Figure 4). Isolates DF-
disease symptoms in rice seedlings (data not shown), Asshownin ~ R-3 (Phaeosphaeriaceae sp.), DF-R-7 (Phaeosphaeriaceae sp.),
Figure 4, plants co-cultured with fungi did not have any positive ~ DW-R-4 (Paraconiothyrium sp.), R(2015)-29 (Alternaria sp.),
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FIGURE 3 | Radar charts showing the different sensitivity of pleosporalean fungal growth to diverse stress conditions and their nitrogen utilization
pattern. Fungal growth was Ay r ip of diameter on PDA plates (for stress assays) or dry weight of the biomass production in quid
medium {for nitrogen utilization assay). {A) Effects of different temperature on the growth of the isclates. (B) Effects of different pH level on the growth of the isolates.
{C.D) Effects of a range of salt (NaCl and KCI) concentrations on the growth of the isclates. (E) Effects of the non-icnic esmotic stress (sorbitel) on the growth of the
isolates. (F) Varable nitrogen utilization pattern. (NH.)sHPO, and KNOs were used as inorganic N, while a mixture of amino acids and Bovine Serum Albumin (BSA)
as organic N.

and R(2015)-4 (Alternaria sp.) significantly promoted seedling
growth (multiple {-tests comparison, df = 24; P < 0.0001). Also,
12 other groups clearly improved plant development (multiple
t-tests comparison, df = 24; P < 0.05). The data also showed
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that fungal induced plant biomass increases are mainly due to the
accumulation of above-ground biomass as indicated by increased
plant height (multiple t-tests comparison, df = 24; P < 0.05) and
not root biomass (Figure 5).
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FIGURE 4 | Box-plots showing the plant biomass of fungal-treated and
control groups supplied with inorganic (A) and organic nitrogen (B). (A) In
the presence of inorganic N, the majority of isolates had non-significant
postive influencas on the biomass of the seadiings compared 1o the
uninocutated contral group. (B) In the presence of organic N, significant
differences to the control in bicmass were evaluated for the seediings
inoculated with the tested isolates, which were denoted by *P < 0.05,

" < 0.01, """F < 0.0001. Horizontal bars within the box indicated the
median value of the data, and the outer vertical bars represented the
maximum and minimum values of the data. A cluster tree modified from
Figure 2 was addad to clarity tha linkage between the phylogeny within the
Tungal isolates and their functions,
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Fungal Colonization Pattern in Plant

Roots

The endophytic colonization of rice roots by the pleosporalean
fungi was further investigated microscopically. Six isolates
[RS-A-34, RS-C-28, RS-A-88, R(2015)-25, DW-R-4 and R20]
(Figures 6A-F) successfully colonized the inner root tissue
as shown by the distribution of an abundant number of
hyphae in the cortex and epidermis cells, both inter- and
intracellularly. Melanized microsclerotia-like structures were
formed upon inoculation with the isolate RS-A-34 (Figure 6A),
showing the typical characters of DSEs. Root cells were
filled with microsclerotia-like structures. Although inoculation
of the isolates RS-C-28, RS-A-88, R(2015)-25 did not form
the typical microsclerotia-like structures in roots, initiation
and development of chlamydospore-like structures have likely
occurred. The remaining isolates colonized rice roots only on
the surface, because no fungal structures were found inside root
cells. Roots inoculated with the isolates DW-R-1 and R(2015)-29
became brown to dark, but no hyphae were seen in roots.

DISCUSSION

Apart from AMF and EMFE, NMF have now been recognized
as an important component of the root-associated mycobiome

Frontiars in Microbiclogy | www frontiersin.org
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FIGURE 5 | Plant height and root length of fungal-treated groups and
control groups supplied with inorganic (A) and organic nitrogen (B). (A) In
the presence of inorganic N, most inoculated treatments showed inhibitory
impact on plant height and root langth, (B) In the presence of organic N,
several igolates signiicantly promoted the growth of plant height (F < 0.0001)
compared to the uninoculated control group, and did not significantly increase
oot growth. Values for inoculated plants differing from the control group were
denoted by *F < 0.08, *"F < 0.01, ***F = 0.0001. Bars indicated standard
emor in the histogram,

(Khidir et al,, 2010; Andrade-Linares and Franken, 2013; Zuccaro
et al,, 2014). While there is accumulating evidence regarding
the diversity and structure of NMEF, their basic physiology
and extended effects on plants are not well characterized,
especially for plant-associated NMF under extreme conditions.
In this work, we characterized halophyte-associated fungi from
three geographic areas, six halophyte plant species and three
habitats (rhizosphere, root, and seed endosphere), and found
that the pleosporalean taxa can be frequently captured. This
implies that they are generalist endophytes and/or epiphytes
in high salinity environments, and might also mean that this
group of fungi is the easiest to isolate and culture under the
experimental conditions, This is consistent with other studies
where pleosporalean fungi were found to be the dominant
colonizers in halophytes (El-Morsy, 2000; Sun et al, 2011;
Okane and Nakagiri, 2015) and plants grown in arid conditions
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(Porras-Alfaro et al., 2008; Khidir et al., 2010). Especially the
genera Pleospora, Alternaria, and Phoma were often recorded.
Here we show that all pleosporalean strains isolated from
our study can be categorized into seven families. Some of
them are newly discovered taxa as several clades separated
from known fungal taxa by long and well-supported branches
(Figure 2). To the best of our knowledge, there is only a
single report on a systematic morphological and phylogenetic
analysis of diverse pleosporalean DSEs available (Knapp et al.,
2015). Consequently, the ubiquity, diversity and novelty of
plant-associated pleosporalean fungi in adverse environments
will not only provide good phylogenetic resolution within the
Pleosporales, but also provide the impetus to elucidate their basic
physiology and roles in plant fitness.

To our knowledge, this study presents the first in vitro
experimental evidence of the ability of pleosporalean fungi to
adapt to a series of environmental stresses. Our data showed that
the tested isolates are sensitive to ionic (imposed by NaCl and
KCl) and non-ionic osmolytes (imposed by sorbitol) with varying
degrees, which is consistent with previous observations (Larsen,
1986; Nikolaou et al., 2009; Samapundo et al., 2010). Most of our
isolates were more negatively affected by NaCl stress than KCl or
sorbitol stress. It is possible that Na™ is poorly taken up by fungi,
and could in fact cause alkaline stress, while K* can be easily
absorbed and would not accumulate as KOH in the medium
{Larsen, 1986). More importantly, some fungi may also utilize K*
for surviving in unfavorable conditions (Larsen, 1986). Despite
their salt sensitivity, few of them still can grow and survive in 12%
NaCl (approximately 2 M NaCl). This is consistent with earlier
data that the pleosporalean fungi isolated from halophytes are
more likely halotolerant but not halophilic (Rodriguez et al., 2008;
Lucero et al., 2011; Macia-Vicente et al., 2012). Macia-Vicente
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FIGURE 6 | Endophytic colonization of plant roots by six pleosporalean taxa. Iniracellular hyaline and septate hyphag were observed in the root tissues which
weng inoculated with these endophytes [RS-8-34, AS-C-28, RS-A-88, R(2015)-25, DW-R-4 and R20] {A=F) with the light microscopy.

Pizgsporalean Fungal-Medsated Plant Growth

et al. (2012) further speculated that rhizospheric soil fungi may
be more tolerant to salt stress than endophytes, as endophytes
are protected within plant roots from harsh soil conditions. Our
data did not, however, support this hypothesis since there was
no significant difference of growth pattern under salinity stress
between endophytes and rhizospheric fungi in our conditions. All
fungi tested could grow well at high pH, which may imply that
both soil and host provide a well-conditioned environment with
high alkali for the rhizospheric and endophytic pleosporalean
fungi. Taken together, the evidence from the present study
suggests that the ability of coping with multiple ecological stresses
in pleosporalean fungi should be taken into consideration for
their utilization in saline-alkaline soils.

It has been known that different nitrogen sources can
affect ectomycorrhizal and DSEs fungal growth and biomass
accumulation (Yamanaka, 1999; Rosling et al., 2004; Mandyam
et al, 2010). Our results demonstrated that fungal biomass
formation on different inorganic and organic substrates
significantly varied among species, but most preferred amino
acids over inorganic nitrogen sources presumably due to energy
and carbon savings for amino acid biosynthesis. Mandyam et al.
(2010} also found that several DSEs produced more biomass in
the organic N (Gly) than in the inorganic N. Besides that, fungi
also can use them as carbon sources for growth. The effective
utilization of BSA in many isolates may reflect the occurrence
of fungal-derived proteolytic enzymes for hydrolyzing proteins
(Leake and Read, 1990; Bizabani and Dames, 2016). We suggest
that this trait maybe related to their host plants N nutrition
(Cairney and Mcharg, 2003) (see further discussion below).

The influence of NMFs on growth and stress tolerance of
plants are now beginning to be revealed. It has often been
hypothesized that DSEs confer plant drought tolerance and
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nutrient acquisition (Porras-Alfaro et al., 2008), whereas other
NMFs have been reported to have weak or even negative effects
on plant growth (Jumpponen, 2001; Kageyama et al, 2008;
Dovana et al,, 2015), Tt is well-known that a number of factors
determine the outcome of plant-fungal interactions, including
plant genotype, the genotype and virulence of the fungi as well
as the environmental conditions and nutrient status of the soil
(Schulz and Boyle, 2005; Singh et al., 2011; Murphy et al., 2014).
The co-cultivation assay confirmed that our isolates colonized
rice seedlings asymptomatically. This suggests that the inhibition
of plant growth caused by pleosporalean fungi probably results
from uncontrolled fungal growth, but not from the fungal
virulence factors (mainly mycotoxins) (Vahabi et al., 2013).

Since plants obtain their carbon from carbon dioxide, N is the
major nutrient they have to retrieve from the soil (Blair et al,,
1998). For most plants, inorganic nitrogen compounds are the
major source of soluble N (Roberts et al, 2009). In line with
previous studies, our data strongly indicates that the nitrogen
source influences plant-fungal interactions (Newsham, 2011).
In vitro closed co-cultivation system under axenic conditions
has been often used for studying plant-NMF interactions. In
this case, the most frequently used substrates supporting plant
and fungal growth are the MS medium (half strength or one-
tenth strength) (Kageyama et al., 2008; Junker et al,, 2012} and
one-tenth strength of Marx-Melin-Norkrans (MMN) medium
(Keim et al,, 2014), which contains N in the inorganic form.
Using these media, researchers found that the majority of fungal
endophytes adversely affected plant growth and health, and a
few of them were even pathogenic to plants (Jumpponen, 2001;
Dovana et al, 2015). However, plant growth promotion can
be measured in this experimental system if the fungi prove to
produce auxin-like compounds in vitro (Sirrenberg et al., 2007;
Contreras-Cornejo et al, 2009; Redman et al,, 2011) despite
clear evidence of in situ hormone production in planta by
endophytes is yet to be elucidated. In the presence of organic
N condition, most pleosporalean fungi strongly enhance plant
biomass accumulation compared to the presence of inorganic N.
This raises the question of why and how the N source influences
the interaction with plant roots. It is known that tryptophan
(Trp) is a precursor for auxin biosynthesis in fungi and plants
{Redman et al, 2011). However, Trp is not present in the range
of organic N sources we tested in the context of this study. Those
which are present (Gly, Val, Glu, Phe, and Leu) are not known as
precursors for the synthesis of plant-growth-promoters. Rather,
we propose the possibility that the amino acids will become
mineralized upon fungal colonization and therefore available for
plant uptake. This hypothesis is supported by earlier reports
showing that a wide range of DSE provide more benefits to plant
in the presence of organic N than in the presence of inorganic N
(Mandyam and Jumpponen, 2005; Upson et al., 2009; Alberton
et al,, 2010; Newsham, 2011; Mahmoud and Narisawa, 2013).
DSE has been shown to synthesize proteolytic enzymes, which
can mineralize the organic N compounds into the free inorganic
N (Caldwell et al., 2000; Bizabani and Dames, 2016). This work
further extends our view that apart from DSE, the rhizospheric
and seed endophytic fungi may also possess a similar functional
trait.
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It has been reported that insect pathogenic fungi and EMF
can transport insect-derived organic nitrogen into the plant
roots (Klironomos and Hart, 2001; Behie et al, 2012, 2013},
More broadly, some rhizobacterial symbionts of plants also
secrete proteases and degrade denatured proteins and scavenge
organic nitrogen from soil (White et al, 2015). We might say
to strengthen this section that bacterial/fungal chitinase and
protease activities are known to participate to the N cycle
and are crucial for decomposition of seil organic nitrogen
{Heinonsalo et al, 2015 Rineau et al, 2015 Knapp and
Kovacs, 2016). Hence, it appears likely that diverse plant-
associated fungi and bacteria are important players in the
soil nitrogen cycle (Behie et al, 2013). As the excessive
use of inorganic nitrogen poses a great threat to natural
ecosystems and crop yield (Tilman et al, 2002), our findings
underscore the enormous potential for utilizing organic N
mineralizing microbes in sustainable agriculture. Indeed, some
of our isolates have also been shown to promote the growth
of trees (e.g., American sweetgum (Liquidambar styraciflua)
seedlings) under organic N condition (data not shown), thus
suggesting the application of this system over a wider range of
plants.

CONCLUSION

Our work provides new insights into the biodiversity of the
widespread pleosporalean fungi associated with halophytes.
Future direction will thus be focused on addressing whether these
fungi are involved in plant salt tolerance. Symbiotic interactions
between plant and pleosporalean fungi may serves as a new model
for studying fungal-mediated plant growth and stress tolerance.
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Bayesian consensus phylograms for individual genetic regions (LSU, SSU, and tefl) showing the

relationships between novel isolates and currently described pleosporalean fungi. The color of

branch corresponding to the posterior probabilities percentage.
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EXPLORING PHYLOGENOMICS OF TRICHODERMA: formulating a hypothesis

- ACCORDING TO THE CURRENT HYPOTHESIS, TRICHODERMA (ASCOMYCOTA, HYPOCREALES) IS PRIMARILY A MYCOTROPHIC GENUS WHICH CONTAINS SEVERAL
HIGHLY OPPORTUNISTIC SPECIES WITH COSMOPOLITAN DISTRIBUTION.
DRUZHININA ET AL, 2011 PROPOSED AN OUTSTANDING OPPORTUNISTIC POTENTIAL OF SEVERAL TRICHODERMA SPECIES DERIVED FROM MYCOPARASITISM AND
ALLOWED THEM TO ESTABLISH AS EFFICIENT SAPROTROPHS IN SUCH ECOLOGICAL NICHES AS SOIL, RHIZOSPHERE, AND DEAD WOOD. ALTERNATIVELY OTHER
SPECIES OBTAINED AN ABILITY TO FORM BIOTROPHIC ASSOCIATIONS WITH PLANTS (ENDOPHYTISM) AND ANIMALS (OPPORTUNISTIC PATHOGENS OF HUMANS). Cordyceps
GENOMES OF SEVEN SPECIES HAVE BEEN SEQUENCED BY DOE JGI. THREE OTHER GENOMES HAVE BEEN SEQUENCED BY PRIVATE INITIATVES IN CHINA, US AND militaris CMO1 > U
EUPOPE AND ARE AVAILABLE FOR THE ANALYSIS.
ALL BUT T. REESEI GENOME SEQUENCED SPECIES ARE ECOLOGICALLY SIMILAR: COSMOPOLITAN ENVIRONMENTAL OPPORTUNISTS WITH HIGH MYCOPARASITIC Beauveria bassiana ARSEF 2860
POTENTIAL AND CERTAIN LEVEL OF RHIZOSPHERE COMPETENCE. 7. REESEI IS A RELATIVELY RARE TROPICAL SPECIES THAT IS MAINLY KNOWN FROM ITS 5 —
TELIOMORPH AND IS AN EFFICIENT PRODUCER OF CELLULASES AND OTHER CELL WALL DEGRADING ENZYMES (CWDES) USED IN BIOTECHNOLOGY. Ophiocordyceps sinensis CO18

Claviceps purpurea 20.1
T. asperellum CBS 433.97 BEPITR

T._atroviride . .
T.h NJAU 474;
arzianum NJAU 2 1M1 206040 Metarhizium acridum CQMa102

T. harzianum CBS 226.95 Metarhizium anisopliae ARSEF23

T. sp. Harzianum clade

I.virens Gv29-8 9 4 Nectria haematococca
2 MPVI-77-13-4 5 (

T.sp. C.PK. 717
T.reesei QM éa usarium fujikuroi IMI 58289

T. longibrachiatum

ATCC 18648 = Fusarivm pseudograminearum CS3096
T. cifrinoviride

Fusarium graminearum PH-1

+ COMPARATIVE GENOMIC ANALYSIS (KUBICEK ET AL., 2011) SHOWED THAT THE GENOME SIZE OF TRICHODERMA FITS WELL TO
PEZIZOMICOTINA (~35 MBP) WITH GENE NUMBER VARYING BETWEEN 9 142 IN T. REESEI AND 12 423 IN T. VIRENS. A THIRD OF . PHYLOGENY AND
THE GENES ARE UNIQUE TO TRICHODERMA, SIMILARITY BETWEEN SYNTHENIC ORTHOLOGS RANGES FROM 70 TO 78%; A o DIVERSITYOF GENUS
UNIQUE PROPERTY OF TRICHODERMA GENOME IS ITS HIGH LEVEL OF SYNTHENY COMPARED TO OTHER FUNGAL
GENOMES COMBINED WITH LOW NUMBER OF TRANSPOSONS AND LACK OF A SIGNIFICANT REPETITIVE DNA
'COMPONENT. THESE FEATURES CLEARLY DIFFERENTIATE TRICHODERMA FROM PLANT PATHOGENIC FUNGI
SENSU RAFFAELE & KAMOUN, 2012 (FIGURE 1) TRICHODERMA
Bayesian phylogram
PREVIOUSLY IT HAS BEEN ASSUMED THAT TRICHODERMA AND SOME OTHER HYPOCREALES EVOLVED AS BIOTROPHIC representing the most
ASSOCIATES OF WOOD ROTTING FUNGI (= MYCOPARASITES OF BASIDIOMYCETES) AND LATER ON FOLLOWED THEIR up-fo-date diversity of
PREYS/HOSTS INTO THEIR HABITATS. .

HERE WE PRESENT THE FIRST INSIDE OF TRICHODERMA PHYLOGENOMIC ANALYSIS TOGETHER WITH 11 OTHER HYPOCREALES waos inferred from the
FUNGI OF WHICH GENOMES ARE PUBLICALLY AVAILABLE (NCBI). THE MAXIMUM LIKELIHOOD PHYLOGRAM COMPOSED IN ocrtimrbidrod s
L BASED ON THE ALIGNMENT OF ~ 50 000 a RESIDUES FROM 100 ORTOLOGOUS PROTEINS (TABLE 1) OF 21 emapropriahic
CREALES AND THE TWO OUTGROUP FUNGI (NEUROSPORA CRASSA AND CHAETOMIUM GLOBOSUM) SHOWS THAT sequences avollable
‘GENUS TRICHODERMA SHARES THE MOST RECENT COMMON ANCESTOR WITH CLAVICIPITACEAE AND CORDYCIPITACEAE In NCBI GenBank. Two
BOTH CONTAINING ENTOMOPATHOGENIC FUNGI AND EFFICIENT ENVIRONMENTAL OPPORTUNISTS (LARGE PHYLOGRAM TO independent MCMC
THE RIGHT; STATISTICALLY SUPPORTED NODES MARKED BY GREEN DOTS). NECTRIACEAE (FUSARIUM SPP. AND NECTRIA SN P

HAEMATOCOCCA) CLADE IS THE MOST DISTANT TO TRICHODERMA. ;::e‘v'ih"; sond

THE ANALYSIS OF GENE FAMILIES IN TRICHODERMA AND OTHER FUNGI INDICATED THAT PROTEINS WITH ANKYRIN (ANK) AND sampng requency
HET DOMAINS ARE THE MOST ENLARGED PFAMS IN THE GENUS (FIGURE 2)

generation; the first

Figure 1. Trichoderma - - Figure 2. Distribution of fungal genes per major MCL
genomes are strongly groups as revealed based on Kubicek et al., 2011.
reduced in pectin fyases Vertical bar indicate standard deviation.

(PL1,3,9) and
thamnogalacturonan
Iyases (PL 4, 11) involved
in pectin degradation

24 UnRG CtuRhIcISIW S116AIL

marked by black
cycles. Vertical bars
comespond fo
infrageneric clades
recognized in the
genus. Species with
whole genomes
sequenced are shown
in green. The following
fen species are not

TRICHODERMA LIKELY
CAN NOT ATTACK PLANTS.
DIRECTLY

NO PLANT PATHOGENIC
TRICHODERMA REPORTED

-
Chaetomium
globosum

patelia. H. stellata, H.
vinosa and T.
compactum.

&
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The small amphiphilic surface-active extracellular proteins that are produced exclusively by filamentous fungi may provide a
mechanistic understanding of molecular adaptations that evolved along with this distinctive lifestyle. The development of many fungi
includes interchanges between penetration of tissues/substrates for nutrition and growing out of them for dispersal. A hyphal
P organization of the body in filamentous fungi provides a high surface area-to-volume ratio that is an essential adaptation for the
effective extraction of nutrients while growing on or in (semi)solid substrates or a liquid. Hyphae are specially adapted for efficient
attachment to a diversity of surfaces what is also required for an exertion of penetrative mechanical forces for the invasion of

P

substrates and tissues.

The mycoparasitic genus Trichoderma (Hypocreales, Pezizomycotina), which also includes several cosmopolitan generalist species
ial have an of hydr i Previous studies have revealed that
most of Trichoderma hydrophobins are the orphan genes that have no homologues in related organisms, while other Pezizomycotina Surface hydro

with high environmental opportunistic

«b, Agnes Przylucka?, Qirong ShenP, Guinseli Bayram Akcapinar?, Irina Druzhinina?
aTU Wien; ® A ji China
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Fusarium B Trichoderma

fungi share their hydrophobins. The first genome-wide studies of Trichoderma provided the evidence for the operation of purifying o

natural selection pressure for Trichoderma hydrophobins that results in “birth-and-death” evolution of these proteins.

Heat map reflecting the ratios of hydrophobic residues to that of
hydrophillic residues between 8 cysteins from each HFB protein
from 133 OTUs belonging to hypocreales order. OTUs, which fell into
single clade are given an unique color, to discuss the concordance
of this dendrogram with the main HFBome evolutionary phylogram.
Purple boxes reflect most hydrophobic residues, yellow the least
hydrophobic and grey boxes reflect gaps

it

T. guizhouense

Phylogenomic analysis
of  Trichoderma  spp..

Water droplets on hyphal surface of the two Hypocrealean fungi

Here we present the evolution of
hydrophobin-encoding genes in
the genus Trichoderma and
compare it to other fungi from
the order Hypocreales, highlight
HFB genes acquired through
Lateral Gene Transfer, lineages
with  evidence of  Episodic
Diversifying Selection Pressure,
and propose nomenclature for
class 11 hydrophobins in
Ascomycotic fungi.

JGIX FWF

Statistically
confirmed
Donors

Homology models with
surface structures of
HFB4 and HFB7 from T.
virens. Przylucka et al.,
2017

Brown: Hydrophobic

Blue: Hydrophilic it

Metharhizium anisopliae

HFB2  Drechemeria coniospora

HFB3  Within Trichoderma

HFB4  Within Trichoderma
Common ancestor between

HFB6  Bipolaris spp. and
Pyrenphora spp.

s S
HFB7  Verticillium spp.
HFBS  Eutypa lata

HFB9  Within Trichoderma
HFB10  Claviceps purpurea

HFB11  Aschersonia aleyrodis

HFB12  Within Trichoderma

HFB13  Verticillium dahliae
HFB1S  Metharhizium album

waayg= HFBIG  Within Trichoderma

& (’ ICEBE Tv222128 Drechemeria coniospora
IMAGINEERING

bl Nirure

Tha1493416 Eurotiales spp.
Endomycoparasitism of T.
guizhouenze on Atheria
solani. This interaction

probably allows efficient DNA Materia I a nd M ethod S

exchange between the fungi

Data Retrieval and Phylogenetic analysis

First, the of 11 Tric spp. and 12 of other Hypocreales fungi were mined for hydrophobin-encoding genes.
The resulting library of amino acid sequences (133 OTUs) was subjected to the sequence alignment using MAAFT accurate algorithm.
Best substitution model was found to be WAG+G-+I using BIC criterion via Smart Model Selection Tool (SMS), and hence based on this
model, evolutionary analysis using two independent runs of 5 million MCMC generations was carried out that resulted in reliable

Bayesian chronogram
obtained based on the
curated concatenated
alignment of 100
orthologous neutrally
evolving

proteins of Hypocreales

and  the two  other

Sordariomycetes. All nodes
yceps sine were  supported  with
posterior probability >0.95.
Chronological ~ estimations
are given above nodes in
Mya as estimated based on
this chronogram.  White
arrows at nodes Indicate
calibration points ~against
the origin of Hypocreales
(Sung et al. 2008) and the
origin of carnivorism i
Hypocreales (Yang et al.

2012). Red bars
correspond  to  95%
confidence _in time

estimation. (Druzhinina et
al., ms submitted)

DI. Komal Chenthamara
Institute of Chemical, Environmental and Biological Engineering,

s estimated based on potential scale reduction factor, effective sample size and average standard deviation of split
frequencies.

Clustering of multivariate data based on Hydropathy scores of each amino acid between
first and last Cysteines

Each amino acid within 8 cysteines was replaced by the hydropathy score proposed by Kyte and Doolittle, 1982. Gaps were considered
as NA. And these missing values were computed using imputation methods by tool ClustVis. Manhattan distance and complete linkage
were applied to each OTU. The resulting heatmap allowed us to improve our multiple sequence alignment further, and phylogram was
reconstructed using the method described above.

Tests for Gene Loss, Gene duplication, Horizontal Gene Tr fer and evid e of Episodi
Diversifying Selection Pressure

The hypothesis of gene loss, gene duplication, and horizontal gene transfer (HGT) events were tested using NOTUNG 2.9, HGT was also
verified by Trex. HFBs from 8 different Trichoderma species were selected and respective protein coding DNAs were aligned using
MACSE tool. The strict codon ali with ive Bayesian phylogram containing HFBs from all subclasses (as shown above)
was subjected to BS-REL analysis in DataMonkey, to find out those branches where a proportion of sites evolves under EDS.
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BACKGROUND AND INTRODUCTION

The Ankyrin (ANK) repeat is the most common protein-
protein interaction motif [1]. They are found across all
domains of life. However, a phylogenetic breakdown of the
organisms that contain ankyrin repeats indicates that the
majority are found in eukaryotes [1]. The first comparative
genomic study of the mycotrophic and opportunistic genus
Trichoderma  (Hypocreales, Ascomycota) revealed a
considerable expansion of ANK-repeat containing genes [2],
when compared to other ecologically similar Pezizomycotina
fungi. Within this study, we took a deeper look into
distribution of ANK protein across all domains of life [Figure
1]. This deeper outlook highlighted the abundance of ANK
within Ascomycota, and significantly lesser number of this

repeat proteins structures in the PB

protein among Basidiomycota.

Within Fungal kingdom, Hypocrealean fungi

have the highest number
ical order

These adaptor proteins

that mediates the
attachment of
membrane proteins to
the membrane
B-Turn  a-Helix | a-Helix Il p-Turncytoskeleton
contributes to several
C s © ____ functions such as
3 ¢ X binding and
‘Es;! i‘”‘%i %‘i‘i‘“ stabilisation,
@ ATRN O _a o intracellular
aﬁ mﬁ%%%%: > %; trafficking, targeting
§ 7 \.«' and scaffolding, and
modulation of

biophysical properties;
of membrane proteins.
(Reviewed by [3])

#

STRUCTURE AND GENERAL FUNCTION OF ANKYRIN
PROTEINS

They consists of 33 amino acids that are relatively
conserved to keep motifs structural integrity consisting of

helix-turn-helix-beta-hairpin/loop fold [Figure 2A]. The
helices are arranged in antiparallel fashion followed by an

of ankyrins, followed by fungi from

Figure 2. Phylogenomic analysis of

Trichoderma spp. Bayesian chvonogram

obtained based on the curated concatenated
100 orthologous  neutrally

proteins

two

2.

other

rior probabilty >0.95,

Escovpsis weberi, which
shares the last common
ancestor with
Trichoderma, which is

' Figure 3. Tree map based on genome mining for ANK proteins of 38 hypocrealean species. It highiights sbundance of ANK proteins in fungi that feeds on
only 60 million YEars other fung (but are aiso well-studied for their interactions with piants) and in those fung) that feed on other plants.

apart, has only 16 ANK EXPANSION OF ANKYRINS IN GENOMES IS CHARACTERISTIC FOR

proteins in its genome. TRICHODERMA AND PLANT PARASITIC HYPOCREALES.

2 Orphan genes  are those genes that do not have

[l Feeds on other fungi [Ji] Feeds on plants [JJ] Feeds on insects [JJ] Feeds on dead wood

8 Loner ANK-genes are those genes that are present without association of

outward pointing loop region at 90° angle. The helices of
one repeat pack against the helices of the adjacent repeat

while the beta hairpin/loop region, in some cases, forms A
continuous beta sheet. Proteins with more Ankyrin repeats
have more compact and concave structures [Figure 2B].
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*Data showing only 18 core ANK containing genes out of an average 150 calls for evolutionary
mechanism for putative orphan genes.
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