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Chapter 1. Introduction

1.1. Fungi in forest ecosystems

1.1.1. Importance of fungi in forests

Fungi includes some of the most fascinating yet understudied and
biotechnologically valuable groups of organisms (Gadd, 2013; Hyde et al., 2019; Volk,
2013). Fossil records of the earliest plants have shown their close association with
fungi, and they still remain essential today as the most important decomposers in
ecosystems and recycling nutrients as well as carbon back into the soil (Dance, 2017;
Floudas, 2021). In addition, fungi also play a significant role in ecosystems, as they
are highly connected to the root systems of plants and trees, transporting nutrients,
water, and even chemical signals for communication between different organisms
(Bahram and Netherway, 2022). Reportedly, about 90% of plant species depend on a
mutually beneficial mycorrhizal relationship with fungi for their survival (Bonfante and
Genre, 2010).

Interestingly, fungi share several features with both plants and animals, yet are so
unique that they form their own kingdom. Fungi include both simple and advanced
complex multicellular structures for which they followed unique evolutionary routes,
from other multicellular lineages such as plants, animals, metazoans, and red and
brown algae (Nagy et al, 2018). They also have cell walls, that, unlike plants, are made
of chitin (He and Wu, 2016), reproduce both sexually and asexually, and produce
spores (Viragh et al., 2022). Plants and animals comprise specialized cells that form
different parts of the organism, but almost all fungal structures, regardless of their
morphological complexity, are composed of the same filamentous hyphae that form

the vegetative mycelium (Money, 2002; Nagy et al., 2018). The same hyphal
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aggregates perform several biological and ecological functions, such as acting as a
transport network for nutrients and water. A network of tubular and filamentous hyphae
forms the mycelium, which spreads underground to acquire and absorb nutrients from

various substrates (Bahram and Netherway, 2022).

Fungi, like animals, are heterotrophs, meaning they utilize nutrients from their
surroundings by secreting various enzymes that break down complex organic matter
into simpler molecules, making them very attractive enzyme sources for bio-based
industries (McKelvey and Murphy, 2017; Treseder and Lennon, 2015). Based on how
they interact and acquire nutrients from their surroundings, fungi in a forest are broadly
divided into three categories - mutualists, saprotrophs, and pathogens (Peay et al.,
2016).

1.1.2. Mutualists

A large majority of plants are associated with a diverse group of fungal species
known as mycorrhizal fungi or mycorrhiza (Bonfante and Genre, 2010), which form
associations with plant roots to increase nutrient uptake by their mycelium, absorbing
nutrients from the soil and transferring them to the plant. Mycorrhizal fungi in soil form
hyphal networks that can provide moisture and nutrients to plants and trees, in
exchange for carbohydrates (Bonfante and Genre, 2010; Peter et al., 2016; Shah et
al., 2016). Based on whether the fungus develops within the cells of the roots or
colonizes the intercellular spaces, mycorrhizal fungi can be classified as
endomycorrhizae and ectomycorrhizae respectively. Endomycorrhizae have been
described in numerous crop plants and are further subdivided into orchid, ericoid,
monotropoid, arbutoid and arbuscular mycorrhizae. Arbuscular mycorrhizal fungi such
as Acaulospora, Gigaspora, Glomus, and Sclerocystis species are by far the most
commonly found endomycorrhiza. Ectomycorrhizal (ECM) fungi such as Suillus,
Boletus, Tricholoma, and Amanita species form associations between woody plants

such as birch, beech, oak, and pine and individual trees can form associations with
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multiple ECM fungi at one time (Rudawska et al., 2011). Several insights into
mycorrhizal fungi have been gained through comparative genomic analyses, which
highlighted that ECM fungi have evolved from white- and brown-rot (WR and BR,
respectively), as well as litter-decomposing ancestors. Phylogenomic studies have
also revealed that the evolution of ECM fungi is marked by extensive gene losses
including the loss of enzymes that degrade plant cell walls, such as lignin-degrading
class Il peroxidases, cellulases, and sucrose invertases, presumably as a result of the
adaptation of free-living to plant-associated symbioses, and an abundance of lineage-
specific genes that degrade soil organic matter (Kohler et al., 2015; Maranon-Jiménez
et al., 2021; Miyauchi et al., 2020; Shah et al., 2016; Strullu- Derrien et al., 2018).
Moreover, high-throughput sequencing and imaging methods, along with recent
advances in molecular biology and genetics have also enabled the detailed study of
the biological mechanisms of symbiosis in mycorrhizae (Bonfante and Genre, 2010;
Kohl et al., 2016; Stoian et al., 2019), further enabling the use of this new information

in agriculture.

1.1.3. Saprotrophs

Saprotrophic fungi are the predominant decomposers and play a critical role in
nutrient cycling in forest ecosystems. These fungi are crucial for maintaining the
stability of ecosystems by retaining nutrients in late-succession soils and are
considered key players in global carbon cycling. Saprotrophs include fungi that
breakdown wood, soil organic matter, forest litter, and other complex plant
components (carbohydrates, proteins, and extractives) into simpler sugars, thereby
releasing carbon and inorganic nutrients into the environment (Baldrian and
Valaskova, 2008; Lebreton et al., 2021). These fungi have evolved various strategies
to degrade the lignocellulosic plant biomass, such as by producing a wide arsenal of
oxidative and plant cell wall-degrading enzymes (PCWDESs) (Eastwood et al., 2011,
Floudas et al., 2015; Ruiz-Duenas et al., 2021; Zhao et al., 2013) or through non-
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enzymatic oxidative decay mechanisms (Floudas, 2021; Floudas et al., 2020; Riley et
al., 2014).

Structurally, the linear and branched polysaccharide components of lignocellulose
(cellulose and hemicellulose) are protected by a matrix of lignin, a recalcitrant
compound composed of heterogeneous aromatic subunits. Due to its complexity, the
presence of lignin in the plant structure confers rigidity, protecting the structural
polysaccharides from microbial degradation (Ayuso-Fernandez et al., 2019; Floudas,
2021). Therefore, lignin is the major obstacle to cellulosic biofuels/bioethanol
production in the bio based industry (Canam et al., 2013; Yuan et al., 2021). Within
the Dikarya, lignin degradation mostly occurs through the action of mushroom-forming
Agaricomycetes, which based on their plant cell wall degrading gene repertoires and
physical appearance of rot patterns, have traditionally been classified as either WR,
which degrade all components of the plant cell wall including recalcitrant lignin, or BR,
which perform a rather non-enzymatic decomposition of plant polysaccharides,
leaving the lignin unaltered or only slightly modified (Ayuso-Fernandez et al., 2019;
Floudas et al., 2015; Ruiz-Duenas et al., 2021). Additionally, the Ascomycota-specific
decay type known as soft rot (SR), utilizes the plant polysaccharides from the
lignocellulose matrix by forming cavities or erosions in the woody substrate.
Understanding the evolution of these lignocellulose degradation mechanisms in wood
decayers and litter decomposers (LD) was perhaps one of the most ecologically
significant advancements in fungal biology (Floudas et al., 2015; Nagy et al., 2017).

Since then, increasing comprehensive genomics data on saprotrophs across the
fungal phylogeny has further improved understanding of the evolution of PCWDE
families and decay apparatus in fungi (Almasi et al., 2019; Choi et al., 2017; Floudas
etal., 2015, 2012; Hao et al., 2019; Krizsan et al., 2019; Nagy et al., 2016; Riley et al.,
2014; Sipos et al., 2017; Zhao et al., 2013). Genome analyses with early-diverging
Agaricomycetes revealed expanded gene repertoires carbohydrate active enzymes
(CAZymes) responsible for the breakdown of crystalline cellulose (e.g. GH6, GH7,
LPMOs), hemicellulases (GH43, GH74) and, lignin (AA2 and other dye decolorizing
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peroxidases) (Lebreton et al., 2021; Nagy et al., 2016). Furthermore, the cellulose-
related carbohydrate binding module 1 (CBM1), which facilitates the ability of enzymes
to bind to crystalline cellulose, was found in white-rot species as opposed to brown-
rot fungi, which appear to have few or no gene copies of CBM1 (Floudas et al., 2015).
These studies imply that both genes gain and loss occurred along with the transitions
from a WR to a BR lifestyle (Eastwood et al., 2011; Floudas et al., 2015; Lebreton et
al., 2021; Nagy et al., 2016). Recent comparative genomics studies have highlighted
that the existing WR and BR dichotomy doesn’t precisely describe the diversity of
wood decay mechanisms in fungi, and further research is needed to understand the
diversity and mechanisms of wood decay (Almasi et al., 2019; Floudas, 2021; Nagy et
al., 2016; Riley et al., 2014). For instance, it has been shown that some species do
not fall within the broad definition of either WR or BR, more recently addressed through
the concept of gray-rot (Schilling et al., 2020) which refers to instances where genomic
features do not correspond to the WR-BR dichotomy or lack gene-to-function links.
Such as WR fungi showing a selective lignin degradation and others exhibiting a
simultaneous breakdown of all components of wood including lignin, or lacking class
Il peroxidases and yet being able to breakdown lignin components. Such species can
be found throughout the fungal phylogeny, although they appear to be more prevalent
among the early-diverging Agaricales, such as the Schizophyllaceae, Fistulinaceae,
and Physalacriaceae. Such fungi with unusual genomic and decay features prompt
further reconsideration of this conventional dichotomy and might allow us to
understand the evolution and diversity of wood decay strategies in fungi (Almasi et al.,
2019; Floudas et al., 2015; Nagy et al., 2016; Riley et al., 2014).

1.1.4. Plant pathogens

Plant pathogenic fungi are responsible for significant losses in agricultural yields
and forest productivity worldwide. These fungi exhibit tremendous genomic and
reproductive flexibility, and their wide distribution across the fungal phylogeny implies

multiple transitions from non-pathogenic to pathogenic lifestyles and the other way

10


https://www.zotero.org/google-docs/?R677dy
https://www.zotero.org/google-docs/?3ltQlS
https://www.zotero.org/google-docs/?9tQPBN
https://www.zotero.org/google-docs/?9tQPBN
https://www.zotero.org/google-docs/?pz87hx
https://www.zotero.org/google-docs/?pz87hx
https://www.zotero.org/google-docs/?vDP7fs
https://www.zotero.org/google-docs/?aA4SsO
https://www.zotero.org/google-docs/?aA4SsO

around (Mdller and Stukentribrock, 2017). Moreover, plant pathogenic fungi have
evolved several traits that allows them to infect and colonize all plant tissues (Lacaze
and Joly, 2020; Moaller and Stukenbrock, 2017). Based on how they interact with the
host, plant pathogens can be broadly classified into biotrophs, necrotrophs and
hemibiotrophs. Biotrophs (e.g. Puccinia graminis, Ustilago maydis, Blumeria graminis,
Magnaporthe oryzae) (Duplessis et al., 2011; Koeck et al., 2011; Lanver et al., 2018;
Liu et al.,, 2013; Zhang et al., 2017) form close relationship with host plants by
suppressing the host immune system and obtaining nutrients from living plant cells.
Conversely, necrotrophs (e.g. Sclerotinia sclerotiorum, Rhizoctonia solani, Botrytis
cinerea, Armillaria ostoaye) (Chen et al., 2022; Foley et al., 2016; Liang and Rollins,
2018; Sipos et al., 2018) kill the host by secreting phytotoxic metabolites (Allan et al.,
2019; Li et al., 2020; Stergiopoulos et al., 2013; Xu et al., 2021) and effector proteins
(Liu et al., 2013; Shao et al., 2021; Tanaka and Kahmann, 2021; Torufo et al., 2016)
and use dead plant tissue as a source of nutrition. Plant pathogenic fungi which first
exhibit a biotrophic phase and, as the infection progresses switch to necrotrophy are
known as hemibiotrophic fungi (e.g. Colletotrichum, Moniliopthora and Phytopthora
species) (Bautista et al., 2021; McDowell, 2013; Meinhardt et al., 2014).

Over the years, the extensive literature on plant pathogenic fungi has emerged
covering a wide range of topics, including their taxonomy, genetics, molecular biology,
and interaction with host plants. This includes numerous studies on individual species
or genera as well as comprehensive overviews of the entire field. This extensive
research has laid the foundation for today's understanding of plant pathogenic fungi,
which, together with new genomes and time-resolved omics data, improved our
understanding of the insights into the evolution of genomic adaptations, gene
expression, metabolism, mechanisms associated with lifestyle transitions, stages of
fungal development during host interactions, and much more, in a level of detail not
previously possible (Bautista et al., 2021; Collins et al., 2013; Duplessis et al., 2011;
McDowell, 2013; Meinhardt et al., 2014; Moller and Stukenbrock, 2017; Olson et al.,
2012; Ross-Dauvis et al., 2013; Teixeira et al., 2014; Zhang et al., 2017). These studies
have demonstrated that plant pathogens invade their host by evading host defense
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mechanisms, which include both physiochemical barriers, and secretion of specific
proteins that target compounds produced by the pathogen (Dodds et al., 2009; Foley
et al., 2016; Liang and Rollins, 2018; Mdller and Stukenbrock, 2017; Shao et al., 2021;
Tanaka and Kahmann, 2021; Zhang et al., 2017). Secreted proteins include the so-
called effectors, that act either in the apoplastic space and symplastic space or inside
the host cells to avoid recognition by the host immune system and suppress host
defenses. Effector proteins are considered important in the virulence of the fungus or
its ability to cause disease. Certain effectors are translocated to specific cellular
compartments (such as chloroplasts or nuclei) where they disrupt cellular processes
and transcription in host cells or manipulate host defenses by interfering with plant
metabolism and facilitating pathogen invasion (Dodds et al., 2009, 2009; Houterman
et al., 2008).

Plant cells can also trigger a surge of reactive oxygen species (ROS) in the
apoplast when they first detect a pathogen (Foley et al., 2016; Newman and
Derbyshire, 2020; Vylkova, 2017). The accumulation of ROS not only serves as a
signaling molecule for plant's immune response but can also be directly harmful to
pathogens. High concentrations of ROS in the host can lead to cell death, which
prevents the spread of biotrophs but can promote the spread of necrotrophs, which
feed off dead tissue. As a result, necrotrophs have evolved a variety of ways to exploit
the host and increase ROS levels for their own benefit (Foley et al., 2016; Zhang et
al., 2020). Even biotrophic fungi have evolved ROS scavenging mechanisms through

the induction of genes related to stress response (Zhang et al., 2020).

In order to assist infection, pathogenic fungi use acidification or alkalization
signaling pathways to alter host tissue pH (Newman and Derbyshire, 2020; Vylkova,
2017). Acidification of host tissues by fungal pathogens can damage the host tissue
and reduce the plant's immune response, hence allowing early colonization. Reports
have suggested that necrotrophs such as Sclerotinia and Botrytis produce oxalic acids
to acidify the host tissues (Vylkova, 2017). Modulation of host pH not only enables the

pathogen to adapt to the environmental pH but also may potentially increase fungal
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virulence by either inducing expression of plant PCWDEs that facilitate softening or
loosening of the host tissue, or by producing phytotoxic chemicals (Rodriguez-Moreno
et al.,, 2018; Vylkova, 2017). For instance, the alkalinization of host pH by
Colletotrichum gloeosporiodes enhances the expression of pectate lyases and
appressorium formation during host penetration (Miyara et al.,, 2010, 2008).
Alkalinization might be also advantageous for biotrophs as high pH can promote the
expression of genes involved in nutrient absorption, expression of virulence traits, and
secretion of lytic enzymes (Newman and Derbyshire, 2020; Rodriguez-Moreno et al.,
2018; Vylkova, 2017).

In addition, to eliminate fungal pathogens and prevent the spread of infection,
plants produce antimicrobial secondary metabolites such as flavonoids, phenols,
terpenes, alkaloids, phytoalexins and phytoanticipins among others (Graham-Taylor
et al., 2020). Necrotrophs with broad host ranges are able to detoxify these host-
derived antifungal secondary metabolites with the help of detoxification enzymes and
transporters such as ATP-binding cassette (ABC) transporters or major facilitator
superfamily (MFS) transporters that can pump the toxic compounds out of the fungal
cell (Newman and Derbyshire, 2020; Rodriguez-Moreno et al., 2018; Vylkova, 2017).

Overall, plant pathogens have evolved an extremely effective molecular toolkit to
establish pathogenesis, the fate of which is ultimately governed by the ability of
pathogen to compromise host defenses as well as the ability of the plant to defend the
pathogen (Newman and Derbyshire, 2020; Rodriguez-Moreno et al., 2018; Vylkova,
2017). Our knowledge of the molecular mechanisms and evolutionary traits of plant
pathogens, however, are far less known for Basidiomycota (other than rust and smut
fungi) than for Ascomycota. A better understanding of the evolutionary underpinnings
and functional perspective of broad range of plant pathogens across the fungal

phylogeny requires further research.
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1.2. Globally widespread Armillaria root-rot disease

1.2.1. Armillaria spp.

One of the most devastating necrotrophs of forests is Armillaria spp. (Fungi,
Basidiomycota, Agaricales, Physalacriaceae), causing root-rot disease, which has
been linked to severe losses in the economy, health, and long-term productivity of
forest ecosystems (Baumgartner et al., 2011; Chen et al., 2019; Filip et al., 2009;
Wong et al., 2020). The genus Armillaria comprises about 70 known species (Sipos et
al., 2018). Based on the environmental conditions and host availability, Armillaria
species can occur spanning across different geographical regions displaying their
most prominent ecological lifestyle as facultative necrotrophs. Whilst being a
pathogen, they are also beneficial in forest ecosystems as saprotrophs thus making
them suitable for studying mechanisms of pathogenicity and wood-decay systems in
fungi (Baumgartner et al., 2011; Chen et al., 2019; Prospero et al., 2004; Sipos et al.,
2017). As a pathogen, they are reported to attack a broad range of plant hosts ranging
from oak, and pine, as well as agronomic crops across both the Northern and Southern
hemispheres and in a range of climates (Baumgartner et al., 2011). During the
saprotrophic phase, they decay the woody plant biomass by producing a wide arsenal
of PCWDEs, thereby playing an important role in carbon cycling and nutrient exchange
(Hood et al., 1991; Sipos et al., 2017). Recently, all Armillaria species are perceived
to have pathogenic abilities during their life cycle - even the saprotrophic ones
(Alveshere et al., 2021).

Armillaria species have evolved a range of unique features, which conceivably
emerged in the most recent common ancestor (MRCA). These include a very low
mutation rate, extreme longevity, and size of colonies (>2,500 years, >900 hectares
(Anderson et al., 2018; Anderson and Catona, 2014; Baumgartner et al., 2011; Sipos
et al.,, 2018; Smith et al., 1992)), diploidy (Ullrich and Anderson, 1978),

bioluminescence (Mihail and Bruhn, 2007), specialized underground structures known
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as rhizomorphs (Porter et al., 2022; Sipos et al., 2017), potentially fix atmospheric N2
(Koch et al., 2021), and, economically most importantly, the ability to infect and Kill live
trees (Baumgartner et al., 2011; Devkota and Hammerschmidt, 2020; Heinzelmann et
al., 2019; Wong et al., 2020). Once Armillaria species infect the root system, they
colonize and Kill the cambium, ultimately causing plant death (Baumgartner et al.,
2011; Ford et al., 2017). While the cause and spread of Armillaria root disease are
well documented, we are still unclear about the molecular aspects of the infection
process (Bendel et al., 2006; Devkota and Hammerschmidt, 2020; Ford et al., 2017;
Heinzelmann et al., 2019, 2017; Prospero et al., 2003). Recent genome studies have
identified that Armillaria genomes have an expanded repertoire of protein-coding
genes that are enriched in PCWDEs, chitin-binding proteins, secondary metabolites,
and putative pathogenicity genes (Baumgartner et al., 2011; Caballero et al., 2022; C.
Collins et al., 2017; Collins et al., 2013; Heinzelmann et al., 2020; Kedves et al., 2021;
Koch et al., 2021; Kolesnikova et al., 2019; Sipos et al., 2017; Windfield et al., 2016).

1.2.2. Taxonomy

Typically, the basidiocarps/fruiting bodies of Armillaria species are characterized
by the presence of annulated stipes (consisting of ring-like structure on the stipe)
(Figure 1A-E), as well as exannulated (ringless) stipes found in the sister genus
Desarmillaria (Figure 1F, G). Current advances with whole genome sequencing and
phylogenetic analysis provided more sophisticated insights into the morphology and
geographical distribution of Armillaria species into distinct Northern and Southern
Hemispheres (Figure 1), which earlier were largely based on the appearance of the
basidiocarps or mating compatibility. Previous time-calibrated phylogenetic analysis
and morphological data (Koch et al., 2017), reported a three-genus composition of the
armillarioid clade (lineage comprising the mushroom-forming genus Armillaria and
Desarmillaria, along with Guyanagaster). The earliest diverging lineage and sister
clade to mushroom-forming armillarioid species was the rhizomorph-producing

gasteroid genus Guyanagaster. The next lineage consisted of the exannulate,
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mushroom-forming subgenus Desarmillaria which includes Armillaria tabescens and
Armillaria ectypa. Neither of these species forms ring-like structures on stipes, unlike
typical armillaroid species. Furthermore, based on its ecology, A. ectypa is an unusual
species growing on mosses (Kim et al., 2022; Koch et al., 2017). A. tabescens
however does not have unusual substrate preferences and is pathogenic to
Eucalyptus and Quercus species, which is more characteristic of Armillaria. The
Desarmillaria subgenus was followed by the final lineage of annulated species

described as the genus Armillaria sensu stricto (Koch et al., 2017).
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Figure 1: Armillaria phylogeny. Armillaria phylogeny (left) and pictures (right) represent the

three lineages: Guyanagaster, Desarmillaria and Armillaria sensu stricto. (Koch et al., 2017).

16


https://www.zotero.org/google-docs/?rNLfgg
https://www.zotero.org/google-docs/?K9hZeE
https://www.zotero.org/google-docs/?jBAlUV

1.2.3. Life cycle and dispersal strategies

Similar to a majority of fungi, mating in Armillaria species is regulated by a
bifactorial, tetrapolar heterothallic mating system (Ullrich and Anderson, 1978) in
which mating can be successful only with two compatible colonies. Species from this
genus also have an unifactorial, bipolar homothallic mating system, meaning sexual
reproduction can occur in a single thallus (Heinzelmann et al., 2019; Kim et al., 2022;
Koch et al., 2017). Generally, Armillaria basidiospores germinate on woody substrates
generating a haploid (n) mycelium, which fuses with a compatible basidiospore and
forms a transient heterothallic dikaryotic mycelium (n+n). Subsequently, the
heterokaryotic mycelium diplodizes and forms a diploid mycelium, which is the long-
lived primary vegetative state in Armillaria. The diploid mycelium is responsible for
colonizing the woody substrates (Heinzelmann et al., 2019; Kim et al., 2022; Koch et
al., 2017) (Figure 2).

~———_____ Germination of Production of S

pores rhi phs —

e WL [

Dispersion by
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basidiospores
[«
s

o

Development of Infection of neighbouring Infection of neighbouring
basidiocarps trees by root contacts trees by rhizomorphs

/

Colonization of the root
system and lower stem °

Necrosis /

Death of the tree

Death of the tree Zone lines

Figure 2: Armillaria lifecycle (Kim et al., 2022).
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Armillaria species are unique from other Basidiomycetes and plant pathogenic
fungi, due to their two-scale dispersal strategy. The first and more common
phenomenon across other fungi is dispersal via sexual basidiospores (Baumgartner
et al.,, 2011; Heinzelmann et al., 2019; Kim et al., 2022; Sipos et al., 2018, 2017)
(Figure 2). After mating, a network of tubular and filamentous vegetative hyphae forms
the diploid mycelium, which spreads underground to acquire and absorb nutrients from
various substrates (Bahram and Netherway, 2022; Kim et al., 2022). Further, the
mycelium spreads to new areas by branching and aggregating as even more densely
packed strands of hyphae to form complex multicellular shoe-string-like structures
called rhizomorphs (Anderson and Ullrich, 1982; Townsend, 1954) (Figure 2). This is
the second and a rather unique dispersal strategy employed by Armillaria species,
which involves local spread and direct root contact with the hosts using rhizomorphs.
These underground intricate networks of rhizomorphs can eventually reach
tremendous distances, leading to the formation of very large clonal individuals. A well-
known example of this phenomenon is the largest organism on Earth - the humongous
fungus of the Malheur National Forest in Oregon's Blue Mountains - Armillaria ostoyae,
which according to reports covers an area of 2.5 square miles and could be as old as
9,600 years (Schmitt and Tatum, 2008). In fact, several reports suggest that many
existing Armillaria species are both large and old, spanning under acres of the forest
floor, with highly stable genomes and extremely low mutation rates - approximately
three orders of magnitude below the expected rates (Aanen, 2014; Anderson et al.,
2018; Anderson and Catona, 2014). Rhizomorphs are generally believed to serve as
migratory organs for exploring substrates over distances, however, the studies also
indicate that rhizomorphs produced by saprotrophic basidiomycetes can also take up
inorganic nutrients and water from the soil (Anderson and Ullrich, 1982; Cairney, 1991;
Cairney et al., 1988; Clipson et al., 1987; Granlund et al., 1985; Wells and Boddy,
1990). Experiments with Armillaria mellea (Anderson and Ullrich, 1982; Granlund et
al., 1985; Jennings, 1987) and Serpula lacrymans (Brownlee and Jennings, 1982a,
1982b; Watkinson, 1971) showed translocation of various nutrients, water, and carbon

within the rhizomorphs. Armillaria rhizomorphs can even persist underground in
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nutrient deficit or stressed environment, thereby making them ubiquitous and
persistent in forest ecosystems. Once the growth-favoring conditions are met, the
fungus establishes infection in new hosts creating a patch of dead trees, especially
noticeable in forests, vineyards, and orchards as a disease hub (Heinzelmann et al.,
2019; Kim et al., 2022) (Figure 3).

Figure 3: Symptoms and indicators of Armillaria root disease (Baumgartner et al., 2011).
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1.2.4. Geographical distribution and host range

Armillaria species have a worldwide distribution in a variety of woody ecosystems,
including temperate forests, tree plantations, ornamental plants, vineyards, as well as
gardens. The geographical distribution of Armillaria species spans across each
continent (Heinzelmann et al., 2019), which can also be seen as distinct clades in the
Armillaria phylogeny (Figure 1). This tallies to approximately 60-70 officially described
and recognized species (Koch and Herr, 2021; Sipos et al., 2018) (Figure 4), of which

approximately 40 are well-characterized (Heinzelmann et al., 2019).

A. altimontana*, A. calvescens*, A. cepistipes, A. borealis, A. cepistipes,
A. gallica, A. gemina*, A. mellea, A. mexicana*, A. gallica, A. mellea,
A. nabsnona, A. sinapina, A. solidipes* A. ostoyae, D. ectypa,
(= A. ostoyae), D. caespitosa* (= D. tabescens) D. tabescens

>

North
America

i A. affinis*,
A. griseomellea*,
A. limonea, Central
A. mellea-rubens*, and South
A. montagnei*, America
A. novae-zelandiae, A. aotearoa*, Australia
A. paulensis*, A. fumosa*, and Oceania
A. procera*, A. puiggarii*, A. gallica®, A. mellea A. hinnulea*,
A. sparrei*, A. tigrensis*, African lineage A. limonea,
A. umbrinobrunnea*, (A. fuscipes = A. heimii, A. luteobubalina*,
A. viridiflava*, other species?), A. novae-zelandiae,
9 A. yungensis* ) D. tabescens A. pallidula*

Figure 4: Geographic distribution of Armillaria and Desarmillaria species (Kim et al., 2022).

In spite of their worldwide distribution, based on geographical niches, Armillaria
species can have different host preferences (Guillaumin et al., 1993). The most
aggressive pathogenic Armillaria species leading to tree mortality and prominent
agronomic losses in the Northern Hemisphere include three species - A. ostoyae
(preferred host - gymnosperms), A. mellea (preferred host - angiosperms) and A.

tabescens (preferred host - angiosperms) (Koch et al., 2017; Sipos et al., 2018).
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Armillaria ostoyae is known for causing colossal losses in coniferous forests as well
as timber plantations across Central, Northern, and Eastern Europe, Northern and
Southwestern America, Southern Canada as well as Eastern Asia (Kim et al., 2022;
Koch et al., 2017). Armillaria mellea is the primary pathogen (can cause root-rot
disease, regardless of the host immune system) causing tremendous damage to
broad-leaved trees, orchard and forest plantations, and vineyards in southern Europe,
eastern, central, southeastern, and southwestern regions of America, southern
Mexico, and eastern Asia. A. tabescens was also reported to be pathogenic species,
affecting eucalyptus and teak plantations in southern Europe, southeastern, eastern,
and central USA, southern Mexico, and China. In central Mexico, A. mexicana and A.
mellea have been identified as primary necrotrophs of peach orchards. Other species
that degrade wood across the Northern Hemisphere include Armillaria. altimontana,
A. borealis, A. calvescens, A. cepistipes, A. gallica, A. gemina, and A. nabsnona are
more often known as opportunistic necrotrophs or even saprotrophs (Kim et al., 2022).
A. ectypa on the other hand, has a unique and rare lifestyle confined to sphagnum
mosses and marshes, with a discontinuous distribution across Europe (Koch et al.,
2017).

The recently described A. fuscipes and A. camerunensis (Koch et al., 2017)
together with A. gallica and A. mellea comprise the African Armillaria lineage (Kim et
al., 2022). The indigenous African Armillaria lineage is widely distributed across the
African continent, primarily as an opportunistic pathogen of native forests. However, a
major pathogen of tea plantations is accounted by African-mellea lineage, which is
found confined to the western and eastern regions of Africa and is characterized by a

homothallic life cycle (Kim et al., 2022).

Among the Southern Hemisphere, the distribution of Armillaria species in New
Zealand includes A. novae zelandiae, A. limonea, A. hinnulea and A. aotearoa. A.
novae zelandiae is one of the most ubiquitous species found in New Zealand along
with Australia, Fiji and New Guinea (Kim et al., 2022; Koch et al., 2017). The major

causative agents of root-rot diseases in broad-leaved as well as confierous trees
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include A. novae zealandiae and A. limonea, with a reported increase in pine tree
mortality and losses in kiwi plantations. Armillaria species confined to New Zealand
cause more disease impact on pioneer plantations, which slowly reduces over time
with the growth of successors (Kim et al., 2022). On the other hand, Armillaria species
confined to Australia are predominantly saprotrophs or weak pathogens including A.
fumosa and A. pallidula, except A. luteobubalina, which is a dominant pathogen
causing root-rot disease in Eucalypt and pine forests as well as other fruit-bearing
trees. Further, Armillaria identified from South America include several species (Figure
4), however, their taxonomy and systematics still remain unexplored (Heinzelmann et
al., 2019). In this region, Armillaria species are reported to attack beech trees, as well

as several grapevines, eucalyptus and pine plantations.

1.2.5. Lifestyle as a pathogen and saprobe

Armillaria species are necrotrophs of woody plants, ranging from angiosperms (e.g.
A. mellea with more than 600 host species (Raabe, 1962)) to gymnosperms (e.g. A.
ostoyae with spruce/pine/fir trees as preferred hosts (Woods, 1994)). The vast majority
of Armillaria species (e.g. A.borealis, A.calvescens, A. fuscipes, A. gemina, A.
limonea, A. luteobubalina, A. mellea, A. ostoyae and A. tabescens) are reported to be
necrotrophs that primarily kill the host, and their impact on forests tremendously affects
agronomic and timber plantations as well as direct mortality of host trees (Baumgartner
et al., 2011; Heinzelmann et al., 2019; Koch et al., 2017). With broad host range and
varying virulence abilities, ecologically, Armillaria species as necrotrophs, infect the
host by colonizing the root cambium (pathogenic phase) followed by killing the host
and feeding on the dead plant biomass (saprobic phase) (Baumgartner et al., 2011;
Rishbeth, 1968). The pathogenic phase starts with first attacking the pre-weakened or
stressed trees by colonizing their root systems and cambium followed by subsequent
cambium killing (Heinzelmann et al., 2019; Koch et al., 2017). After the pathogenic
phase, the fungus enters its saprobic phase for utilizing nutrients from the woody
substrate (Baumgartner et al., 2011; Prospero et al., 2004).
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As a saprobe, Armillaria species are reported as white-rot fungi, making them
crucial in natural ecosystems, where they play an important role in lignin degradation
and carbon cycling. White rot fungi remove lignin from wood using high-redox potential
oxidoreductases (e.g., class-1l peroxidases (Ayuso-Fernandez et al., 2019; Floudas et
al., 2012)) and degrade complex polysaccharide polymers using diverse glycosyl
hydrolase (GH), auxiliary activity (AA), carbohydrate esterase (CE). and
polysaccharide lyase (PL) cocktails (Lundell et al., 2010; Rytioja et al., 2014).

1.2.6. Other unique lifestyles and interactions

Apart from the known necrotrophic and wood-decaying nutritional modes, some
Armillaria species exhibit unique host ranges and interactions. For instance, A. ectypa
is reported to possess quite different ecological preferences from all other Armillaria
species, as it is generally associated with non-woody marshes and bryophytes. Not
much is known about its pathogenic abilities, though it is reported to be saprotrophic
on decaying moss (Kim et al., 2022; Koch et al., 2017). Few Armillaria species have
also been reported to form a rare type of mycorrhizal associations with achlorophyllous
and mycoheterotrophic orchids (e.g. Geleola, Gastrodia and Cyrtosia), where the plant
acts as a parasite, whereas Armillaria serves as the host (Baumgartner et al., 2011;
Guo et al., 2016; Kim et al., 2022). Armillaria species can also engage in symbiosis
with other fungi (e.g. Entoloma abortivum, Wynnea), where they act either as host or

parasite depending on the species they are interacting.

Co-occurrence of Armillaria and insects has also been reported in the Northern
Hemisphere, although the nature of these interactions is often difficult to interpret
(Kedves et al., 2021). Because defoliating pests such as the gypsy moth (Lymantria
dispar), maple webworm (Tetralopha asperatella), eastern and western spruce
budworm (Choristoneura fumiferana and Choristoneura occidentalis), saddled
prominent caterpillar (Heterocampa guttavitta) also attack stressed and weakened

trees, these insects are thought to make their hosts susceptible to Armillaria infection
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(Kedves et al., 2021; Kim et al., 2022). On the other hand, Armillaria infection can
trigger the production of aromatic and volatile compounds in conifers that are known
to attract bark beetles. Infestations by Hylobius spp. are speculated to promote
Armillaria infection by causing lesions that act as ports of entry for the pathogen. In
several other instances, Armillaria and insects can co-occur without direct interaction,
while details of interactions between Armillaria and insects are yet unknown (Kedves
et al., 2021; Kim et al., 2022).

1.3. Advances in Armillaria research

1.3.1. Control of Armillaria root-rot disease

Most research on Armillaria root rot control focuses on preventing infestation of
agricultural crops and trees for other commercial uses. Soil fumigation is one of the
primary methods used on high-value crops on sites previously infested by Armillaria
species (Baumgartner et al., 2011; Kedves et al., 2021). Chemical fumigants such as
methyl bromide and carbon disulfide are sprayed on the soil to eradicate mycelium,
which in the case of Armillaria root rot is found in partially decomposed tree roots.
However, the success of this method varies based on the soil characteristics and the
extent of the diseased roots (Robinson and Smith, 2001). Considering the possible
restriction of the use of hazardous chemicals that may have adverse effects on the
surrounding microbiome, the overall environment, and human health, alternative

control strategies are needed (Baumgartner et al., 2011; Heinzelmann et al., 2019).

Since Armillaria species can colonize new stumps, roots, and woody debris,
silvicultural methods like clear-cutting, selective-cutting, replanting, and thinning may
also not be successfully eliminating Armillaria infections in forest ecosystems (Chen
et al., 2019; Kedves et al., 2021). Although Armillaria root rot can be controlled by

inoculum removal techniques such as a stump or root removal (Robinson and Smith,
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2001), these, however, can cause reoccurrences as the underground rhizomorphs can
still persist in soils until the onset of favorable conditions or substrate. Additionally,
these treatments are costly and time-consuming and do not offer long-term control.
Armillaria root disease can be slowed by using chemical fungicides that can inhibit the
development of the fungus. However, their use can be expensive and labor-intensive,
and it can also have a detrimental effect on the environment and pose safety concerns
(Baumgartner et al., 2011; Chen et al., 2019; Kedves et al., 2021).

Biocontrol methods, which use naturally occurring antagonistic microorganisms to
control the spread of Armillaria, are being considered as alternatives to chemical and
silvicultural methods (Baumgartner et al., 2011; Chen et al., 2019; Kedves et al.,
2021). Studies have shown that Trichoderma species can effectively inhibit the growth
of a number of Armillaria species (Chen et al., 2019; Rees et al., 2021), but producing
sufficient concentrations of these microorganisms in forest soils can be challenging.
Inoculating wood with wood-decaying saprotrophs, such as Ganoderma lucidum,
Schizophyllum commune and Xylaria hypoxylon have also been shown to suppress
the growth of Armillaria mycelium (Cox and Scherm, 2006). However, using biological
control agents to control Armillaria root disease can be difficult and site-specific, and
requires further research to determine their effectiveness. In addition to biocontrol,
post-infection treatments that reduce yield losses have been used for high-value crops
such as grapevines, walnuts, and peaches. These treatments include root collar
excavation and the application of commercial inoculants containing antagonistic
microorganisms. These methods have demonstrated an increase in yield and
enhanced vascular tissue performance (Baumgartner, 2004; Baumgartner et al.,
2011).

The study of the Armillaria infection process is limited by gaps in knowledge,
particularly regarding the patterns of root infection by rhizomorphs and hyphae. Gene
expression studies have been used to understand the molecular basis of the
interaction between grapevines and Armillaria to identify genes involved during the

infection process, revealing that grape expresses an antifungal protein that inhibits
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colony expansion in response to infection by A. mellea, and that Armillaria induces the
expression of several genes in the ethylene and jasmonic acid signaling pathways,
which are involved in host defense responses (Perazzolli et al., 2010). However, most
studies on gene expression studies in Armillaria are focused on the plant cell wall
decay response (C. Collins et al., 2017; Collins et al., 2013; Devkota and
Hammerschmidt, 2020; Ford et al., 2017; Heinzelmann et al., 2017; Ross-Dauvis et al.,
2013), and the molecular mechanisms involved in host-pathogen interaction are not
well understood. Using genomic approaches to study differential gene expression
changes in resistant and susceptible hosts could lead to the discovery of molecular
markers of resistance, which could be used in classical breeding approaches to rapidly
identify resistant progenies. The development of genetic manipulation tools in
Armillaria and the molecular characterization of the host response will greatly advance
our understanding of the infection process. Moreover, research on the molecular level
details of the infection and how the course of infection differs between resistant and
susceptible hosts will be crucial for identifying the specific mechanisms that cause
resistance and developing effective strategies for controlling the disease (Collins et
al., 2013; Heinzelmann et al., 2019; Kim et al., 2022).

1.3.2. Overview of recent Armillaria studies

Although the cause and distribution of Armillaria root disease are well researched,
the genetic details of the infection process have not been fully explored, largely due to
the lack of appropriate molecular tools for this non-model organism. However, over
the past decade, increasing genomic and transcriptomic studies of several Armillaria
species have provided insights into understanding various aspects of Armillaria
biology (e.g., fruiting body development, rhizomorph development, and morphology,
mechanisms of wood-decay, putative pathogenicity factors). The first genome
sequence and proteomic analysis of A. mellea revealed the large genome size (58.35
Mb) and vast repertoire of carbohydrate-active enzymes, reminiscent of CAZy

arsenals of both Basidiomycota and Ascomycota (Collins et al., 2013). More recent
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comparative genomic studies in Armillaria species (A. ostoyae, A. cepistipes, A.
gallica, and A. solidipes) also revealed unusually larger genomes (58-85 Mb) as
compared to other white-rot fungi. These genome expansions were not accounted for
by the proliferation of transposable elements as observed in other plant pathogenic
fungi (Lorrain et al.,, 2021). Phylogenomic and comparative genomic approaches
showed that Armillaria species underwent extensive genome duplications and
diversification, resulting in expanded repertoires of protein-coding genes enriched in
lineage-specific genes for rhizomorph morphology and development, various
extracellular functions such as plant cell wall degradation especially pectin
degradation, and putative pathogenicity genes (Sipos et al., 2017). However, these
likely cover only a fraction of virulence genes in Armillaria, leaving much of the
pathogenic arsenal unknown. In addition, the increasing availability of genomic and
transcriptomic information will provide further insight into the ongoing processes
involved in host-pathogen interactions and the genomic features of Armillaria species

with different ecological strategies.

1.3.3. Non-conventional wood-decay

Armillaria spp. can break down the complex lignocellulosic plant biomass into
simpler sugars, and thus are ecologically significant for releasing sequestered organic
carbon to the soil. Previous comparative genomic studies on Armillaria highlighted
PWCDE repertoires reminiscent of WR fungi (Collins et al., 2013; Ross-Davis et al.,
2013; Sipos et al., 2018, 2017), with a characteristic enrichment of pectinolytic genes
(Collins et al., 2013; Sipos et al., 2017). Accordingly, recent studies treated Armillaria
spp. as WR based on the presence of lignin decaying enzymes (LDEs) encoding
genes (C. Collins et al., 2017; Collins et al., 2013; Floudas et al., 2015), which are
however underrepresented in their genomes unlike other WR fungi (Sipos et al., 2018,
2017). Additionally, previous studies have also shown that Armillaria species primarily
decay the cellulose, hemicellulose, and pectin components of the plant cell wall, and
leave lignin unattacked during early stages of decay (Campbell, 1932; Schwarze,
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2007). Chemical and microscopic analyses of wood decay by Armillaria produced
contradictory results. A. mellea was classified as Group Il WR fungi which attack
celluloses and pentosans at early stages and lignin remains unaffected (Campbell,
1932). Others reported a type-I SR decay where the fungal hyphae grow through the
secondary cell wall layer, producing characteristic cavities in the tracheids, axial, and
xylem ray parenchyma cells (Schwarze, 2007). Soft rot fungi by definition are now
restricted to Ascomycota (Blanchette et al., 2004; Worrall et al., 1997); however, there
are many Agaricomycetes that produce symptoms resembling soft rot or that do not fit
the traditional white rot/brown rot dichotomy (Floudas et al., 2015; Nagy et al., 2016;
Riley et al., 2014). Soft-rot was suggested in Cylindrobasidium spp., a close relative
of Armillaria, that also has a lower number of LDEs than typical WR decayers (Floudas
et al., 2015; Sipos et al., 2017). Fungi from multiple WR and BR clades have been
used to study the wood-decay-associated gene expression (Gaskell et al., 2014;
Oghenekaro et al., 2016; Olson et al., 2012; Teixeira et al., 2014; Vanden
Wymelenberg et al., 2011). These studies highlighted substrate and species-specific
responses, sequential activation of degradative enzymes, along with lifestyle-driven
differences among species highlighting the ambiguity of extant decay-type
classification. Altogether, genomic and transcriptomic studies on Armillaria have
revealed their unusual gene repertoire (Sipos et al., 2018, 2017), making them suitable

candidates to understand where Armillaria fits in the ever-growing array of decay

types.

1.3.4. Origins of pathogenicity

The genus Armillaria evolved from a clade of non-pathogenic wood-decaying
saprotrophs, representing an independent origin of necrotrophy for which, the
molecular mechanisms are still not well explored Armillaria genomes encode genes
associated with pathogenicity and modulation of the host immune systems (Sipos et
al., 2017). These include expansins that contribute to the loosening of the complex

plant cell wall matrix and cerato-platanins that also help loosen the plant cell wall and
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trigger cell death in the host. Additionally, Armillaria genomes were reported to have
an enrichment of carboxylesterase and salicylate hydroxylases, similar to what is
observed in other plant pathogens like Moniliopthora species and Marasmius fiardii
(Sipos et al., 2017). These enzymes may contribute to the detoxification and the
development of tolerance to salicylic acid, which plays an essential role in plant
defense. Armillaria genomes also show an overrepresentation of secondary
metabolism-related genes that were found to be homologous to Heterobasidion (Olson
et al., 2012), small secreted proteins (SSPs), and other pathogenicity-related genes
such as those involved in stress response or competition against microbes (Collins et
al., 2013; Fox and Howlett, 2008; Sipos et al., 2017).

In addition, plant pathogenic fungi secrete specialized effectors, which are also
small proteins that can suppress host defense response by either preventing their host
from recognizing them or manipulating host metabolism (Shao et al., 2021). Among
the many are fungal lysin motif (LysM) effectors that prevent, mask, or sequester the
release of chitin oligomers from the fungal cell wall (FCW). Compared to other
Agaricales, LysM effector domains have been shown to be significantly
overrepresented in Armillaria (Sipos et al. 2017). These domains may play a role in
inhibiting chitin-triggered host immunity and protecting the FCW against hydrolysis by
chitinases and other hydrolytic enzymes released by the host or surrounding microbes
(Akcapinar et al.,, 2015; de Jonge et al.,, 2010; Liu et al., 2013). Specialized
necrotrophic and hemibiotrophic effectors can also inhibit host peroxidases to protect
the pathogen from ROS or directly influence the host metabolism by producing
virulence factors that induce cell death (Jwa and Hwang, 2017; Torufio et al., 2016).
However, the current knowledge on effector biology related to the modulation of host
defence and host death are largely based on model organisms from the Ascomycota
and other rusts or smut fungi (de Jonge et al., 2010; Jwa and Hwang, 2017; Liu and
Zhang, 2022; Shao et al., 2021; Torufio et al., 2016). For instance, the gene-for-gene
model (Flor, 1971) in plant-pathogen interactions, where an effector protein produced
by the pathogen interacts with the host resistance gene, causing a hypersensitive
response resulting in cell death (Friesen et al., 2007; Kanyuka et al., 2022; Shao et
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al., 2021). This type of interaction model has been well-documented in pathogens from
the Ascomycota and a few Basidiomycota (rusts and smut fungi) (Bourras et al., 2016;
Dodds et al., 2006; Friesen et al., 2007; Houterman et al., 2008; Huang et al., 2014).
Whether such models of host-pathogen interaction exist in Armillaria species or
necrotrophs from other Basidiomycota remain still unexplored due to the lack of easy-

to-deploy genetic manipulation tools for these species.

Overall, the concurrent overrepresentation of pathogenicity-related genes with
other plant-pathogenic fungi from Basidiomycota, suggests convergent origins of
pathogenicity in Agaricales (Sipos et al., 2017). However, more research is needed to
fully understand the evolutionary origins and molecular mechanisms of pathogenicity

in broad-range plant pathogens and their interactions with host plants.
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Chapter 2. Objectives

The genus Armillaria includes mushroom-forming fungi that are among the largest
and oldest terrestrial organism on Earth. These species efficiently degrade
lignocellulosic plant biomass and are also known to cause root-rot disease in woody
ecosystems worldwide. Depending on geographical regions, environmental
conditions, and host health, each Armillaria species can persist as pathogens
(necrotrophs) or saprotrophs. Among which the most important are necrotrophs, which
first bypass the host immune system, colonizing and killing the living root systems and
subsequently using the dead plant biomass as a nutrient source. Despite their huge
impact on forest ecosystems, the biology of Armillaria species, especially the
molecular level details of the interaction between Armillaria and host plants, as well as
the strategies for wood-decay are not well explored. A major reason for this is the lack
of genetic manipulation tools available for these non-model fungi.

In my doctoral research, we used a combination of gene-expression studies and
phylogenomic comparisons to explore the evolutionary routes that contributed in
making Armillaria species such devastating forest pathogens and efficient wood-

decaying saprotrophs.
The objectives of this thesis were to answer the following questions:

- What are the wood decay strategies employed by pathogenic and saprobic

Armillaria?
- Do gene repertoire variations drive the functional diversity in Armillaria?
- How distinct wood-decay traits and pathogenicity evolve in Armillaria?

- What are the molecular mechanisms underlying the infection process?
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Chapter 3. Methods

3.1. Wood-decay omics in two Armillaria species

3.1.1. Experimental setup

Cultures of Armillaria ostoyae C18 and Armillaria cepistipes B2 (Guillaumin et al.,
1993; Prospero et al.,, 2004) were inoculated onto malt extract agar (MEA) and
incubated for one week at 25°C in the dark. 4-5 cm long spruce roots, sterilized in an
autoclave, were placed next to the one-week-old cultures of A. ostoyae and A.
cepistipes and again kept at 25°C in the dark for 2-3 weeks until colonized by the fungi.
After colonization, roots were dissected to collect the mycelium under the outer bark
layer and the rhizomorphs emerging from the colonized wood Armillaria cultures
without the addition of sterilized spruce roots were used as non-invasive controls. Total
RNA was extracted from the four tissue types in three biological replicates using the
Quick RNA Miniprep kit (Zymo Research) according to the manufacturer's protocol.
The concentration of the extracted RNA was measured using Qubit fluorometer
(ThermoFisher) according to the manufacturer’s instructions and samples were further

processed for RNA-Seq and proteomics analysis.

3.1.2. Sample preparation and sequencing

RNA-Seq analyses (performed by SeqOmics Biotechnology Ltd., Mdérahalom,
Hungary) were done using the Ribo-Zero rRNA Removal Kit (Yeast; lllumina) to
remove rRNA from total RNA. Samples were processed using the Illlumina TruSeq V2
library preparation protocol. Libraries were sequenced on an lllumina NextSeq 500

instrument yielding 2x150 nt reads.
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For protein extractions, (performed by Dr. Rebecca Owens at Maynooth University,
Ireland) tissues were snap-frozen in liquid N2 and bead beaten periodically (30 Hz, 2
min), with snap-freezing between cycles. Lysis buffer (6 M guanidine-HCI, 0.1 M Tris-
HCI, 50 mM DTT pH 8.6) was added to crushed fungal tissue, and bead beating was
repeated. Samples were further disrupted using sonication (MS72 probe, 3 x 10
seconds), with cooling on ice between sonication steps. Samples were purified by
centrifugation, and the supernatant was filtered (3 kDa cut-off filters (Millipore) for
concentration and buffer exchange in PBS. Protein samples were precipitated with
TCA (final 15% wi/v), and pellets were washed with ice-cold acetone. Protein pellets
were resuspended in UT buffer (6 M urea, 2 M thiourea, 0.1 M Tris-HCI pH 8) and
concentrations were normalized according to the Bradford protein assay. Samples
were digested according to (Moloney et al., 2016), and ZipTips (Millipore) was used
for sample cleanup. Peptide samples were analyzed with high mass accuracy using
the Q-Exactive mass spectrometer coupled to a Dionex Ultimate 3000 nanoLC with
an EasySpray PepMap C18 column (50 cm x 75 pm). Peptide mixtures were
separated as described by Collins et al. (C. Collins et al., 2017) and the resulting data
were analyzed using MaxQuant (v 1.5.3.30) (Cox et al., 2014) with the label-free
guantitation algorithms and searching against the protein database (filtered models)
in JGI MycoCosm (Grigoriev et al., 2014; Sipos et al., 2017).

3.1.3. Analysis of multi-omics data

Paired-end Illumina (HiSeq, NextSeq) reads were trimmed for quality using the
CLC Genomics Workbench tool version 11.0 (CLC Bio/Qiagen) (performed by Dr.
Balazs Balint at SeqOmics Biotechnology Ltd., Mdérahalom, Hungary), removing
ambiguous nucleotides and all low-quality read-end parts. The quality cutoff value
(probability of error) was set to 0.05, corresponding to a Phred score of 13. Trimmed
reads containing at least 40 bases were mapped into CLC using the RNA-Seq
Analysis 2.16 package (Qiagen), requiring at least 80% sequence identity over at least

80% of the read lengths; strand specificity was omitted. Reads with fewer than 30
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equally scoring mapping positions were mapped to all possible locations while reads
with more than 30 potential mapping positions were considered uninformative repeat
reads and removed from the analysis. "Total counts” RNA-Seq count data were
imported from CLC in R version 3.0.2 (Qiagen).

For the calculation of differentially expressed transcripts, genes were filtered based
on their expression levels, considering only those features detected by at least five
mapped reads in at least 25% of the samples, for each of the species were included
in the study. Subsequently, "calcNormFactors" from "edgeR" version 3.4.2 (Robinson
et al., 2010) was used to perform scaling of the data based on the "trimmed mean of
M-values" (TMM) method (Robinson and Oshlack, 2010). Log transformation was
performed using the "voom" function of the "limma" package version 3.18.13 (Ritchie
et al., 2015). Linear modeling, empirical Bayes moderation, and calculation of
differentially expressed genes were performed using "limma". Genes that showed at
least a two-fold change in gene expression with a false discovery rate FDR value
below 0.05 were considered significant. Multidimensional scaling (function "plotMDS"
in edgeR) was used to visually summarize gene expression profiles. In addition,
unsupervised cluster analysis with calculation of Euclidean distance and full linkage
clustering was performed for the normalized data using the "heatmap.2" function from
the R package "gplots". To check the reliability of the expression data in the two
species, we used the superSeq package (Bass et al., 2019) which uses a subsampling
approach to simulate and predict the number of differentially expressed genes at lower
read depths and random sampling points from the original dataset. These subsampled
reads are then extrapolated to predict the relationship between statistical power and

read depth.

Proteomics results were organized and statistical analyses were performed (by Dr.
Rebecca Owens at Maynooth University, Ireland) using Perseus (v 1.5.4.0) (Tyanova
et al., 2016). Qualitative and quantitative analyses were performed to determine the
relative changes in protein abundance in each sample type. Quantitative analysis was

done in Perseus (v 1.5.4.0 ) (Tyanova et al., 2016), a Student's t-test was performed
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with a p-value of 0.05 and a logz (fold change; FC) = 1. Qualitative analysis revealed
proteins that were detected in 2/3 of the replicates for a sample type and were
undetectable in all replicates of the comparison group. For the qualitative results, a
theoretical minimum fold change was determined based on a calculated minimum
detectable protein intensity (mean + 2 standard deviations of the lowest detectable
protein intensity for each replicate in the experiment) (Moloney et al., 2016). Based on
this theoretical minimum fold change, some qualitative results were excluded due to
intensity values approaching the minimum detectable levels. The qualitative and
guantitative results were combined, and the total number of differentially abundant

proteins (DAPs) was summarized.

3.1.4. Clustering and functional annotations

The predicted protein sequences from JGI MycoCosm (Grigoriev et al., 2014) were
used to find the orthologs in A. ostoyae and A. cepistipes using OrthoFinder v2.3.1
(Emms and Kelly, 2015) (default parameters). Single-copy orthologs for the two
species were further analyzed to compare expression patterns in the two species.
Functional annotation was performed based on InterPro (IPR) domains using IPR
Scan v5.24-63.0 (Jones et al., 2014).

Enriched gene ontology (GO) terms for different comparisons were predicted with
the topGO package (Alexa and Rahenfuhrer, 2016) using the weight01 algorithm and
Fisher testing. Terms with p-values less than 0.05 were considered significant and
plotted with respect to their gene ratios, where the gene ratio is the number of a given
GO term in a specific comparison type relative to the total number of that term in the
gene list for that organism.

CAZyme copy numbers in A. ostoyae and A. cepistipes were taken from the JGI
Mycocosm annotations based on the CAZy annotation pipeline (Lombard et al., 2014).
CAZy families were separated based on their substrate-specific plant cell wall

degradation abilities (Table S1) and analyzed copy numbers of differentially expressed
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genes and DAPs for cellulases, hemicellulases, pectinases, expansins, and ligninases
in the invasive mycelium vs non-invasive mycelium (MvsNIM) and invasive

rhizomorphs vs non-invasive rhizomorphs (RvsNIR) comparisons.

Transporters were identified using DeepLoc (Almagro Armenteros et al., 2017) to
select plasma membrane-localized proteins from the proteomes of both species.
Plasma membrane-localized proteins with more than one transmembrane domain
were used to obtain a list of nonredundant IPR domains that were manually checked

for their functional role in transport.

3.2. Comparative phylogenomics

3.2.1. Sample preparation for sequencing

Armillaria strains obtained from different sources (Table 2) were inoculated onto
MEA and incubated for 7-10 days at 25°C in the dark. The identity of each strain was
confirmed by amplification and sequencing of the fungal internal transcribed spacer
region (ITS1-5,8S-ITS2), and bacterial contamination was checked using universal
16S primers. Strains with confirmed identity were used to inoculate malt extract broth
in 500 ml Erlenmeyer flasks and incubated at 25°C in the dark for 4-5 weeks until a
substantial amount of fungal biomass had grown. The fungal biomass was stored at -
80°C until DNA and RNA extraction. DNA extraction was performed using Blood & Cell
Culture DNA Maxi Kit (Qiagen) and RNA extraction was performed using RNeasy Midi
Kit (Qiagen) according to the manufacturer's instructions. Using the DNA, we re-
confirmed strain identity by sequencing the ITS region and nucleic acid quantity was
measured using Qubit fluorometer (ThermoFisher) according to the manufacturer's
instructions. Genomic and transcriptomic library preparation, sequencing, assembly
and annotations were performed in collaboration with JGI Mycocosm (Grigoriev et al.,
2014; Kuo et al., 2014).

36


https://www.zotero.org/google-docs/?xIXkQ1
https://www.zotero.org/google-docs/?gtXGOB
https://www.zotero.org/google-docs/?gtXGOB

3.2.2. Taxon sampling and datasets

We used three datasets in this study. Dataset 1 comprises 66 species (64
Agaricales, 2 Boletales outgroups), which were used to analyze gene family evolution
in Armillaria (Table S2). This was extended into a phylogenetically more diverse
Dataset 2, which was used to perform gene copy number analysis of wood-decay gene
repertoires and comprised 131 fungal species from both Basidiomycota and
Ascomycota, including species with various lifestyles such as white-rotters, brown-
rotters, litter-decomposers, ECM fungi, pathogens, and species with uncertain
ecologies (Table S2). Dataset 3 was used to identify horizontally transferred genes
and comprised 942 species, including fungi, bacteria as well as plants. All the species
used in these datasets are published and publicly available sequences from JGI
Mycocosm (except three species that were used with Author’s permission, see Table
S2). Proteomes of all the species used in this study were functionally annotated by
using IPR Scan (v.5.46-81.0) (Jones et al., 2014). Secreted and small secreted (at
least 300 amino acids) proteins were identified as described previously (Almasi et al.,
2019).

3.2.3. Gene family evolution in Armillaria

Reconstruction of genome-wide gene family evolution was performed using
Dataset 1. Predicted protein sequences were clustered into orthogroups using
OrthoFinder (v2.3.1) (Emms and Kelly, 2019, 2015) with default settings. For the
species tree, multiple sequence alignment for 81 single copy orthogroups (SCOGS)
were inferred using MAFFT (-auto) (Katoh and Standley, 2013), followed by removal
of gapped regions from the alignments using TrimAl (Capella-Gutierrez et al., 2009)
with a gap threshold of 0.9. Trimmed alignments were then concatenated into a
supermatrix using an in-house R-script. The species tree was reconstructed in RAXML

(v8.2.12) (Stamatakis, 2014) with the option of rapid bootstrap analysis and search for
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the best-scoring maximum likelihood (ML) tree under the PROTGAMMAWAG model

of protein evolution. The tree was rooted using FigTree.

We analyzed the genome-wide duplications and losses across gene families using
the COMPARE method (Nagy et al., 2014) which uses reconciled gene trees to
perform Dollo parsimony mapping and ortholog coding to tell apart duplications from
speciation events. To obtain the reconciled gene trees for COMPARE, we first inferred
multiple sequence alignments for the Orthofinder orthogroups with at least four
proteins using MAFFT (-auto) (Katoh and Standley, 2013). Aligned clusters were
trimmed to remove spurious regions using TrimAL (Capella-Gutierrez et al., 2009) with
-strict parameter. Clusters for which TrimAL resulted in blank alignments (due to -strict
parameter) were used in their non-trimmed form. In total, 16,936 trimmed and 819
non-trimmed clusters were used in RAXML (v8.2.12) (Stamatakis, 2014) for gene tree
inference, followed by Shimodaira-Hasegawa (SH)-like branch support calculation
also in RAXML under the PROTGAMMAWAG substitution model. The 17,755 gene
trees with their SH-like support values, along with the species tree were used for
rerooting, followed by gene tree species tree reconciliation in Notung (v2.9) run in
batch mode with edge weight threshold set to 70. Reconciled gene trees were used to
reconstruct the gene duplication/loss scenarios in orthogroups along the species tree
using the COMPARE pipeline (available at
https://github.com/laszlognagy/COMPARE). For each gene family, the number of
gains, losses, net gains (sum of gains and losses), and ancestral copy numbers were
obtained and their summary was mapped back onto the species tree. GO terms
significantly enriched (p-values < 0.05) among the duplications at Armillaria most
recent common ancestor (MRCA) were identified by topGO (Alexa and Rahenfuhrer,

2016) using the weight01 algorithm and Fisher testing.

3.2.4. Analyses of CAZymes in Armillaria spp.
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Dataset 2 was used to analyze where Physalacriaceae (including Armillaria) fits in
terms of their wood-decay repertoires. Annotation of CAZymes for the required
species were downloaded from JGI Mycocosm (species whose CAZymes were not
present in JGI Mycocosm were annotated using the CAZy annotation pipeline
(Lombard et al., 2014). Annotated CAZymes were assigned to their putative roles in
plant cell wall degradation or FCW-related functions. For this, a literature review was
conducted for recent studies published in the last decade and focused on identifying
plant biomass-degrading enzymes involved in the degradation of -cellulose,
hemicellulose, pectin, lignin and CAZymes with a speculated role in the degradation
of lignin monomers. Proteins related to FCW-related CAZymes such as the ones
acting on chitin, glucan, and mannans were identified. A total of 21 published studies
(Table S1) were used to compile a diverse range of plant cell wall degrading enzymes,
including cellulases, xylanases, pectin lyases, pectinases, polygalacturonase,
laccases and peroxidases. These CAZymes and their preferred substrate(s) are
provided in Table S1, of which, families with a putative role in plant cell wall
degradation were retained for further copy number-based analyses. We subjected the
proteomes of these 131 species to OrthoFinder (v2.3.1) (Emms and Kelly, 2019, 2015)
with default settings, giving us a total of 41,205 orthogroups. For inferring the species
tree, we generated SCOGs using a set of in-house R scripts which gave us 548
orthogroups in which the duplications were caused by gains at species levels (or
terminal gains). From these, we omitted proteins showing less similarity based on
amino acid distance against the other members of the cluster. In this step, we used at
least 40% of all species for each cluster. Finally, the resulting 514 SCOGs were
concatenated (minimum 60 lengths of amino acids, and at least 66 species) into one

supermatrix and followed by species tree inference in 1Q-Tree (Nguyen et al., 2015).

We generated phylogenetic principal component analysis (PCA) using the phyl.pca
(Revell, 2009) function from Phytools (Revell, 2012) for Physalacriaceae along with
WR and LD fungi. We compare Armillaria and other Physalacriaceae to only WR and
LD fungi, because including BR and mycorrhizal species, which have huge differences
in gene content, reduced the resolution of the plots. We provided the function with a
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gene copy humber matrix normalized according to proteome sizes for each substrate
category and the above-described ML species tree (subsetted to WR, LD and
Physalacriaceae species) as inputs. Independent contrasts were calculated under the
Brownian motion model and the parameter mode=“cov” (Revell, 2012). We also
plotted their proteome-size normalized copy numbers into bar plots for visualization of

copy numbers across the phylogeny

We further investigated the shared CAZymes between Physalacriaceae members
and Ascomycota. For this, we first identified the CAZy orthogroups from the 131
species, by selecting orthogroups with at least 50% of the proteins annotated as
CAZymes, and at least 5 proteins. This gave us 401 CAZy orthogroups which were
used to perform Fisher’s exact test-based enrichment for identifying co-enriched CAZy

families in Physalacriaceae and Ascomycota with respect to WR and LD.

3.2.5. Analyses of horizontally transferred genes

In order to check if Physalacriaceae species are more similar to Ascomycota than
expected by chance, which could either come from horizontal gene transfer or long-
retained ancestral genes, we compiled the Dataset 3. This comprised a taxonomically
diverse dataset with a total of 942 species, ranging from 110 fungi from Basidiomycota
(including 20 Physalacriaceae), 741 from Ascomycota, 26 from Mucoromycota, 10
from Zoopagomycota, 13 from Chytridiomycota and 17 other early-diverging fungi as

well as 15 bacterial and 10 plant species.

We identified candidate horizontally transferred (HT) genes using the Alien index
(Al), for which we ran MMsegs (easy-search, e-value cutoff 0.001) (Steinegger and
Saéding, 2017) using all Physalacriaceae proteomes merged together as our query,
against a database of proteomes of all the other species as our subject. Using an in-
house R-script, we parsed the output to retain only the top hits (based on e-values) for

each taxonomic group. Al scores were calculated as [logio(best hit to species within
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the group lineage + 1x102%) - logio(best hit to species outside the group lineage +
1x10299)] (Alexander et al., 2016; Wisecaver et al., 2016).

Further, for phylogenetic validation of HGT events, we used a subset of 329
species from Dataset 3 based on Al of top HGT donors. In this case, we restricted our
donor list to major HGT contributors only, viz. Ascomycota, followed by Mucoromycota
and Zoopagomycota as outgroups. The proteomes of these 329 species were
subjected to OrthoFinder (v2.5.4) (Emms and Kelly, 2019, 2015) clustering with default
settings. From there, we fished out the orthogroups with at least one Al-based HT
gene and also the orthogroups containing CAZymes. Further, we retained orthogroups
having at least one Physalacriaceae and one
Ascomycota/Mucoromycota/Zoopagomycotina species, resulting in a total of 675

orthogroups.

Proteins from these 675 orthogroups were aligned using MAFFT (-auto) (Katoh
and Standley, 2013), and spurious regions in the alignments were trimmed by TrimAL
(-strict) (Capella-Gutierrez et al., 2009). Trimmed alignments were used to infer gene
trees using 1Q-Tree (Nguyen et al., 2015) with ultrafast bootstrap (1000 replicates)
under the WAG+G substitution model. Using an in-house R-script (developed by Zsolt
Merényi), we identified potential HGT events by extracting clades from the gene trees
based on support values (>70%) and taxon occupancy (receiver clade with >70%
Physalacriacae species, donor clade with >70% Ascomycota, and finally sister clade
with >70% Ascomycota to ensure the direction of gene transfer). Physalacriceae
proteins from these putative HT clades, were used as a query against the UniRef100
database (Suzek et al., 2015) from the UniProt Reference Cluster using MMSeqs
easy-search, e-value 0.001) (Steinegger and Séding, 2017). To remove the matches
with low sequence similarity matches and low coverage, we retained hits with percent
identity and bidirectional coverage of more than 45%. We parsed the filtered hits to
retain only the top 100 hits (based on percent identity) for each query, and the
taxonomic category contributing predominantly among the top 100 hits was assigned

as the putative donor. Further, we classified the assigned donor into two categories:
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Type A, where the top 100 hits were dominated and confidently associated with
Ascomycota, and Type B, where the top 100 hits were dominated by non-

Agaricomycetes species, however ambiguously distributed among different taxa.

3.2.6. Analysis of new expression data

In addition to our wood-decay omics in A. ostoyae and A. cepistipes, we analyzed
RNA-Seq data from two new in vitro pathosystems (for A. ostoyae, A. borealis and A.
luteobubalina), for which experiments were originally performed by our collaborators
(Prof. Gyérgy Sipos and Dr. Jonathan Plett). These included in vitro fresh stem
invasion assays with highly and less-virulent isolates of both A. ostoyae and A.
borealis and in planta time-series experiment of A. luteobubalina infecting Eucalyptus
grandis seedlings from 24 hours to 2 weeks. For the stem invasion assay, the
estimated counts matrix was used for differential expression analysis using Limma-
Voom (Ritchie et al., 2015). Prior to running the differential expression analysis, counts
were normalized using TMM using edgeR v3.38.1 (Robinson et al., 2010) and lowly
expressed genes (cpm < 10) were filtered. Differential gene expression analysis for
the in-planta pathosystem data were carried out as explained in the previous section
sub-chapter (3.1.3).

In both analyses, at least two-fold gene expression change between samples and
FDR value <=0.05 were considered statistically significant. Multidimensional scaling
(“plotMDS” function in edgeR) was applied to visualize gene expression profiles.
Expression heatmaps were generated by hierarchically clustering based on the

average linkage of FPKM values with heatmap.2 function from gplots package.
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Chapter 4. Results

4.1. Mycelium is the key player in wood decay

4.1.1. Morphological observations from wood-decay setup

We introduced sterilized spruce roots into week-old cultures of A. ostoyae and A.
cepistipes and incubated them at 25°C in the dark for 3-4 weeks until the roots were
fully colonized. Abundant mycelial growth was observed on and under the bark layer
(Figure 5). Although previous studies suggested that colonization occurs through
direct contact with and penetration of the rhizomorphs into the wood (Baumgartner et
al., 2011; Leach, 1937; Pronos and Patton, 1978; Redfern, 1978; Sipos et al., 2018,
2017; Wong et al., 2020; Yafetto et al., 2009), we found no evidence of mechanical
penetration of the rhizomorphs into the wood. Instead, the rhizomorphs switch to
hyphal growth upon contact with the root and continue to spread as mycelium (Figure
5). Both species exited the root section as rhizomorphs that grew out of the piece of
wood. These observations suggest that mycelium might be the primary colonizing
structure of the wood, which is consistent with the higher surface-to-volume ratio of
hyphae, which are more suitable for a nutrient acquisition than rhizomorphs.
Rhizomorphs probably develop much later, possibly to transfer nutrients, as is often

seen commonly under the bark of decayed logs (Baumgartner et al., 2011).
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Non-Invasive Mycelium Invasive Mycelium

Rhizomorhs switching to hyphal growth after contact with root

Figure 5: Overview of the experimental approach for root decay studies. A) Representation
of tissue types sampled for transcriptomics and proteomics analysis viz. invasive mycelium
(growing beneath the outer layer of the root), invasive rhizomorphs (emerging out of the
roots), non-invasive mycelium, and non-invasive rhizomorphs (Armillaria growing in absence
of root). B) Pictures showing rhizomorphs differentiating into hyphae in contact with the

spruce root.
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4.1.2. Overview of wood-decay -omics data

Four tissue types from both species in three biological replicates were analyzed
using transcriptomics and proteomics (Figure 6). The mycelium and rhizomorphs
collected from colonized roots are hereafter referred to as invasive mycelium (M) and
invasive rhizomorph (R), while those grown in the absence of roots are referred to as
non-invasive mycelium (NIM) and non-invasive rhizomorphs (NIR), respectively. This

resulted in 12 samples for both A. ostoyae and A. cepistipes.

Ribosomal RNA-depleted libraries and sequenced them to a depth of 46.7-93.4
million paired-end reads on the lllumina NextSeq 500 platform were performed by
SeqOmics Biotechnology Ltd., Morahalom, Hungary. On average, 69% and
approximately 38% of reads mapped to the transcripts in A. ostoyae and A. cepistipes,
respectively. Concerning the low mapping percentages in A. cepistipes we find that
they were either with genomic DNA contamination or a poor annotation of the
reference species (~50% of unmapped reads mapped to intergenic regions rather than
transcripts). Although such factors can dampen the signal of differential gene
expression, we found that in our case this did not significantly compromise our
differential gene expression analysis (see the clear separation of samples in the multi-
dimensional scaling (MDS) and the high number of differentially expressed genes
(DEGS), Figure 6 and Figure 7A, B). At the same time, there was a limited correlation
between the fold-change values acquired for transcripts and proteins (Figure 8), which
is not unusual among proteomic and transcriptomic datasets. Additionally, SuperSeq
revealed that the analysis detected 86-92% of DEGs in A. cepistipes in the M and R
when compared to their non-invasive counterparts, whereas, in A. ostoyae, we could
variably detect 70-90% of DEGs in the same sample comparisons (Figure 9A). Label-
free comparative proteomics provided a total of 37,879 and 36,087 peptides were
identified from A. ostoyae and A. cepistipes, respectively, which were subsequently
grouped into protein groups, with mean protein sequence coverage ranging from 30.1
to 34%.
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MDS plots show strong clustering of biological replicates in both transcriptomic and
proteomic data of both species. The MDS plots show a clear separation of the M and
NIM samples, while the invasive R and the NIR show similarity (Figure 6), suggesting
that the greater difference is between invasive and NIM. In A. ostoyae, RNA-Seq
detected and quantified 17,198 transcripts, while label-free proteomic analysis
detected 3,177 proteins. For A. cepistipes, we obtained data for 15,861 transcripts and
3,232 proteins (Figure 7A). The overlap between the two -omics datasets was
substantial, with approximately 99.8% of the detected proteins also present in the
RNA-Seq data (Figure 7A).
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Figure 6: Multidimensional scaling of three biological replicates from each of the tissue types

in A. ostoyae (top) and A. cepistipes (bottom) for proteomics (left) and transcriptomics (right).

Replicates are colored according to sample types. (M: invasive mycelium, R: invasive

rhiopmorphs, NIM: non-invasive mycelium and NIR: non-invasive rhizomorphs)
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Analyses were performed to identify DEGs. In A. ostoyae, we found 987 and 35
up-regulated genes (log2FC > 1, p-value < 0.05) in MvsNIM and RvsNIR, respectively
(5.74% and 0.2% of the transcriptome). Considerably more, 2,108 and 327 genes
were upregulated in MvsNIM and RvsNIR in A. cepistipes (13.29% and 2.06% of the
transcriptome, respectively). The number of DAPs in the proteomic analysis was
lower: we detected 279 and 108 proteins with increased abundance in MvsNIM and
RvsNIR in A. ostoyae (8.78 and 3.40% of the detected proteome, respectively) and
439 and 282 proteins with increased abundance in MvsNIM and RvsNIR in A.
cepistipes (13.58 and 8.73% of the detected proteome, respectively).

A Armillaria ostoyae Armillaria cepistipes
Proteome size Proteome size
22,705 genes 23,460 genes
Transcriptomics Transcriptomics
17,198 15,861
i Proteomics
Proteomics 3232
3177 ’
B

Proteomics
I Transcriptomics

RvsNIR_upreg

RvsNIR_downreg

MvsNIM_upreg

MvsNIM_downreg

500 0 500 1000 1500 2000 500 0 500 1000 1500 2000
Number of Differentially Abundant Proteins (DAPs) and Differentially Expressed Genes (DEGs)

Figure 7: Overview of transcriptomics and proteomics analyses. A) Proportion and number of
transcripts and proteins detected in the two -omics analysis. Blue circle represents the whole
proteome, orange depicts the transcripts detected in the RNASeq, and green represents the
proteins detected in the proteomics analyses. B) The number of differentially expressed
genes (DEG, blue) and differentially abundant proteins (DAP, orange) detected in the two
species. Sample comparisons analyzed for DAPs and DEGs are shown on the y-
axis.(MvsNIM: invasive mycelium vs non-invasive mycelium and RvsNIR: invasive

rhizomorphs vs non-invasive rhizomorphs)
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(MvsNIM: invasive mycelium vs non-invasive mycelium)

48



We found considerably more DEGs/DAPs in the mycelium than in the rhizomorphs
in both species (Figure 7), suggesting that the mycelium is more active in colonizing
wood tissues than the rhizomorphs. This is consistent with the morphological
observations and an invasion of roots mainly by individual hyphae. A more surprising
observation is that the saprotrophic A. cepistipes has a higher number of DEGs/DAPs
than the pathogenic A. ostoyae (Figure 7). To confirm that this was not due to higher
baseline expression of some genes in A. ostoyae, we compared the distribution of raw
expression values of OrthoFinder clustering-based co-orthologs in the M and NIM
samples of A. cepistipes (Figure 9). This showed that the baseline expression of genes
in non-invasive mycelia of A. ostoyae was not higher than that in A. cepistipes,
suggesting that the higher number of DEGs in A. cepistipes is indeed the result of the
stronger response of this species to wood. We speculate that this is because
saprotrophs, in order to gain a competitive advantage over other microbes, have to
colonize/degrade wood more rapidly than necrotrophs such as A. ostoyae, which can
both feed on living parts of the tree and upon killing the host, can be the first colonizers
of the wood (Shi et al., 2019; Sipos et al., 2017).
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Figure 9: Validation of transcriptomics data and baseline gene expression. A) SuperSeq

analyses of transcriptomics data in A. ostoyae and A. cepistipes. Percentage of differentially

expressed genes (y-axis) obtained at current (dashed vertical line) and estimated proportion

read depth (x-axis) for different sample comparisons. Colors represent different sample

comparisons. B) Distribution of raw expression values (log. transformed) in both species for

co-orthologs differentially expressed in MvsNIM of A. cepistipes. Baseline expression of

genes in non-invasive mycelia (green) of A. ostoyae was not higher than that in A.

cepistipes, indicating a stronger response of A. cepistipes invasive mycelia to wood.
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50



4.1.3. Enrichment analysis for Gene Ontology (GO)

In the transcriptomics data, we found 25 and 11 GO terms significantly enriched (p
< 0.05, Fisher's exact test) among upregulated genes in MvsNIM and RvsNIR,
respectively. In contrast, the proteomics data revealed 18 and 12 significantly enriched
terms in MvsNIM and RvsNIR, respectively (Figure 10). We observed a similar pattern,
with more enriched GO terms in A. cepistipes than in A. ostoyae. In transcriptomics,
we found 57 and 29 GO terms significantly enriched among upregulated genes in
MvsNIM and RvsNIR, respectively, followed by 35 and 19 terms in MvsNIM and
RvsNIR for proteomics data. (Figure 11). Terms enriched in M vs NIM included
pectinesterase activity (G0O:0030599), polygalacturonase activity (G0O:0004650),
cellulase activity (GO:0008810), cellulose binding (G0:0030248), carbohydrate
binding (G0O:0030246), hydrolase activity (GO:0004553), and cell wall modification
(G0:0042545), cell wall-related terms (G0O:0005199, GO:0009277, GO:0005618), and
carbohydrate metabolic processes (GO:0005975).

In both species, genes upregulated in M were enriched in terms related to
oxidation-reduction process (G0:0055114), lipid metabolic process (G0O:0006629),
transmembrane transport (GO:0055085, GO:0034755, GO:0005381), iron ion
(G0:0005506), and heme-binding (G0O:0020037) processes, as well as for the terms
fungal type cell wall (GO:0009277) and structural constituent of cell wall
(GO:0005199). We find that the enrichment of terms related to iron binding
(G0O:0005506) was possibly driven by the upregulation of members of the high-affinity
iron permease complex (2 of 3 genes and 1 of 2 genes upregulated in A. ostoyae and
A. cepistipes, respectively, see below). Consistent with the lower number of DEGs in
RvsNIR, we observed much fewer enriched GO terms in the genes upregulated in

rhizomorphs.
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Figure 10: Enriched GO terms in MvsNIM and RvsNIR of A. ostoyae for transcriptomics (left)

and proteomics (right). The ratio of the number of a GO term in a specific comparison to the

total number of that GO term for a species was used to plot gene ratios for enriched GO

terms (p<0.05, Fisher’s exact test). Size of the dot is directly proportional to the gene ratio,

and the color of the dots corresponds to p-values. Grey dots represent GO terms, enriched

in only one of the comparisons i.e either MvsNIM or RvsNIR. (MvsNIM: mycelium vs non-

invasive mycelium or in RvsNIR: rhizomorphs vs non-invasive rhizomorphs)
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Figure 11: Enriched GO terms in MvsNIM and RvsNIR of A. cepistipes for transcriptomics

(left) and proteomics (right). The ratio of the number of a GO term in a specific comparison

to the total number of that GO term for a species was used to plot gene ratios for enriched

GO terms (p<0.05, Fisher’s exact test). Size of the dot is directly proportional to the gene

ratio, and the color of the dots corresponds to p-values. Grey dots represent GO terms,

enriched in only one of the comparisons i.e either MvsNIM or RvsNIR. (MvsNIM: mycelium

vs non-invasive mycelium or in RvsNIR: rhizomorphs vs non-invasive rhizomorphs)
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4.1.4. Global transcriptome and proteome similarity

We measured global similarity between transcriptomes and proteomes within and
between species based on the Pearson correlation coefficient. The similarity between
the sample types was assessed based on 11,630 co-orthologous genes in A. ostoyae
and A. cepistipes identified with OrthoFinder (Emms and Kelly, 2015), with
transcriptomic and proteomic data covering 10,675 and 2,404 co-orthologous genes,
respectively. A surprisingly high correlation was observed between the invasive
mycelia of A. ostoyae and A. cepistipes (Figure 12), whereas the correlation was
comparatively lower for all other combinations. This observation was similar for both
transcriptomic and proteomic data and was even more pronounced when we
considered only genes/proteins that were DEG or DAP in at least one of the species
(Figure 13).

Within species, we observed limited differences among transcriptomes, with the
highest global transcriptome similarity values observed between invasive tissue types
(Figure 13A). For instance, in A. ostoyae, the two most similar sample types were
invasive mycelium and invasive rhizomorphs (mean Pearson coefficient: 0.92), slightly
higher than in other combinations of samples (0.83-0.88). A similar but stronger
pattern was observed in A. cepistipes (Figure 13A). This suggests that contact with
wood induces similar expression changes regardless of tissue type. In support of this,
we identified 4 genes that were upregulated in both invasive mycelium and invasive
rhizomorphs of A. ostoyae and 127 genes upregulated in both invasive mycelium and
invasive rhizomorphs of A. cepistipes. The majority of these genes were annotated as
hydrophobin-domain-containing proteins, cytochrome P450s, galactose-binding

domain-like proteins, and a number of CAZymes among others.
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4.1.5. Shared transcriptomic response of mycelia

We interpret the between-species correlation of gene expression pattern in the
invasive mycelium of both species in response to spruce roots, as the shared
response. We further investigated the gene families accounting for the observed
shared response to wood, by focusing on co-orthologous gene pairs that showed up-
or down-regulated in invasive mycelia of both species. We found a total of 779 co-
orthologous genes with similar differential gene expression patterns in invasive
mycelium, with 372 genes being significantly up-regulated and 407 genes being
significantly down-regulated in the invasive mycelium of A. ostoyae as well as A.
cepistipes. Among the 372 shared up-regulated co-orthologs, we observed higher
overall fold changes and expression levels in A. cepistipes than in A. ostoyae (Figure

14, Figure 15), again highlighting a stronger response of A. cepistipes to wood.

Among the top 20 up-regulated co-orthologs with the highest fold changes
between MvsNIM in the transcriptomic analyses, we found oxoglutarate/iron-
dependent dioxygenases, galactose-binding-like domain superfamily proteins, ricin B
lectins, hydrophobins, intradiol ring cleavage dioxygenases, GMC oxidoreductases,
cytochrome P450-s, and 10 conserved transcription factors several unannotated
genes (Figure 15). The most highly induced genes in both species were
oxoglutarate/iron-dependent dioxygenases. This superfamily is widely distributed in
microorganisms, fungi, plants, and mammals (Bhattacharya et al., 2012; Farrow and
Facchini, 2014; Kawai et al., 2014; Korvald et al., 2011) but their versatility makes
them difficult to interpret in terms of their precise biological significance in the
mechanisms of wood rot. However, this superfamily has been speculated to have roles
in organic substrate oxidation, mycotoxin production, and secondary metabolite
biosynthesis (Arvind and Koonin, 2001; Korvald et al., 2011; Martinez and Hausinger,
2015) and were reported to be upregulated in white rot and brown rot wood decay
studies (Moody et al., 2017; Shah et al., 2016; Young et al., 2015). We found 46
oxoglutarate/iron-dependent dioxygenase genes in both species, of which 5 and 9

were upregulated in the invasive mycelium of A. ostoyae and A. cepistipes,
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respectively (but not in invasive rhizomorphs). In proteomics, we found one and four
genes in the invasive mycelium and one and two genes in the invasive rhizomorphs

with increased abundance in A. ostoyae and A. cepistipes, respectively.

In the proteomics data, we found 89 co-orthologs with increased abundance
and 45 with decreased abundance in both species (Figure 14, Figure 15), of which
those with the highest abundance in both species included the CAZy families GH31,
GH3, GH88, GH92, as well as aspartic peptidases, fungal lipases, and FCW-
associated Kre9/Knhl. Proteins detectable only in the M and not in NIM, included
several CAZymes such as pectin lyases, GH28, carbohydrate-binding modules
(CBMs), polysaccharide lyases (PL8), glycoside hydrolases (GH3, GH35),
galactosidases, carboxylesterases, and several other gene families such as GMC

oxidoreductases, various transporters, and cytochrome P450s.

25 \

25

372 Co-orthologs upregulated in MvsNIM of A. ostoyae and A. cepistipes (Transcriptomics)

A. cepistipes logFC MvsNIM - A. ostoyae logFC MvsNIM

89 Co-orthologs with increased abundance in MvsNIM of A. ostoyae and A. cepistipes (Proteomics)

Figure 14: Expression dynamics of shared upregulated co-orthologous genes in mycelia of
both species towards the spruce roots (MvsNIM. logFC differences of co-orthologs DEG (up)
and DAP (down) in both species, For proteomics, only genes for which a fold change could
be calculated are shown (43 out of 89 orthologs).(MvsNIM: insavive mycelium vs non-

invasive mycelium)
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Figure 15: Shared response between mycelia of A. ostoyae and A. cepistipes in response to spruce roots in transcriptomics (left) and

proteomics (right) analyses. Venn diagram represents species-specific and common DEG/DAPs in A. ostoyae and A. cepistipes. Heatmap

below represents co-orthologs with similar expression patterns (upregulated/downregulated in both species). Next to the heatmap are the top

20 upregulated proteins (red) in the two species. (MvsNIM: mycelium vs non-invasive mycelium)
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4.1.6. Characteristic PCWDE expression in invasive mycelia

A diverse array of plant PCWDEs were found to be differentially expressed in the
invasive tissues of both species. Overall, the number of up-regulated PCWDEs was
much higher in the invasive mycelium than in the invasive rhizomorphs compared to
their non-invasive counterparts (Figure 16). The saprotrophic A. cepistipes had a
higher number of DEG /DAP PCWDEs than the pathogenic A. ostoyae (Figure 16).
Among the differentially expressed PCWDEs in the mycelium compared to the NIM,
up-regulated pectinases were the most numerous, accounting for 17% and 37% of all
pectinases in A. ostoyae and A. cepistipes, respectively. These were followed by
cellulases (9%, 27%), hemicellulases (11%, 30%), and expansins (12%, 10%) (Figure
16). We found that most genes related to lignin degradation (Table 1) were down-
regulated in both species, with none up-regulated in A. ostoyae and six genes up-
regulated in A. cepistipes (Figure 16). In the invasive mycelia of A. ostoyae and A.
cepistipes, we found one and eight upregulated LPMOs/GH61, respectively, which
have been reported to promote cellulose degradation together with cellobiohydrolases
(Beeson et al.,, 2012; Bey et al.,, 2013; Levasseur et al., 2013; Li et al., 2012;
Morgenstern et al., 2014; Quinlan et al., 2011).

Our analyses also revealed upregulation of both pectinolytic PCWDEs and
expansins (Figure 16), indicating hallmarks of early- stage of wood decay. In previous
time series studies, strong expression of pectinase expression was observed in the
early stages of wood decomposition, suggesting that early pectinolytic "pretreatment”
(Presley et al., 2018; Zhang et al., 2016) is required to make plant cell wall structure
accessible, followed by a wave of expression of non-pectinolytic GHs. Previous
studies (Zhang et al., 2016) also observed that early stages of wood rot were
characterized by increased expression of expansins and GH28 pectinases,
suggesting enzymatic and mechanical loosening of plant cell walls for easier access
to cellulose and hemicellulose components. Our observations of pectinolytic PCWDE

and expansin expression are consistent with this.

In contrast, we detected less lignin-degrading AAs to be DEG /DAP in the two
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species, most of which were down-regulated, suggesting that lignin was not
significantly targeted by Armillaria in our experiments. The chemical composition of
spruce roots was reported to have high lignin content (25-28%) followed by cellulose,
hemicellulose, and extractives (Wang et al., 2018), yet our study revealed a general
downregulation of LDEs. Based on our literature-based assignment of CAZymes to
their respective substrate preferences (Table S1), we identified 39 genes each in A.
ostoyae and A. cepistipes, that were annotated as lignin-degrading genes. These
genes belonged to various enzyme families, including class Il peroxidases (AA2,
AA2_dist), laccases (AALl, AALl 1, AA1l 2, AA1l 3, AALl dist), and other alcohol
oxidases (AA3, AA5). Of the 39 lignin-degrading genes in A. ostoyae, we found 6
genes to be downregulated in the mycelium in response to spruce roots (MvsNIM). No
genes were upregulated in A. ostoyae. In A. cepistipes, we found 12 downregulated
and six upregulated lignin-degrading genes under the same conditions (MvsNIM). The
modest induction and overall downregulation of ligninolytic genes are notable for
white-rot fungi, especially in light of previous studies reporting measurable laccase or
peroxidase enzyme activities only at the early stage of wood decay by white-rot fungi
(Presley et al., 2018; Qin et al., 2018). On the other hand, the absence of a ligninolytic
burst is consistent with the underrepresentation of ligninolytic gene families in

Armillaria compared to other white-rot Agaricales (Sipos et al., 2017).
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Figure 16. Differentially expressed/abundant plant cell wall degrading enzymes in the two species. Barplot showing number, and dots showing
the percentage of DEG/DAP PCWDEs in the two species in MvsNIM (top) and RvsNIR (bottom) in transcriptomics (A) and proteomics (B) data.
CAZYmes are classified on the basis of their substrate in the plant cell wall (Table S1) showing the number of genes upregulated/increased
abundance (orange) and downregulated/decreased (green) in the two species. (MvsNIM: mycelium vs non-invasive mycelium or in RvsNIR:

rhizomorphs vs non-invasive rhizomorphs)
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Table 1: Log; fold changes of differentially expressed genes in MvsNIM with putative roles in

Armillaria ostoyae

lignin degradation

Armillaria cepistipes

ProtID logFC Status ProtID logFC Status
Armostol_253375 | -3.37 Downreg Armcepl_22260 -5.39 Downreg
Armostol_256681 | -2.60 Downreg Armcepl_14336 |-5.38 Downreg
Armostol_264507 | -2.39 Downreg Armcepl_ 11212 516 Downreg
Armostol 256317 | -1.26 Downreg Armcepl 11216 3.34 Downreg
Armostol_268395 | -1.23 Downreg Armcepl_1253 283 Downreg
Armostol_266072 | -1.21 Downreg Armcepl 237 276 Downreg

Armcepl_22148 -1.96 Downreg
Armcepl 18106 -1.85 Downreg
Armcepl_15173 -1.63 Downreg
Armcepl_ 13155 -1.17 Downreg
Armcepl 3961 -1.09 Downreg
Armcepl_18768 -1.05 Downreg
Armcepl 18865 1.07 Upreg
Armcepl 7635 2.79 Upreg
Armcepl_ 11572 2.81 Upreg
Armcepl_8298 3.32 Upreg
Armcepl_18554 3.32 Upreg
Armcepl_6915 6.42 Upreg

MvsNIM: Invasive mycelium vs Non-invasive mycelium
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4.1.7. Upregulation of transporters in rhizomorphs

To investigate the expression of transporters in our wood-decay system, we
identified putative transporters from A. ostoyae and A. cepistipes that were localized
to the plasma membrane and has transport related IPR annotations. We identified 612
and 602 transporters in A. ostoyae and A. cepistipes, respectively, majorly comprising
genes with annotations like MFS domain, ABC transporters, sugar transporters, amino
acid/polyamine transporters, and P-type ATPases. Transcriptomics provided
dynamics for a much larger number of transporters than proteomics, possibly due to
the difficulties in extracting membrane proteins for LC /MS analyses. In the RNA-Seq
data, we found 45 and 84 up-regulated, and 96 and 105 down-regulated transporters
in the MvsNIM of A. ostoyae and A. cepistipes, respectively (Figure 17). The majority
of transporters up-regulated in MvsNIM belonged to the MFS and the sugar transporter
family. Considerably lower numbers of upregulated transporters were found in
rhizomorphs: 2 and 20 upregulated in A. ostoyae and A. cepistipes, respectively, from

the same families.

A striking difference in the expression of transporters was found in the rhizomorphs
when compared to invasive mycelium (RvsM) (Figure 17). We found 120 transporters
in A. ostoyae and 100 transporters in A. cepistipes that were upregulated in the RvsM
condition. The number of downregulated transporters in the case of RvsM were much
fewer number in both A. ostoyae and A. cepistipes. Compared to the total number of
these transporters, the most upregulated transporters in RvsM were those potentially
involved in sugar transport, such as Major Facilitator Sugar Transport-like
(IPR005828), Sugar/lnositol Transporter (IPR003663), Sugar Transporters
(IPR005829). Several aquaporin-like proteins reported to be involved in fungal
development (Krizsan et al., 2019) and ectomycorrhizal function (Peter et al., 2016)
were also up-regulated in RvsM. The upregulation of transporters in rhizomorphs
might suggest their role in the transfer of decomposition intermediates between

different parts of the colony, rather than their involvement in active wood decay.
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Figure 17. Number of differentially expressed putative transporters in the two species. The
number of upregulated (orange) and downregulated (green) genes are shown for MvsNIM,
RvsNIR, and RvsM comparisons in the two species. (MvsNIM: mycelium vs non-invasive

mycelium or in RvsNIR: rhizomorphs vs non-invasive rhizomorphs)

Overall, our objective in this sub-chapter was to explore the wood-decay patterns
employed by Armillaria species. To this end, we investigated the colonization of
sterilized spruce roots by A. ostoyae and A. cepistipes using morphological
observations and transcriptomic and proteomic techniques. Our results showed that
spruce roots were colonized primarily by mycelium, which had a higher number of
differentially expressed genes and DAPs compared to rhizomorphs of both species.
Whereas, the upregulation of transporters in the rhizomorphs of both species indicated
their possible role in the nutrient transfer. In addition, the saprotrophic species A.
cepistipes showed a stronger transcription response with a higher number of
DEG/DAP PCWDEs than the pathogenic (necrotroph) A. ostoyae, reflecting a general
difference in wood decay strategies between saprotrophic and pathogenic species,
with saprotrophs facing more intense competition from other microbes and therefore
adapting a more rapid colonization and substrate degradation strategy. We also found

a shared gene expression response to spruce root colonization, with a total of 779 co-
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orthologous genes showing similar DEG patterns in the invasive mycelium of both
species. These included gene families such as oxoglutarate/iron-dependent
dioxygenases, galactose-binding-like domain superfamily proteins, and intradiol ring
cleavage dioxygenases, as well as several families involved in plant cell wall
degradation, among which pectinases were the most abundant. Unexpectedly, the two
Armillaria species were found to exhibit a wood-decay profile that, unlike that of white
rot fungi, largely bypassed the expression of lignin-degrading genes and was
characterized by the upregulation of other PCWDEs such as pectinases and
cellulases. These expression patterns are more suggestive of soft rot, a known rot
type in Ascomycota. Together with Armillaria, this appears to be a common wood
decay approach among early-diverging developing Agaricomycetes that contain
lignin-degrading genes in their genome, but still produce soft rot-like traits or decay
patterns not necessarily fitting into the traditional white and BR dichotomy. We
hypothesize that WR fungi evolved in an early ancestor of Agaricomycetes that
inherited soft-rot machinery from its common ancestors with the Ascomycota, leading
to the combination of WR and SR toolkits in Armillaria and other unusual WR fungi.
The evolution of such a rot apparatus may allow these fungi to selectively employ
either strategy for wood rot. To put our findings in an evolutionary perspective and
understand the evolution of the wood-decay apparatus in Armillaria species, we used
a comparative phylogenomic approach with new Armillaria genomes, as detailed in

the next subchapter.
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4.2. Phylogenomics reveal genomic innovations

4.2.1. Description of new Armillaria genomes

We report the high-quality annotated de novo genomes of seven Armillaria species,
including A. borealis, A. ectypa, A. fumosa, A. mellea, A. nabsnona, A.
novaezealandiae, and A. tabescens. The new genomes were assembled into 33-864
scaffolds of 40-79 Mbp using Falcon (v.1.8.8), with 12,228-19,984 predicted gene
models (performed by collaborators at JGI Mycocosm). The benchmarking universal
single copy orthologs (BUSCO) completeness values range from 97.7% to 99.7%.

Sequencing statistics for the new genomes are summarized in Table 2.

We examined all currently known major clades (Koch et al., 2017), including the
Northern Hemisphere clade (A. borealis, A. ostoyae, A. gallica, A. cepistipes, A.
solidipes, A. nabsnona), the Australasian/Southern American clade (A. luteobubalina,
A. fumosa, A. novaezelandiae), African (A. fuscipes), and the melleoid clade (A.
mellea). In addition, we included the genomes of two exannulated species from the
subgenus Desarmillaria (A. tabescens and A. ectypa), of which the moss-associated
A. ectypa had the smallest genome among Armillaria species. We also included
Guyanagaster necrorhizus (Koch et al., 2021), which belongs to the sister genus of
Armillaria (Koch et al., 2017). Other species of Physalacriaceae were included as

outgroups (Figure 18).

67



Table 2: List of Armillaria genomes used.

Name Host Preference Assembly # of BUSCO # of Scaffold Reference
Length Genes | (fungi) [ Scaffolds N50

Armillaria gallica 21-2 v1.0 | Weak pathogen of 8,53,36,812 | 25,704 | 100 319 22 (Sipos et al., 2017)
Angiosperms

Armillaria cepistipes B5 Saprobe 7,58,28,441 | 23,460 | 95.9 287 8 (Sipos et al., 2017)

Armillaria nabsnona Saprobe 6,27,18,798 | 19,015 | 99.7 85 9 This study

CMW6904 v1.0

Armillaria solidipes 28-4 Pathogen of 5,80,09,494 | 20,811 | 95.5 229 21 (Sipos et al., 2017)

v1.0 Gymnosperms

Armillaria ostoyae C18/9 Pathogen of 6,01,06,801 | 22,705 |99 106 9 (Sipos et al., 2017)
Gymnosperms

Armillaria borealis FPL87.14 | Weak pathogen of 7,16,89,880 | 19,984 |99.4 864 50 This study

v1.0 Angiosperms

Armillaria fumosa CBS Saprobe 5,58,24,865 | 16,095 | 99.6 54 7 This study

122221 v1.0

Armillaria luteobubalina Pathogen of 9,71,06,278 | 20,318 | 98.6 439 28 This study

HWKO02 v1.0

Angiosperms
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Armillaria novae-zelandiae Weak pathogen of 7,93,34,843 | 18,551 | 97.6 427 26 This study

2840 v1.0 Gymnosperms

Armillaria mellea DSM 3731 | Pathogen of 7,95,45,241 | 14473 82.8 29300 680 (Collins et al., 2013)
Angiosperms

Armillaria mellea ELDO17 Pathogen of 7,08,56,304 | 15,646 |99 474 8 This study

v1.0 Angiosperms

Armillaria fuscipes strain Pathogen of 5,29,84,320 | 16,267 | 87.6 24403 4876 (Wingfield et al., 2016)

CMW2740 Gymnosperms

Armillaria tabescens Pathogen of 7,48,75,987 | 19,032 | 98.6 659 33 This study

CCBAS 213v1.0 Angiosperms

Armillaria ectypa FPL83.16 | Mosses 4,05,98,130 | 12,228 |[99.3 33 5 This study

v1.0

Guyanagaster necrorhiza NA 5,36,86,691 | 14,276 | 99 168 15 (Koch et al., 2021)

MCA 3950 v1.0

BUSCO: Benchmarking Universal Single Copy Orthologs
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For further comparative analysis, we annotated the CAZymes, with A.
luteobubalina having the highest (716) and G. necrorhizus the lowest (497) number of
CAZymes. CAZymes were sub-categorized into gene families related to the PCWDEs,
such as the ones acting on celluloses, hemicelluloses, pectin and lignin, and gene
families related to the FCW such as the ones acting on chitin, glucans, galactans and
mannans among others (Table S1). Studies have shown that pathogenic fungi encode
more PCWDEs in their genomes than saprobes (Hill et al., 2022; Zhao et al., 2013).
However, the new Armillaria genomes did not reveal a significant difference in the

PCWDE or CAZy repertoires of pathogenic and saprobic species (Figure 18).

We also annotated the secreted and SSPs (<300 amino acids), which include
cysteine-rich proteins with diverse functions, such as the colonization of the host,
modulation of the host immune response (Plett and Plett, 2022), and regulation of
development (Almasi et al., 2019). Overall, Armillaria genomes encode 270-507
putative SSPs (with the exception of Guyanagaster encoding 262 SSPs), with A.
fuscipes having the lowest number and A. luteobubalina the highest. Based on IPR
annotations, 45-57% of the SSPs had no known functional domains, which we
hereafter refer to as unannotated SSPs. In plant pathogenic fungi, this latter class of
SSPs are typically referred to as candidate secreted effector proteins (Lo Presti et al.,
2015; O'Connell et al., 2012; Sonah et al., 2016).
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Figure 18: General genome statistics and reconstruction of ancestral genome size dynamics for 15 Armillaria species and five outgroups in the
Physalacriaceae. Numbers and dots at nodes represent ancestral proteome sizes in the Physalacriaceae tree. Blue dots represent
benchmarking universal single copy orthologs(BUSCO) scores for each species. For proteome sizes, darker color shows proteins with no
known functional domains (unannotated proteins). Carbohydrate active enzymes (CAZymes) - darker color shows plant cell wall degrading
enzymes (PCWDES), lighter color shows other CAZymes. Secretomes and small secreted proteins (SSPs) - darker color shows unannotated

proteins, and lighter color shows proteins with known functional domains.
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4.2.2. Genetic innovations in Armillaria clade

To analyze the genomic innovations associated with the rise of Armillaria in more
detail than previously, we combined the genomes of 15 Armillaria species with those
of other Agaricales with different lifestyles, resulting in a dataset of 66 species (Table
S2). Reconstruction of genome-wide gene gain/loss patterns revealed genome
expansion in Armillaria, consistent with results reported by Sipos et al. (2017) using
four Armillaria species. The estimated ancient gene set at the root node comprised
9,929 genes, suggesting an early origin of most genes (Figure 19). The Armillaria
clade showed net genome expansion with 18,662 protein-coding genes inferred for
the MRCA of Armillaria (2,913 duplications, 189 losses), in contrast to 15,938 for the
MRCA of Armillaria and Guyanagaster (2,158 duplications, 4,375 losses) and 18,155
for the MRCA of Armillaria, Guyanagaster, and Hymenopellis (653 duplications, 5,187
losses) (Figure 19). The MRCA of the Northern Hemisphere clade was inferred to
23,736 genes (3,140 duplications, 1,525 losses). These data suggest that the large
repertoires of protein-coding genes of Armillaria spp. can be explained by genus-
specific gene duplications early in their history, as previously proposed (Sipos et al.,
2017).
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4.2.3. Enriched functions among gene duplication events

The 2,913 duplications in the MRCA of Armillaria were inferred to a total of 1,473
orthogroups. GO and IPR enrichment analyses revealed a significant
overrepresentation of 55 molecular functions, 18 biological processes, and three
cellular component terms (topGO, weight01 algorithm, p < 0.05) (Figure 20) and 733
IPR terms in these orthogroups. These included gene families with functions related
to plant biomass utilization, such as pectin degradation (pectate lyases, pectin lyases,
pectinesterases, GH28), cellulose binding, and gene families putatively related to the
degradation of extracellular and aromatic compounds (e.g. intradiol ring cleavage

dioxygenase, multi copper oxidases), and several other broader functions (Figure 20).

Duplicated genes were also enriched in putative pathogenesis-related gene
families. For instance, we found a significant overrepresentation of deuterolysins,
aspartic peptidases, chitin deacetylases, and Golgi-associated pathogenesis-related
proteins in Armillaria expansions. Ceratoplatanins and LysM domains, which have
been reported to support infection in pathogenic fungi (Baccelli, 2015; Li et al., 2019;

Muraosa et al., 2019), were also enriched in Armillaria.

74



Corrected p-values

0.04

0.02

0.01

0.00

Enriched GO terms in duplicated genes

glycerol ether metabolic process
gy

cell wall modification

cerate mutase activity

racemase and epimerase activity, acting . crossover junction endodecxyribonuclease..

cholinesterase activity glucose catabolic process

calcium:proton antiporter activity
peroxiredoxin activity

I
- ; : : iy
’ protein tyrosine kinase activity siderophore biosynthetic process viral geneme replication

DMA integration osphatidylinesitol phosphelipase C act... pectate lyase activity
» #——telomere maintenance

RMA-DNA hybrid ribonuclease activity 2,3—dihydro-2,3-dihydroxybenzoate dehydr...

025 050 075
% of significant genes from the total

FDR
0.05

..
0.03

0.0z
l -

0.00
Num_of_genes

. 200
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4.2.4. Novel-core genes in Armillaria

Gene families that have evolved within and are conserved in most Armillaria
species are referred to as novel core orthogroups and may be particularly relevant for
explaining the plethora of Armillaria-specific innovations such as genome expansions,
the enrichment of certain genes related to pathogenicity and pectin degradation, the
production of underground rhizomorphs, the ability to reach extreme colony sizes, low
mutation rates, diploidy, and bioluminescence. We, therefore, analyzed novel core
orthogroups and found 212 shared by at least twelve Armillaria species, including G.
necrorhizus (Figure 21). Of these, 116 consisted of proteins for which no functional
annotations are known. The remaining orthogroups were dominated by gene families
such as F-box domains, Leucine-rich repeats, Cytochrome P450s, Zinc-finger C2H2
type transcription factors, protein kinases, and other rapidly evolving gene families.
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Figure 21: Novel-core genes in Armillaria. UpsetR plot showing novel-core orthogroups

present exclusively in at least 12 Armillaria species (including Guynagaster necrorhizus)
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(Armgal: Armillaria gallica, Armcepl: A. cepistipes, Armnabl: A. nabsnona, Armostl: A.
solidipes, Armostol: A. ostoyae, Armborl: A. borealis, Armfuml: A. fumosa, Armlutl A.
luteobubalina, Armnov1: A. novae zealandiae, Armmel_1: A. mellea (old), Armmell: A.
mellea (new), Armfusl: A, fuscipes, Armtabl: A. tabescens, Armectl: A. ectypa, Guynel.:

Guynagaster necrorhizus)

4.2.5. Plant biomass-degrading enzymes in Armillaria and the

Physalacriaceae

Ecologically, Armillaria species are reported to be facultative necrotrophs that first kill
the host, then utilize its biomass during the saprotrophic phase. The new genomes
allowed us to make predictions on the wood decay strategy of Armillaria, relative to
other wood-decaying fungi based on their PCWDEs. Similar to WR fungi and
necrotrophs (Nagy et al., 2017; Shao et al., 2021), Armillaria species possess the
complete enzymatic repertoire for degrading woody plant biomass (Figure 18). We
generated phylogenetic PCAs for Armillaria species, other Physalacriaceae and other
fungi with different nutritional lifestyles (Dataset 2 in Table S2). Based on the gene
copy numbers of cellulases, pectinases, Armillaria and other Physalacriaceae showed
clear separation from both WR and LD fungi (Figure 22). In the case of ligninases,
Armillaria and other Physalacriaceae were separated from WR species, however,
were still grouped together with the LDs (Figure 22). Further, to achieve a finer-scale
resolution and the loading factors that govern the separation between lifestyles, we
restricted our phylogenetic PCAs to only wood-decay lifestyles - WR and LD fungi,

along with the Physalacriaceae (Figure 23).
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Cellulases and pectinases clearly separated Armillaria spp. and other
Physalacriaceae from WR and LD fungi (Figure 23), while hemicellulase and ligninase
PCA-s grouped them with LD and WR fungi. The loading factors for cellulases indicate
that this segregation is mainly driven by expansins, AA16, AA8, and AA3_1 auxiliary
activity families, and the GH1 and GH45 glycoside hydrolase (GH) families. Consistent
with the loading factors, the AA3 1, GH1, and GH45 families have noticeably more
copies in Armillaria and other Physalacriaceae than in WR and LD (Figure 24). On the
other hand, Armillaria and other Physalacriaceae were depleted of CBM1 and GH5_5,
with an average of 12 and five genes, respectively, compared with WR and LD, whose
genomes encode 20-60 CBM1 and 4-10 GH5_5 genes. We found that the GH44
family, which is specific to Basidiomycota (Sun et al., 2022), was absent in
Physalacriaceae and Armillaria, suggesting that gene losses could have also driven

the trophic mode evolution of these fungi toward an Ascomycota-like lifestyle.

In pectinase PCA, the highest loading family was CBM67 (rhamnose-binding
modules), which were enriched in Armillaria species and absent in most WR species
in our dataset (Figure 25). CBM67s are frequently associated with GH78 and PL1
(Resl et al., 2022). Of these, the PL1 family is present in all Physalacriaceae species
but is absent in many WR and LD fungi (with the exception of two Pleurotus species,
which have even more copies than Physalacriaceae) (Figure 25). Other pectin-related
gene families such as GH28, GH53, GH88, CE8, and CE12 were present in higher
numbers in Armillaria and other Physalacriaceae than in WR and LD fungi, while
PL1 7, PL26, PL3 2, PL4_1 were more abundant in Armillaria species and absent in

most WR species but present in some LDs.

As for hemicellulases, Physalacriaceae species grouped with WR and LD fungi.
However, there were two families, GH29 with an average of 3 genes and GH93 with
1-2 genes in each Physalacriaceae species, which were absent in 40-50% of WR and
LD species (Figure 26). For ligninases, we found that Physalaciaceae species grouped
with LDs, and apart from white rotters. The separation from the WRs was mainly

caused by class Il peroxidases (AA2), which averaged 14 copies in the WRs, but only
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7-8 copies in Armillaria, Physalacriaceae, and LD fungi. Other lignin modification-
related gene families, such as the multicopper oxidase subfamilies AA1_1 (laccases)
and AAl_2 (ferroxidases), had an average of 20 and 2-3 copies, respectively, in
Physalacriaceae, compared to on average of nine AA1_1 and one AAl_2 genes in
WR fungi (Figure 27). We also analyzed the H202-producing CAZy families AA3 and
AAD5; these showed a similar pattern to ligninases, with Armillaria grouping with the LD

fungi and distant from WR species (Figure 27).

These analyses portray Armillaria and the Physalacriaceae as versatile wood
decayers that are nevertheless distinct from WR, despite previous classifications as
such (C. Collins et al., 2017; Collins et al., 2013; Floudas et al., 2015; Sipos et al.,
2018, 2017). This is consistent with microscopy, chemical as well as our transcriptomic
analyses (Campbell, 1932, 1931; Daniel et al., 1992; Floudas et al., 2015; Schwarze,
2007), which indicated that their decay chemistry is similar to soft rot (Campbell, 1931,
Schwarze, 2007), which is known only in the Ascomycota. These observations
prompted us to systematically look for similarities between PCWDE repertoires of the
Physalacriaceae and the Ascomycota. We found 16 CAZy orthogroups that were
significantly overrepresented in both groups with respect to WR+LD fungi (BH-
corrected p-value >0.05, Fisher’s exact test (Figure 28). These included several of the
high-loading families from the PCAs, as well as other PCWDEs acting on cellulose
(AA3_1, AA8, CBM1), pectin (PL3_2, PL1_7, PL9_3), cellulose/chitin (AA16), and
hemicellulose (GH31, GH43, GH93, CE4). These families could either be the result of
co-expansion in both the Ascomycota and the Physalacriaceae or represent HGT
events. Blast searches with Armillaria GH28 genes suggested the latter scenario to be

more likely, which led us to systematically evaluate the role of HGTs.
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axis shows gene copy numbers and Y-axis depicts species from selected lifestyles, sorted according to their phylogeny. Dashed vertical line

depicts average gene copies for each family. (LD: litter decomposer, WR: white-rot)
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Figure 26: Barplots for hemicellulase genes. Gene copy numbers of CAZymes for specific substrates. Bars are colored according to nutritional
mode. X-axis shows gene copy numbers and Y-axis depicts species from selected lifestyles, sorted according to their phylogeny. Dashed
vertical line depicts average gene copies for each family. (LD: litter decomposer, WR: white-rot)
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Figure 27: Barplots for ligninase genes and other gene families putatively involved in the degradation of lignin monomers. Gene copy numbers
of CAZymes for specific substrates. Bars are colored according to nutritional mode. X-axis shows gene copy numbers and Y-axis depicts
species from selected lifestyles, sorted according to their phylogeny. Dashed vertical line depicts average gene copies for each family. (LD:
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Figure 28: Co-shared CAZy orthogroups in Physalacriaceae and Ascomycota. Boxplot of copy numbers of 16 CAZy orthogroups co-enriched in
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4.2.6. Widespread horizontal transfer of genes from Ascomycota

To identify HT gene candidates, we calculated the Al (Gladyshev et al., 2008) for
each Armillaria and Physalacriaceae protein based on a phylogenetically broad set of
942 species from the Ascomycota, Mucoromycota, early-diverging fungi as well as
plants and bacteria. Based on Al>1, we identified 99-195 HT gene candidates per
species, with A. gallica having the most and A. ectypa the fewest in Armillaria. Among
Physalacriaceae, H. radicata had the highest estimated number of HT genes (247),
and F. velutipes had the lowest (88) (Figure 29).

Based on the top putative donor species from the Al data, we assembled a dataset
comprising 20 Physalacriaceae, 90 Basidiomycota, 210 Ascomycota, 7
Mucoromycota, and 2 Zoopagomycota species. Using OrthoFinder (v.2.5.4), we
identified 649 orthogroups containing at least one gene predicted as HT by Al. Due to
the similarity of the CAZy repertoires of Physalacriaceae to Ascomycota (see above),
we also included all CAZy orthogroups in these analyses. In total, we analyzed 675
orthogroups by combining phylogenetic support (at least 70% bootstrap in ML gene
trees), and top hits against the UniRef100 database (Suzek et al., 2015). Overall we
recovered 101 strongly supported HGT events (Figure 29) into Physalacriaceae,
corresponding to 1089 individual genes, consistent with estimates based on the Al.
Multiple internal nodes of the Physalacriaceae tree were identified as putative
recipients, most of which were deep in the family. 88 HGT events were confidently
associated with Ascomycota as donors, in particular the Sordariomycetes and
Dothideomycetes (28 transfers each). We find that ~45% of HT genes have undergone
one or multiple rounds of duplication (a total of 488 duplicated genes) within the
Physalacriaceae, indicating that HT genes were likely integrated into the life history of
Physalacriaceae and Armillaria therein. Expression levels of HT genes support their

functionality (Figure 30).

87


https://www.zotero.org/google-docs/?szHIj9
https://www.zotero.org/google-docs/?wwNjAH

Estimated number of HT genes Physalacriaceae

101 events
Armnov1

Armlut1
Armfum Other Basidiomycota
Armmel1
Armme1_1

Armius
Armga
Armcep1
Armnab1
Armosto
Armost1
Armbor1
Armtab1
Armecti
Guyne1
Flaro
Flave
Cylto1
Oudmuc1
Hymrad1

0 50 100 150 200

Alien-index based HT genes Phylogenetically validated HT genes

Other taxa

Figure 29. Horizontal gene transfers into Armillaria and the Physalacriaceae family. A) Barplot showing the number of HT genes identified in
each genome using Al calculations (yellow) and by phylogenetic validation (purple). B) Schematic representation of donor and recipient
relationships for HT events after phylogenetic validation. Size of the arrow is proportional to the number of transfer events inferred from all the
nodes belonging to a specific donor group. The number of events for each donor group are listed along the arrows.(HT: Horizontally

transferred)
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Among proteins descended from phylogenetically validated HT events, we
found 164 CAZymes, of which 117 belonged to families that were co-enriched in
Ascomycota and Physalacriaceae compared to WR and LD species (AA3_1, AAS,
GHA43, GH93, GT1, PL3_2 and PL9_3). This indicates that the co-enrichment signal
detected using the simple copy-number-based analyses above was likely created by
HGT events. In addition to CAZymes, HT genes included intradiol ring-cleavage
dioxygenases, CAP domain proteins, Pyrl-like SCP domains, as well as gene families
with broad functional roles such as cytochrome P450, peptidases, transporters, and

transcription factors.

Based on gene function annotations, we find that horizontal transfer affected
several families associated with wood-decay (e.g. AA3_1, GH43, PL3_2), as well as
plant-fungal interactions (e.g. CAP domain proteins, peptidases), which suggests that
it might have shaped the plant biomass-degrading and pathogenic abilities of the
genus. Given that Physalacriaceae species have been reported to cause soft-rot-like
decay on wood (Campbell, 1932, 1931; Floudas et al., 2015; Schwarze, 2007) and
that soft-rot is classically restricted to the Ascomycota (Worrall et al., 1997), we
hypothesize that HGT contributed to the evolution of plant biomass-degrading ability
of these species. We speculate that the large number of putative HGT events from
Sordariomycetes and Dothideomycetes might stem from the extensive contact of
Armillaria spp. with other plant pathogens in these classes and/or their peculiar niche
and longevity. Their rhizomorphs can reach several meters in length and can contact
numerous other soil microbes, perhaps providing time windows for gene exchange.
Additionally, other idiosyncrasies of Armillaria, such as diploidy or the - as yet
uncovered - mechanisms that ensure a low mutation rate (Anderson et al., 2018),

could also be factored in the successful incorporation of foreign DNA in their genomes.
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4.2.7 Distinct expression profiles for plant infection, necrotrophy and wood

decay

During infection, Armillaria enters the host through the root system, colonizes and
kills the cambium cells, which leads to death of the plant and onset of the necrotrophic
phase (Baumgartner et al., 2011). Molecular aspects associated with this process are
not well explored known, with the most information available on the wood-decaying
phase (Collins et al., 2013; Devkota and Hammerschmidt, 2020; Ross-Dauvis et al.,
2013; Sipos et al., 2017). To obtain a molecular perspective on these strategies and
better understand how Armillaria spp. utilize expanding, novel core and HT genes,
PCWDEs and gene groups frequently associated with pathogenicity, we analyzed the
above-mentioned wood-decay transcriptomics in A. ostoyae and A. cepistipes, new
RNA-Seq data for two in vitro pathosystems (for A. ostoyae, A. borealis and A.
luteobubalina) obtained from our collaborators and re-analyzed published data (Sipos
et al., 2017). We examined the data generated for an in planta time-series experiment
of A. luteobubalina infecting Eucalyptus grandis seedlings from 24 hours to 2 weeks
and in vitro fresh stem invasion assays with highly and less-virulent isolates of both A.
ostoyae and A. borealis (Figure 31). The latter experiment emulated the cambium-
killing phase of the fungus. Published studies covered rhizomorph and fruiting body
development in A. ostoyae (Sipos et al., 2017). To obtain an overall species-
independent picture, we aggregated differential gene expression data across
experiments and calculated DEG enrichment ratios in each of the 24 gene groups we
defined (see Methods 3.2.6). These enrichment ratios reflect the proportion of
differentially expressed genes in a given gene group in a given experiment and are

shown as a heatmap in Figure 32 and see Figure 33).

In planta infection, wood-decay and stem colonization as well as fruiting
body/rhizomorph development showed distinct enrichment patterns. Cellulose-,
hemicellulose-, pectin- and lignin-related PCWDE genes showed a clear enrichment
in stem invasion and wood-decay experiments, as expected based on known functions

of these genes (Floudas et al., 2015; Sipos et al., 2017). Among genes upregulated
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on fresh stems, pectinases were most dominant, which possibly enables the fungus
to spread between the bark and the sapwood. At the same time, PCWDEs were
depleted in the in planta time series experiment, indicating that A. luteobubalina did
not induce these genes during the infection phase. This is consistent with most
necrotrophs expressing a limited set of PCWDEs for plant penetration and a larger
battery of enzymes during the necrotrophic phase (O’Connell et al., 2012; Olson et al.,
2012). Other virulence-related genes include cerato-platanins (Baccelli, 2015; Yang et
al., 2018), which showed an enriched upregulation at 24 h and 48 h in A. luteobubalina

and in stem invasion by A. borealis (but not A. ostoyae).

Phylogenetically validated HT genes, including intradiol ring-cleavage
dioxygenases, PCWDEs, peptidases and transporters, showed enrichment in wood-
decay and stem-invasion experiments and were differentially expressed in all the 6
RNASeq datasets (Figure 30). Bioluminescence genes (Ke et al., 2020) were enriched
in root-invading mycelium and rhizomorph (A. ostoyae) samples. In the developmental
dataset SSPs, expanded, novel core and stress-related genes were found to be
enriched in various developmental stages of the fungus (Figure 33). Genes related to
oxidative stress were upregulated in various stages of in planta infection and in stem
invasion assays (Figure 31, Figure 32). Superoxide dismutases, catalases and
members of the glutathione system and ergothioneine pathway were enriched among
upregulated genes in the in planta invasion assays, whereas Glutathione-S-

transferases and catalases were enriched in wood-decay-related experiments.

It is also evident from Figure 32, that there are species- and strain-specific
enrichment patterns among up- and downregulated genes. For example, the virulent
A. borealis A6 strain had a unique enrichment of pathogenicity-related LysM proteins
and cerato-platanins, which was not seen in the less-virulent A4 strain or in A. ostoyae.
Nevertheless, in both A. borealis and A. ostoyae, the virulent strains (A6 and C18,
respectively) showed more enrichment across most gene categories tested. The

species- and strain-specific enrichment patterns also suggest that each species mount
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a different response under the examined conditions, which might correlate with

differences in lifestyle or virulence.
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Figure 30: Expression of HT and VT genes in six RNA-Seq datasets Violin plot showing
gene expression of phylogenetically validated HT and VT genes in A. ostoyae fruiting body
development transcriptome. Y-axis shows log, transformed expression values, and x-axis

shows the sample comparisons for each experiment. (HT: horizontally transferred, VT:

vertically transferred)
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Figure 31: Heatmaps for different gene groups showing gene expression in samples from
the six RNA-Seq datasets. Blue and red colors correspond to low and high gene expression,
respectively.(PCWDE: plant cell wall degrading genes, FCW: fungal cell wall, HT:
horizontally transferred)
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Figure 32: Enrichment of DEGs of wood-decay, pathogenicity, stress-response and other gene families in 6 RNA-Seq datasets. The heatmap

shows enrichment ratios for 24 gene groups (x-axis) from aggregated differential gene expression data in six experiments (A - upregulated, B -

downregulated genes). Y-axis shows the sample comparison for each dataset, with the number of DEGs shown as a barplot. In the heatmaps,

warmer colors mean higher enrichment ratios. (Cellu: cellulases, Hemicell.: hemicellulases, PCWDE: plant cell wall degrading enzymes, FCW:

fungal cell wall, CDA: chitin deacetylase, LysM: lysine binding module, CPPs: cerato-platanins, SOD: superoxide dismutase, Glutath.:

glutathione system, Peroxi.: peroxidases, Thiored: thioreductases, GST: glutathione-S-tranferase, Ergothi.: ergothione, Biolum:

bioluminiscence, Anot.: annotated , Unannot.: unannotated, SSPs: small secreted proteins, HT: horizontally transferred)
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Figure 33: Enrichment of DEGs of selected gene families in the developmental dataset from Sipos et al 2017. The heatmap shows enrichment
ratios for 23 gene groups (“Ergothione: removed due to no enrichment) from aggregated differential gene expression (A - upregulated, B -
downregulated genes). Y-axis shows the sample comparison for each dataset, with the number of DEGs shown as a barplot. In the heatmap,
warmer colors mean higher enrichment ratios. (Cellu: cellulases, Hemicell.: hemicellulases, PCWDE: plant cell wall degrading enzymes, FCW:
fungal cell wall, CDA: chitin deacetylase, LysM: lysine binding module, CPPs: cerato-platanins, SOD: superoxide dismutase, Glutath.:
glutathione system, Peroxi.: peroxidases, Thiored: thioreductases, GST: glutathione-S-tranferase, Ergothi.: ergothione, Biolum:

bioluminiscence, Anot.: annotated , Unannot.: unannotated, SSPs: small secreted proteins, HT: horizontally transferred)
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Chapter 5. Discussion

To better understand the genetic basis of the unique biology of Armillaria species,
we analyzed transcriptomic and proteomic profiling of wood-decay systems in two
Armillaria species and perfomed phylogenomic comparisons using new and previously

published Armillaira genomes.

The transcriptomic and proteomic profiling of wood-decay systems in two Armillaria
species indicated that A. cepistipes, a saprotroph, induces a higher number of
PCWDEs than A. ostoyae, a pathogen. This suggests that saprotrophs may induce a
wider array of wood-decay enzymes, which helps them to compete with other
microbes and break down their substrates more quickly. In comparison, pathogens
may not face as much pressure to induce these enzymes. The study's findings were
consistent with those of gene expression studies in saprotrophic and pathogenic
phases of other fungi, such as Heterobasidion irregulare (Olson et al., 2012). Co-
orthologs of the pathogenic and saprobe Armillaria species showed similar differential
gene expression patterns in the invasive mycelium, with an upregulated genes
associated with iron acquisition, hydrophobins, CBM67s, cytochrome P450s, and
plant PCWDEs. Among PCWDEs, cellulose- and hemicellulose-degrading enzyme
genes, expansins, and pectinolytic genes were upregulated in MvsNIM, whereas
lignin-degrading genes were mainly downregulated. Additionally, the
underrepresentation of lignin-degrading genes (AA1l, AA2, and AA5) in Armillaria
genomes (Sipos et al., 2017) and earlier research that questioned the WR nature of
these species (Campbell, 1932, 1931; Floudas et al., 2015; Schwarze, 2007) are also

consistent with the downregulation of lignin-degrading genes among the DEGs/DAPSs.

Several early-diverging Agaricomycetes, which predate the emergence of
lignin-degrading class Il peroxidases, have been associated with SR-type decay.
Despite the fact that SR is a decay type known to be widespread in Ascomycota,
studies have linked this type of decay in Cylindrobasidium torrendii (type Il SR(Floudas
et al., 2015)), Armillaria spp. (type | SR (Schwarze, 2007)), as well as Oudemansiella
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mucida (Agaricales) (Daniel et al., 1992) and Meripilus giganteus (Polyporales)
(Schwarze and Fink, 1998), suggesting a selective deployment of lignin-degrading
enzymes. These species have all the PCWDEs required for breaking down cellulose
and hemicellulose, however, they have fewer gene copies required for lignin
degradation. Given these studies and the observations of our wood-decay omics
analysis, we presume that these along with early diverging Agaricomycetes, and later
evolved species that have fewer gene copies and capacity for lignin degradation (e.g.,
Jaapia, Botryobasidium and Schizophyllum (Nagy et al., 2016)), are able to revert to
a plesiomorphic SR type mechanism, in which cellulolytic and pectinolytic activities
predominate. Overall, this decay profile appears to be spread across the
Agaricomycetes clade, and we propose that these species represent secondarily SR
fungi, possessing a reduced repertoire of class-1l peroxidases, that based on the gene
expression regulation could allow these species to switch between SR and WR to

follow a selective mode of lignin degradation.

To put our findings into an evolutionary perspective, we further, using new and
previously published Armillaria genomes, along with other Agaricales, in
phylogenomic comparisons to explore genomic innovations and gene repertoire
variations in Armillaria. Our results confirmed that Armillaria spp. have an expanded
repertoire of protein-coding genes (Figure 18), several novel gene families (Figure 21),
and a plethora of lignocellulose degrading PCWDEs (including lignin) (Figure 18)
(Collins et al., 2013, 2017; Ross-Dauvis et al., 2013; Sipos et al., 2017, 2018). Genes
related to pectin-degradation, cellulose binding, and other putative extracellular and
aromatic compound breakdown processes were enriched in Armillaria species. We
also found an over-representation of putative pathogenesis-related gene families such
as ceratoplatanins, LysM domains, deuterolysins, aspartic peptidases, chitin

deacetylases, and Golgi-like pathogenesis-related proteins in Armillaria genomes.

Using the new genomes, we were able to make prediction whether variations
in the plant cell wall degrading gene repertoire are responsible for the functional

diversity of wood-decay strategies in Armillaria. Phylogenetic PCAs revealed that
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Armillaria and the Physalacriaceae differ from WR, particularly based on their cellulase
and pectinase gene families. For instance, Armillaria and Physalacriaceae lack the
GH44 family, which is unique to Basidiomycota, and the CBM67 family (rhamnose-
binding modules), which were enriched in Armillaria species, were not only absent in
the majority of WR species but also had the highest loading in the pectinase PCA. In
addition, all Physalacriaceae species contain members of the PL1 family, but many
WR and LD fungi lack the PL1 family. This suggests that both gene gains and losses
have played a role in the evolution of trophic modes in these fungi. Our observations
are consistent with previous microscopy and chemical studies, as well as our wood-
decay transcriptomics, indicating that the strategy of wood decay in Armillaria hints
towards SR in Ascomycota. In addition, we found CAZy orthogroups that were
significantly overrepresented in both Physalacriaceae and Ascomycota with respect
to WR and LD fungi. These included some of the high-loading families from the
phylogenetic PCAs such as PCWDEs acting on cellulose (AA3_1, AA8, CBM1), pectin
(PL3_2, PL1_7, PL9_3), and hemicellulose (GH31, GH43, GH93, CE4), respectively.
These families may arise as a consequence of co-expansion in both Ascomycota and

Physalacriaceae or via HGT events.

We systematically evaluated HGT events into Physalacriaceae using a two-
step method. Firstly, using the Al method with a phylogenetically diverse dataset
including fungi from different taxonomic orders as well as bacteria and plants, we
identified the candidate HT genes. Secondly, these were followed by phylogenetic
validation, revealing 101 strongly supported HGT events into Physalacriaceae. Out of
these, 88 HGT events had Ascomycota donors, predominantly from the
Sordariomycetes and Dothideomycetes. The phylogenetically verified HT events had
164 CAZymes, of which 117 belonged to families that were co-enriched among
Ascomycota and Physalacriaceae in comparison to white-rot and litter-decomposing
fungi (AA3 1, AA8, GH43, GH93, GT1, PL3 2 and PL9 3). As a result, it is likely that
HGT events were responsible for the co-enrichment signal that was described above.
Along with CAZymes, HT genes also comprised cytochrome P450, peptidases,

transporters, transcription factors, CAP domain proteins, intradiol ring-cleavage
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dioxygenases, and Pyrl-like SCP domains. Based on the multiple expression data,
the substantial influx of Ascomycota genes via HGT appears to have influenced both
the ability to degrade plant biomass and the pathogenic attributes of Armillaria (Figure
30). Our analyses provided evidence that horizontal transfer affects families related to
wood-decay (e.g. AA3 1, GH43, PL3 2) and plant-fungal interactions (e.g. CAP -
domain proteins, Pyrl-like SCP domains, peptidases), raising the possibility that it

might have shaped evolution of these strategies in Armillaria species.

In addition, we checked the molecular mechanisms underlying the infection
process by a comprehensive analysis using different transcriptomic datasets related
to wood decay, cambium killing (from Prof. Gyorgy Sipos), root-colonization (from
Jonathan Plett) and fruiting body development (Sipos et al., 2017). This allowed us to
gain molecular perspectives into how Armillaria spp. use the expanded, novel core,
HT genes, PCWDEs and pathogenicity-related gene families. We combined the DEG
data across these studies and estimated the DEG enrichment ratios for several gene
groups to get an overall perspective on the behavior of different Armillaria species.
Our analysis showed that wood decay, stem colonization, in-planta assay, and fruiting
body/rhizomorph growth all displayed distinctive enrichment patterns. In stem invasion
and wood-decay experiments, PCWDE genes associated with cellulose,
hemicellulose, pectin, and lignin displayed a distinct enrichment pattern, as would be
predicted given their known activities. Pectinases were the most predominant genes
among those upregulated on fresh stems, which may help the fungus loosen the plant
cell wall and structure and spread between the sapwood and the bark. The in planta
time series experiment however showed downregulation of PCWDESs, indicating that
these genes were not induced by A. luteobubalina during host infection. Instead, other
genes involved in virulence such as cerato-platanins, CAP domains, catalases and
genes related to oxidative stress were upregulated at different time points in A.
luteobubalina. This is in line with the majority of necrotrophs that express more
virulence genes than PCWDEs during plant colonization. We also found that, in the
stem invasion assay, the more virulent strain when compared to the less virulent strain,

displays a distinctive enrichment of pathogenicity-related LysM proteins and cerato-
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platanins, suggesting that the enrichment patterns for up- and downregulated genes
differ according to species and strain. Additionally, such a subsequent analysis of the
species- and strain-specific enrichment patterns revealed that species may respond
differently to the substrates/hosts, which may be related to variations in lifestyle or

pathogenicity.

Overall, the gene expression pattern of PCWDEs during wood-decay by two
conifer-colonizing Armillaria spp., hinted towards a SR type decay. The existence of
SR-like decay in Basidiomycota has previously been suggested (Campbell, 1932,
1931; Daniel et al., 1992; Floudas et al., 2015; Schwarze, 2007; Schwarze and Fink,
1998), but was not proven or examined at a gene expression level. This decay pattern,
however, stands out from the conventional WR and BR decays and may offer an
evolutionary explanation for unique decay types prevalent among the diversity of
wood-decay fungi. In comparative phylogenomics, we found that phylogenetic PCAs
distinguished Armillaria from WR species, which is surprising considering that
Agaricales normally decay wood in this manner (Ruiz-Duenas et al.,, 2021).
Additionally, using new genomic data, we show that Armillaria species have acquired
horizontally transferred genes from the Ascomycota. Consequently, HGT could be a
source of novelty in the evolution of fungal systems for decomposing plant biomass,
explaining the decay type. Further, functional and expression data suggest that HGT
could have affected two key aspects of Armillaria lifestyle - plant biomass-degrading
and pathogenicity. During root and cambium colonization, horizontally acquired genes
as well as genes related to putative virulence factors and wood decay were expressed.
Based on our results, we find that the evolution of Armillaria genomes was marked
with multiple types of genetic innovations, including horizontal gene transfer from
Ascomycota. The findings of this work, in combination with existing and emerging
pathosystems (Adelberg et al., 2021; Ford et al., 2017), could improve research into

the molecular mechanisms of plant colonization.
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Summary

Armillaria species are a group of fungi that can cause devastating root rot
diseases in woody ecosystems, including forests, tree plantations, ornamental plants,
vineyards, and gardens. These fungi can occur, colonize or infect hosts depending on
a variety of factors such as the environmental conditions, host plant, and host health.
Some species of Armillaria are primary necrotrophs, causing severe damage to trees,
while others are saprotrophs, and feed on dead plant biomass. In addition to
basidiospores, Armillaria can spread through root-like structures called rhizomorphs
or through mycelia, which can spread underground from infected roots to the next host
or substrate. As Armillaria can persist in a site for a long time, it can be difficult to
control, however, studies have discussed strategies to control Armillaria root disease
which include root collar excavation methods, planting less susceptible tree species,
reducing stress on potential hosts and implementing management practices that favor
biological control agents of Armillaria. Further, ongoing research is exploring the
mechanism of pathogenicity in Armillaria species and their potential impacts on
ecosystems and global climate change. Genomic and transcriptomic studies of
Armillaria, as well as studies of soil microbial communities, may also provide new

insights into the biology of Armillaria and potential disease control strategies.

The main objective of this dissertation was to investigate the functional
mechanisms associated with two important traits in the lifestyle of Armillaria species -
wood decay and evolution of pathogenicity. To do so, we used a combination of gene
expression profiling and high-resolution phylogenomic comparisons.

To understand the mechanisms behind the wood decay abilities of Armillaria
species, we selected two conifer-colonizing species - Armillaria ostoyae (pathogen -
necrotroph) and Armillaria cepistipes (saprotroph) - and allowed them to colonize
sterilized spruce roots. After colonizing the wood, we isolated four types of tissues -
the invasive rhizomorphs and invasive mycelium from the colonized root, and the non-

invasive rhizomorphs and mycelium from fungi growing in the absence of wood. We
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performed proteomics and transcriptomics analyses on the samples and found that
the tissue types showed clear separation of the invasive and non-invasive mycelium,
whereas the two types of rhizomorphs had lesser differences. This was also reflected
in the differentially expressed genes in both the omics analysis, with a higher number
of differentially expressed genes (DEGs)/differentially abundant proteins (DAPS) in the
mycelium compared to the rhizomorphs. On comparing the wood-decay patterns of
two species, we found that while both species showed similar responses to wood, the
saprotrophic species showed a stronger transcription- and protein-level response to
wood than the pathogen. This suggests that saprotrophs may have a more rapid
colonizing and substrate-degrading wood-decay strategy, which may be the result of
the intense competition they face with other microbes on dead wood. We observed
that pectin-related plant cell wall degrading enzymes (PCWDEs) were dominant
among the genes that were differentially expressed in response to wood in both
species and lignin-degrading enzymes were mostly down-regulated. This aligns with
previous reports of the limited lignin-degrading capacity and gene repertoire in
Armillaria species. In addition, we observed a significant difference in the expression
of transporters between the invasive rhizomorphs and mycelium. Upregulated
transporters in rhizomorphs vs. mycelium were likely involved in sugar transport, such
as major facilitator sugar transport-like, sugar/inositol transporter, and sugar
transporters. This suggests that rhizomorphs may not be involved in active wood
decay, but rather may be involved in the transfer of decomposition intermediates

between different parts of the colony.

Our findings suggest that wood-decay-related gene expression patterns in
Armillaria species were unusual for white-rot fungi. These included the lack of an early
burst of lignin-degrading enzymes, which is typical for white-rot fungi and the
upregulation of cellulases, pectinases and other genes involved in iron uptake and
oxoglutarate/iron-dependent dioxygenases. Previous research has questioned the
white-rot nature of Armillaria, as it has been shown to attack cellulose but not lignin in
the early stages of decay. In fact, some species of Armillaria have been associated

with Type | or Type Il soft rot, which is characterized by a complete set of enzymes for
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degrading cellulose and hemicellulose, but a lack of lignin degradation activity. Several
other wood-decaying basidiomycetes have also been reported to exhibit soft-rot
behavior, which is typically only seen in Ascomycota. We propose that white-rot
evolved in an early Agaricomycetes ancestor, which inherited the soft-rot machinery
from their common ancestors with the Ascomycota. Thus resulting combination of
white-rot and soft-rot toolkits might enable Armillaria and other unusual white-rot fungi
to switch between decay types and selectively deploy either of the strategies for wood

decay.

To put these findings into an evolutionary perspective and to better understand
the diversity and evolution of wood decay fungi, we performed phylogenomic
comparisons using new and published Armillaria genomes. We analyzed whole
genomes of fungi from diverse ecologies along with 15 Armillaria species and five
outgroups from the Physalacriaceae, which increased the sampling density in this
group almost 4-fold compared to previous comparative studies. Using comparative
phylogenomics we confirmed the previous findings revealing genome expansions in
Armillaria species compared to related fungi, with a gain of over 2,913 genes inferred
for the most recent common ancestor of Armillaria. This expansion has been
accompanied by significant enrichment of genes related to plant biomass utilization
including those involved in pectin degradation, cellulose binding, and the breakdown
of extracellular and aromatic compounds as well as pathogenicity-related genes such
as deuterolysins, aspartic peptidases, chitin deacetylases, SCP-like proteins,
ceratoplatanins and LysM domains. Additionally, also we identified a number of novel
gene families that are unique to the genus Armillaria and may be important in

explaining their unique characteristics and abilities.

Analysis of carbohydrate active enzymes (CAZymes) revealed that Armillaria
species possess the complete enzymatic repertoire for degrading woody plant
biomass, similar to white rot fungi and necrotrophs. However, phylogenetic principal
component analysis (PCA) of PCWDEs showed that Armillaria species are distinct

from white rot and litter decomposer fungi with respect to their cellulases and
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pectinases genes. We also found that Armillaria species have more genes for AA3_1,
GH1, and GH45 enzymes, but fewer genes for CBM1 and GH5_5 enzymes, compared
to white rot and litter decomposer fungi. Additionally, the GH44 gene family, which is
specific to Basidiomycota, is missing in Armillaria, indicating that gene losses may
have contributed to the evolution of their lifestyle. Armillaria species and other
Physalacriaceae are enriched in certain plant PCWDE families such as those involved
in pectin degradation including CBM67, GH78, and PL1. We also found that these
fungi have more genes for pectin-acting families such as GH28, GH53, GH88, CES,
and CE12, compared to white rot and litter decomposers. However, Armillaria
genomes were depleted in certain other pectin-degradation-related families, such as
PL1 7, PL26, PL3_2, and PL4_1, which are abundant in white rot and some litter
decomposer species. Overall, using a simple gene-copy number-based approach, our
findings suggest that Armillaria and other Physalacriaceae possess a diverse set of
PCWDE genes that allow them to effectively decay wood. However, their PCWDE
gene repertoire is distinct from that of white rot fungi and hints towards an approach
similar to that of soft rot fungi, which are found only in the Ascomycota. We found
several PCWDEs involved in cellulose, hemicellulose and pectin degradation, that
were overrepresented in both the Ascomycota and the Physalacriaceae compared to
white rot and litter decomposer fungi which could either be a result of co-expansion or
horizontal transfer of genes. To test the latter scenario, we followed a systematic

approach to identifying horizontal gene transfer (HGT) events.

Using alien-index (Al), we first identified the putative horizontally transferred
(HT) candidates in Armillaria and the Physalacriaceae, which top hits coming from
Ascomycota, Mucoromycota and Zoompagomycota. Followed by scrutinized filtering
based on a combination of phylogenetic support and protein similarity-based searches
we identified 101 strongly supported HT events in Physalacriaceae, corresponding to
1089 individual genes. These events were predominantly associated with Ascomycota
as donors, particularly the Sordariomycetes and Dothideomycetes. Gene expression
studies revealed that many of the HT genes were involved in wood decay and
pathogenicity, suggesting that HGT may have played a role in the evolution of these
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traits in Armillaria. Previously, we noticed through gene expression analysis that
Armillaria species have a wood decay strategy similar to the soft-rot of Ascomycota.
Although white rot is the more common method of wood degradation in the Agaricales,
our phylogenetic (PCA) surprisingly distinguished Armillaria from white rot species.
This conflict may be addressed by the CAZymes acquired by HGT from Ascomycota,
establishing HGT as a source of innovation in the development of fungal plant

biomass-degrading systems in Basidiomycota.

Further, to study the molecular mechanisms underlying the infection process,
we analyzed the current (wood-decay), previously published (fungal development) and
new RNA-Seq data from our collaborators (stem-invasion and in-planta assays). We
found that different genes and gene groups were enriched in different stages of the
infection process. For instance, cellulose-, hemicellulose-, pectin- and lignin-related
genes, which are involved in the breakdown of plant cell walls, were enriched in stem
invasion and wood-decay experiments. Whereas other gene groups related to
pathogenicity or stress response were enriched in the in-planta assays. We also
observed species- and strain-specific enrichment patterns, suggesting strain-specific

differences in wood colonization and virulence.

Overall, this work reveals the genetic basis of the wood-decay lifestyle of this
widespread genus and provides insight into the molecular mechanisms of the early
and late stages of colonization of host plants. We propose that the Armillaria genomes
have evolved as a result of a variety of genetic innovations, including HGT, and that
genes acquired early in the onset of the genus were incorporated into gene regulatory
networks of pathogenicity and the breakdown of plant biomass. These new findings
and evolutionary explanations on the unique biology of Armillaria species, if combined
with system biology approaches and emerging molecular tools could facilitate the

research on their molecular mechanisms of virulence.
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Osszefoglalé

Az Armillaria fajok az Agaricomycetes osztalyba tartozé gombak, amelyek
gyokérrothadasos betegségeket okozhatnak a fas Okoszisztémakban. Az Armillaria
gyOkérszer( strukturakkal, ugynevezett rizomorfok vagy a micéliumok segitségével
terjed, ami megneheziti a védekezést. Ebben a disszertacioban génexpresszids
vizsgalatok és filogenomikai dOsszehasonlitdsok segitségével vizsgaltuk a fa
korhadasanak mechanizmusait és az Armillaria fajok patogenitdsanak evolucidjat.
Eredményeink azt sugalljak, hogy az Armillaria fajok az Agaricomycetes fajokra nézve
szokatlan génexpresszios mintazattal rendelkeznek, mivel hianyzik a fehérkorhaszto
gombaknal jellemzéen megfigyelheté ligninbontd enzimek korai aktivaldédasa.
Korabbi, az Armillaria altal okozott fakarosodas mikroszkdpos és kémiai elemzésén
alapuld kutatasok azt sugalltak, hogy ezek a fajok a cellulézt tamadjak, és az I. vagy
Il. tipusu lagyrothadas jellemzdit mutatjak. Eredményeink evolucids perspektivaba
helyezése érdekében filogenomikai Osszehasonlitasokat végeztink az Armillaria
genomijaival és kulonb6zé életmdédu gombakkal, és azt talaltuk, hogy bar az Armillaria
fajok rendelkeznek a teljes enzimrepertoarral a fas ndvényi biomassza lebontasahoz,
ez a génkészletuk eltér a fehérkorhaszto és az un. ‘Litter decomposer’ gombakétdl, és
szamos szempontbdl az Ascomycota-ban talalhaté lagykorhaszt6 gombakéhoz
hasonlit. Tovabba azonositottunk szamos olyan ndvényi sejtfalbonté enzimet
(PCWDE-k), amelyek a celluléz, hemicelluléz és pektin lebontdsaban vesznek részt,
és amelyek mind az Ascomycota, mind a Armillaria fajokban felllreprezentaltak a
fehérkorhaszt6 és ‘Litter decomposer gombakhoz képest, ami vagy koexpanzié vagy
horizontalis géntranszfer eredménye lehet. A horizontalis géntranszfer (HGT)
esemeények elemzése 101 erdsen tamogatott HGT eseményt mutatott ki az Armillaria-
ban, ami 775 génnek felel meg, féként az Ascomycota-ba tartozé Sordariomycetes és
Dothideomycetes osztalyokbdl mint donorokbdl. A vizsgalat tovabba kulonbozé
géneket és géncsoportokat talalt, amelyek a fert6zési folyamat kulénb6zd
szakaszaiban feldusultak, a fa kolonizacidjaban és virulenciajaban faj- és torzs-

specifikus kilénbségekkel. Osszességében eredményeink azt sugalljak, hogy az
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Armillaria genomjai kulonb6z6 genetikai innovaciok, koztuk HGT réveén fejlédtek, és
azt gondoljuk, hogy ezen uj eredmények rendszerbiologiai megkozelitésekkel és Uj

molekularis eszk6zokkel vald kombinalasa megkonnyitheti a virulencia molekularis
mechanizmusainak tovabbi kutatasat.
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Supplementary information

Table S1: List of CAZymes and their putative substrates.

CAZy families References Abbreviation Substrate Category
AAl Nagy et al. 2015 AAl Lignin PCWDE
AAl_1 Miyauchi et al. 2020 AAl_1 Lignin PCWDE
AAl 2 Levasseur et al. 2013, AAl 2 Lignin PCWDE

Liu et al. 2019
AAl 3 Levasseur et al. 2013 AAl 3 Lignin PCWDE
Multicopper Riley et al. 2014 AA1l_dist Lignin PCWDE
oxidase
AA10 Miyauchi et al. 2020 AA10 Cellulose PCWDE
AA11 Stgpamo et al. 2021 AAl1l Cellulose/Chitin, | PCWDE, FCW
LPMO
Lytic Stgpamo et al. 2021 AA11 dist Cellulose/Chitin, | PCWDE, FCW
polysaccharide LPMO
monooxygenase
AAl14 Miyauchi et al. 2020 AAl4 Hemicellulose PCWDE, FCW
AA15 Miyauchi et al. 2020 AA15 Chitin, Cellulose | FCW
AA16 Miyauchi et al. 2020 AA16 Cellulose PCWDE
AA2 Riley et al. 2014, Nagy | AA2 Lignin PCWDE
et al. 2015, Miyauchi et
al. 2020
Class Il Riley et al. 2014 AA2_dist Lignin PCWDE
peroxidase
AA3 Satzl et al. 2018 AA3 Lignin monomers | PCWDE
AA3_1 Rytioja et al. 2014 , AA3_1 Cellulose PCWDE
Miyauchi et al. 2018
AA3_2 Sitzl et al. 2018 AA3_2 Lignin monomers | PCWDE
AA3 3 Sitzl et al. 2018 AA3 3 Lignin monomers | PCWDE
AA3_4 Sitzl et al. 2018 AA3 4 Lignin monomers | PCWDE
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GMC Shah et al. 2015 AA3_dist Lignin monomers | PCWDE
oxidoreductase
AAS5 Strasser et al. 2015 AAS5 Lignin PCWDE
AA5 1 Levasseur et al. 2013, AA5 1 Lignin monomers | PCWDE
Daou et al. 2021
AA5_2 Levasseur et al. 2013, AA5_2 Lignin monomers | PCWDE
Koschorreck et al. 2022
Copper radical Levasseur et al. 2013, AA5_dist Lignin monomers | PCWDE
oxidase Koschorreck et al. 2022
AA8 Rytioja et al. 2014 , AA8 Cellulose PCWDE
Miyauchi et al. 2018
AA9 Miyauchi et al. 2020 AA9 Cellulose PCWDE
CBM1 Miyauchi et al. 2020 CBM1 Cellulose PCWDE
CBM12 Miyauchi et al. 2020 CBM12 Chitin FCW
CBM14 Miyauchi et al. 2020 CBM14 Chitn FCW
CBM18 Miyauchi et al. 2020 CBM18 Chitin FCW
CBM43 Miyauchi et al. 2020 CBM43 Glucan FCW
CBM5 Miyauchi et al. 2020 CBM5 Chitin FCW
CBM50 Krizsan et al. 2019 CBM50 Chitin FCW
CBM63 Miyauchi et al. 2020 CBM63 Cellulose PCWDE
CBM67 Miyauchi et al. 2020 CBM67 Pectin PCWDE
CE12 Miyauchi et al. 2020 CE12 Pectin PCWDE
CE15 Miyauchi et al. 2020 CE15 Hemicellulose PCWDE
CE16 Floudas et al. 2012, CE16 Hemicellulose PCWDE
Floudas et al. 2015,
Nagy et al. 2016
CE4 Krizsan et al. 2019 CE4 Chitin FCW
CE5 Miyauchi et al. 2020 CE5 Hemicellulose, PCWDE
Cutin, Suberin
CES8 Miyauchi et al. 2020 CES8 Pectin PCWDE
EXPN Ding et al. 2022 EXPN Cellulose PCWDE
GH1 Rytioja et al. 2014 , GH1 Cellulose PCWDE

Miyauchi et al. 2018
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GH10 Miyauchi et al. 2020 GH10 Hemicellulose PCWDE
GH105 Miyauchi et al. 2020 GH105 Pectin PCWDE
GH106 Miyauchi et al. 2020 GH106 Pectin PCWDE
GH11 Miyauchi et al. 2020 GH11 Hemicellulose PCWDE
GH113 Miyauchi et al. 2020 GH113 Hemicellulose PCWDE
GH115 Miyauchi et al. 2020 GH115 Hemicellulose PCWDE
GH12 Rytioja et al. 2014, GH12 Cellulose, PCWDE
Miyauchi et al. 2020 Hemicellulose
GH125 Miyauchi et al. 2020 GH125 Mannan FCW
GH128 Miyauchi et al. 2020 GH128 Glucan FCW
GH131 Miyauchi et al. 2020 GH131 Cellulose PCWDE
GH132 Miyauchi et al. 2020 GH132 Glucan FCW
GH134 Miyauchi et al. 2020 GH134 Hemicellulose PCWDE
GH135 Miyauchi et al. 2020 GH135 Galactan FCW
GH152 Krizsan et al. 2019 GH152 Glucan FCW
GH16 Miyauchi et al. 2020 GH16 Glucan FCW
GH16_2 Krizsan et al. 2019 GH16_2 Glucan FCW
GH17 Miyauchi et al. 2020 GH17 Glucan FCW
GH18 Miyauchi et al. 2020 GH18 Chitin FCW
GH19 Miyauchi et al. 2020 GH19 Chitin FCW
GH2 Rytioja et al. 2014 GH2 Hemicellulose PCWDE
GH20 Miyauchi et al. 2020 GH20 Chitin FCW
GH23 Miyauchi et al. 2020 GH23 Peptidoglycan FCW
GH24 Miyauchi et al. 2020 GH24 Peptidoglycan FCW
GH25 Miyauchi et al. 2020 GH25 Peptidoglycan FCW
GH26 Rytioja et al. 2014, GH26 Hemicellulose, PCWDE, FCW
Miyauchi et al. 2020 Mannan

GH27 Rytioja et al. 2014 GH27 Hemicellulose PCWDE
GH28 Miyauchi et al. 2020 GH28 Pectin PCWDE
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GH29 Floudas et al. 2015 GH29 Hemicellulose PCWDE
GH3 Rytioja et al. 2014, GH3 Cellulose, PCWDE, FCW
Miyauchi et al. 2020 Hemicellulose
GH30 Miyauchi et al. 2018 GH30 Hemicellulose PCWDE
GH30_3 Miyauchi et al. 2020 GH30_3 Glucan FCW
GH30 5 Miyauchi et al. 2020 GH30 5 Galactan FCwW
GH30 7 Miyauchi et al. 2020 GH30_7 Hemicellulose PCWDE
GH31 Rytioja et al. 2014 GH31 Hemicellulose PCWDE
GH35 Rytioja et al. 2014 GH35 Hemicellulose PCWDE
GH36 Rytioja et al. 2014 GH36 Hemicellulose PCWDE
GH43 Rytioja et al. 2014, GH43 Hemicellulose PCWDE
Miyauchi et al. 2020
GH44 Miyauchi et al. 2020 GH44 Cellulose PCWDE
GH45 Miyauchi et al. 2020 GH45 Cellulose PCWDE
GH46 Miyauchi et al. 2020 GH46 Chitin FCW
GH48 Miyauchi et al. 2020 GH48 Cellulose PCWDE
GH5 Rytioja et al. 2014, GH5 Cellulose, PCWDE
Miyauchi et al. 2020 Hemicellulose
GH5 1 Miyauchi et al. 2020 GH5_1 Cellulose PCWDE
GH5_15 Miyauchi et al. 2020 GH5_15 Glucan FCW
GH5_22 Miyauchi et al. 2020 GH5_22 Cellulose, PCWDE
Hemicellulose
GH5_31 Miyauchi et al. 2020 GH5_31 Mannan FCW
GH5 4 Miyauchi et al. 2020 GH5 4 Cellulose PCWDE
GH5_49 Krizsan et al. 2019 GH5_49 Glucan FCWwW
GH5 5 Miyauchi et al. 2020 GH5 5 Cellulose PCWDE
GH5 7 Miyauchi et al. 2020 GH5 7 Hemicellulose PCWDE
GH5 9 Miyauchi et al. 2020 GH5 9 Glucan FCWwW
GH51 Rytioja et al. 2014, GH51 Hemicellulose, PCWDE
Miyauchi et al. 2020 Pectin
GH52 Miyauchi et al. 2020 GH52 Hemicellulose PCWDE
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GH53 Miyauchi et al. 2020 GH53 Pectin PCWDE
GH54 Rytioja et al. 2014, GH54 Hemicellulose, PCWDE
Miyauchi et al. 2020 Pectin

GH55 Miyauchi et al. 2020 GH55 Glucan FCW
GH6 Miyauchi et al. 2020 GH6 Cellulose PCWDE
GH62 Rytioja et al. 2014, GH62 Hemicellulose, PCWDE
Miyauchi et al. 2020 Pectin
GH64 Miyauchi et al. 2020 GH64 Glucan FCW
GH67 Miyauchi et al. 2020 GH67 Hemicellulose PCWDE
GH7 Miyauchi et al. 2020 GH7 Cellulose PCWDE
GH71 Miyauchi et al. 2020 GH71 Glucan FCW
GH72 Miyauchi et al. 2020 GH72 Glucan FCW
GH74 Miyauchi et al. 2020 GH74 Hemicellulose PCWDE
GH75 Miyauchi et al. 2020 GH75 Chitin FCW
GH76 Miyauchi et al. 2020 GH76 Mannan FCW
GH78 Miyauchi et al. 2020 GH78 Pectin PCWDE
GH8 Miyauchi et al. 2020 GH8 Hemicellulose PCWDE
GH81 Miyauchi et al. 2020 GH81 Glucan FCW
GH88 Miyauchi et al. 2020 GH88 Pectin PCWDE
GH9 Rytioja et al. 2014, GH9 Cellulose PCWDE
Miyauchi et al. 2020
GH92 Miyauchi et al. 2020 GH92 Mannan FCW
GH93 Miyauchi et al. 2020 GH93 Hemicellulose PCWDE
GH95 Rytioja et al. 2014, GH95 Hemicellulose PCWDE
Floudas et al. 2015
GT18 Nagy et al. 2022 GT18 FCW FCW
GT2 Nagy et al. 2022 GT2 FCW FCW
GT24 Nagy et al. 2022 GT24 FCW FCW
GT48 Nagy et al. 2022 GT48 FCW FCW
GT8 Nagy et al. 2022 GT8 FCW FCW
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PL1 Miyauchi et al. 2020 PL1 Pectin PCWDE
PL1 10 Atanasova et al. 2018 PL1_10 Pectin PCWDE
PL1 4 Atanasova et al. 2018 PL1 4 Pectin PCWDE
PL1 7 Atanasova et al. 2018 PL1 7 Pectin PCWDE
PL1 9 Atanasova et al. 2018 PL1 9 Pectin PCWDE
PL11 Miyauchi et al. 2020 PL11 Pectin PCWDE
PL14 4 Miyauchi et al. 2020 PL14 4 Pectin PCWDE
PL26 Miyauchi et al. 2020 PL26 Pectin PCWDE
PL3 Miyauchi et al. 2020 PL3 Pectin PCWDE
PL3 2 Atanasova et al. 2018 PL3 2 Pectin PCWDE
PL4 Miyauchi et al. 2020 PL4 Pectin PCWDE
PL4 1 Atanasova et al. 2018 PL4 1 Pectin PCWDE
PL4 3 Atanasova et al. 2018 PL4 3 Pectin PCWDE
PL8_4 Miyauchi et al. 2020 PL8 4 Pectin PCWDE
PL9 Miyauchi et al. 2020 PL9 Pectin PCWDE
PL9 3 Atanasova et al. 2018 PL9 3 Pectin PCWDE

(AA: auxiliary activity, CBM: carbohydrate binding module, CE: carbohydrate esterase, GH:
glycoside hysrolase, GT: glycosyl transferase, PL: polysaccharide lyase, PCWDE: plant cell
wall degrading enzyme, FCW: fungal-cell wall)
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Table S2: Dataset used for comparative genomic analyses. Species belonging to the order
Agaricales along with 2 species from Boletales (Paxinl and Suibr2) as outgroup were used
for COMPARE analyses. (Dataset 1) All species from the list were used for gene copy

number-based analyses (Dataset 2).

Species Abbreviation | Lifestyle Order Category PMID/DOI
Acidomyces Aciril_iso ASCO Capnodiales | Ascomycota 26973616
richmondensis BFW
Agaricus bisporus var Agabi_varbis | LD Agaricales Basidiomycota | 23045686
bisporus (H97) v2.0 H97 2
Agrocybe pediades AH | Agrpedl LD Agaricales Basidiomycota | 33211093
40210v1.0
Alternaria alternata Altall ASCO Pleosporales | Ascomycota 27434633
SRC1IrK2f v1.0
Alternaria brassicicola | Altbrl ASCO Pleosporales | Ascomycota 23236275
Amanita muscaria Amamul ECM Agaricales Basidiomycota | 25706625
Koide v1.0
Amanita thiersii Amathl LD Agaricales Basidiomycota | 24923322
Skay4041 v1.0
Amniculicola lignicola Amnlil ASCO Pleosporales | Ascomycota 32206138
CBS 123094 v1.0
Aplosporella prunicola | Aplprl ASCO Botryosphaer | Ascomycota 32206138
CBS 121.167 v1.0 iales
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Armillaria borealis Armborl Physac | Agaricales Basidiomycota | This study
FPL87.14 v1.0

Armillaria cepistipes B5 | Armcepl Physac | Agaricales Basidiomycota | 29085064
Armillaria ectypa Armectl Physac | Agaricales Basidiomycota | This study
FPL83.16 v1.0

Armillaria fumosa CBS | Armfuml Physac | Agaricales Basidiomycota | This study
122221 v1.0

Armillaria fuscipes Armfus Physac | Agaricales Basidiomycota | 27433447
strain CMW2740

Armillaria gallica 21-2 Armgal Physac | Agaricales Basidiomycota | 29085064
v1.0

Armillaria luteobubalina | Armlutl Physac | Agaricales Basidiomycota | This study
HWKO02 v1.0

Armillaria mellea DSM | Armmel_1 Physac | Agaricales Basidiomycota | 23656496
3731

Armillaria mellea Armmell Physac Agaricales Basidiomycota | This study
ELDO17 v1.0

Armillaria nabsnona Armnabl Physac | Agaricales Basidiomycota | This study
CMW6904 v1.0

Armillaria novae- Armnovl Physac | Agaricales Basidiomycota | This study
zelandiae 2840 v1.0

Armillaria ostoyae Armostol Physac | Agaricales Basidiomycota | 29085064

C18/9
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Armillaria solidipes 28-4 | Armostl Physac | Agaricales Basidiomycota | 29085064

v1.0

Armillaria tabescens Armtabl Physac | Agaricales Basidiomycota | This study

CCBAS 213 v1.0

Ascochyta rabiei ArDIl | Ascral ASCO Pleosporales | Ascomycota 27091329

Ascocoryne sarcoides Ascsal ASCO Helotiales Ascomycota 22396667

NRRL50072

Aureobasidium Aurpu_var_pu | ASCO Dothideales | Ascomycota 24984952

pullulans var. pullulans | 11

EXF-150

Aureobasidium Aurpu_var_su | ASCO Dothideales | Ascomycota 24984952

pullulans var. bl

subglaciale EXF-2481

Auricularia subglabra Aurde3_1 WR Auriculariales | Basidiomycota | 22745431

v2.0

Auriculariopsis ampla Aurampl UR Agaricales Basidiomycota | 31257601

NL-1724 v1.0

Bjerkandera adusta Bjeadl 1 WR Polyporales Basidiomycota | 23935031

v1.0

Botryobasidium Botbol UR Cantharellale | Basidiomycota | 24958869

botryosum v1.0 S

Calocera cornea v1.0 Calcol BR Dacrymycetal | Basidiomycota | 26659563
es
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Calocera viscosa v1.0 Calvil BR Dacrymycetal | Basidiomycota | 26659563
es

Chaetomium globosum | Chagl_1 ASCO Sordariales Ascomycota 25720678

v1.0

Chondrostereum Chopu PATH Agaricales Basidiomycota | 30822315

purpureum

Cladosporium fulvum Claful ASCO Capnodiales | Ascomycota 23209441

v1.0

Clitocybe gibba IJFM Cligib1 LD Agaricales Basidiomycota | 33211093

A808 v1.0

Colletotrichum Coltol ASCO Glomerellale | Ascomycota 27150427

tofieldiae 0861 S

Coniochaeta sp. 2T2.1 | Coniocl ASCO Coniochaetal | Ascomycota 31572496

v1.0 es

Coniophora olivacea Conoll BR Boletales Basidiomycota | 29145801

MUCL 20566 v1.0

Coniophora puteana Conpul BR Boletales Basidiomycota | 22745431

v1.0

Coprinellus micaceus Copmic2 LD Agaricales Basidiomycota | 30886374

FP101781 v2.0

Coprinopsis cinerea Copci_AmutB | LD Agaricales Basidiomycota | 26510163

AmutBmut pab1-1v1.0 | mutl

Coprinopsis Copmarl LD Agaricales Basidiomycota | 30886374

marcescibilis
CBS121175v1.0
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Crepidotus variabilis Crevarl UR Agaricales Basidiomycota | 33211093
CBS 506.95 v1.0

Crucibulum laeve CBS | Crulal LD Agaricales Basidiomycota | 30886374
166.37 v1.0

Cryphonectria Crypa2 ASCO Diaporthales | Ascomycota 32207662
parasitica EP155 v2.0

Cyathus striatus AH Cyastr2 LD Agaricales Basidiomycota | 33211093
40144 v1.0

Cylindrobasidium Cyltol Physac | Agaricales Basidiomycota | 25683379
torrendii FP15055 v1.0

Daedalea quercina v1.0 | Daequl BR Polyporales Basidiomycota | 26659563
Dendrothele bispora Denbil UR Agaricales Basidiomycota | 30886374
CBS 962.96 v1.0

Dichomitus squalens Dicsqu464_1 | WR Polyporales Basidiomycota | 31048399
CBS464.89 v1.0

Exidia glandulosa v1.0 | Exigll WR Auriculariales | Basidiomycota | 26659563
Fibroporia radiculosa Fibral BR Polyporales Basidiomycota | 22247176
TFFH 294

Fibulorhizoctonia sp. Fibspl WR Atheliales Basidiomycota | 26659563

CBS 109695 v1.0
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Fistulina hepatica v1.0 | Fishel BR Agaricales Basidiomycota | 25683379

Flagelloscypha sp. FlaPMI526 1 | ECM Agaricales Basidiomycota | With

PMI_526 v1.0 permission
from
Gregory
Bonito

Flammulina rossica Flaro Physac | Agaricales Basidiomycota | 31597238

Flammulina velutipes Flave Physac | Agaricales Basidiomycota | 24714189

KACC42780

Fomitopsis pinicola FP- | Fompi3 BR Polyporales Basidiomycota | 22745431

58527 SS1v3.0

Galerina marginata Galmal WR Agaricales Basidiomycota | 24958869

v1.0

Gloeophyllum trabeum | Glotrl_1 BR Gloeophyllale | Basidiomycota | 22745431

v1.0 S

Guyanagaster Guynel Physac | Agaricales Basidiomycota | 34245690

necrorhizus MCA 3950

v1.0

Gymnopilus junonius Gymjunl WR Agaricales Basidiomycota | 33211093

AH 44721 v1.0

Gymnopus Gymanl LD Agaricales Basidiomycota | 31760680

androsaceus JB14 v1.0

Gymnopus luxurians Gymiul LD Agaricales Basidiomycota | 25706625

v1.0
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Hebeloma Hebcy2 ECM Agaricales Basidiomycota | 25706625
cylindrosporum h7 v2.0

Heliocybe sulcata Helsull BR Gloeophyllale | Basidiomycota | 30886374
OMC1185v1.0 s

Heterobasidion Hetan2 PATH Russulales Basidiomycota | 22463738
annosum v2.0

Hydnomerulius pinastri | Hydpi2 BR Boletales Basidiomycota | 25706625
v2.0

Hymenopellis radicata | Hymradl Physac | Agaricales Basidiomycota | 33211093
IJFM A160 v1.0

Hypholoma Hypsul WR Agaricales Basidiomycota | 25706625
sublateritium v1.0

Hypoxylon rubiginosum | HyprubER190 | ASCO Xylariales Ascomycota 34797921
ER1909 v1.0 91

Hypsizygus marmoreus | Hypma WR Agaricales Basidiomycota | 30382831
51987-8

Jaapia argillacea v1.0 Jaaarl UR Jaapiales Basidiomycota | 24958869
Laccaria amethystina Lacam?2 ECM Agaricales Basidiomycota | 25706625
LaAM-08-1 v2.0

Laccaria bicolor v2.0 Lachi2 ECM Agaricales Basidiomycota | 18322534
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Laetiporus sulphureus Laesul BR Polyporales Basidiomycota | 26659563

var. sulphureus v1.0

Lentinula edodes B17 Lened B 1 1 |WR Agaricales Basidiomycota | 29845094

vi.1

Lentinus tigrinus Lenti7_1 WR Polyporales Basidiomycota | 30398645

ALCF2SS1-7 v1.0

Lepista nuda CBS Lepnudl LD Agaricales Basidiomycota | 33211093

247.69 v1.0

Macrolepiota fuliginosa | Macful LD Agaricales Basidiomycota | 33211093

MF-IS2 v1.0

Marasmius fiardii PR- Marfil LD Agaricales Basidiomycota | 33046698

910v1.0

Moniliophthora Monpel 1 PATH Agaricales Basidiomycota | 19019209

perniciosa FA553

Mycena crocata Myccrol LD Agaricales Basidiomycota | With

CBHHK184 v1.0 permission
from
Francis
Martin

Mycena epipterygia Mycepil LD Agaricales Basidiomycota | With

CBHHK145m v1.0 permission
from
Francis
Martin

Mycena floridula Mycflol LD Agaricales Basidiomycota | With

CBHHKO072 v1.0 permission
from
Francis
Martin
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Neolentinus lepideus Neolel BR Gloeophyllale | Basidiomycota | 26659563
v1.0 S

Oudemansiella mucida | Oudmucl Physac | Agaricales Basidiomycota | 33211093
CBS 558.79 v1.0

Paecilomyces niveus Bysnil ASCO Eurotiales Ascomycota 29930063
CO7v1.0

Paecilomyces variotii Paevar HGY | ASCO Eurotiales Ascomycota 30619145
CBS144490 HYG1v1.0 | 1

Panaeolus Panpapl LD Agaricales Basidiomycota | 33211093
papilionaceus CIRM-

BRFM 715 v1.0

Paxillus adelphus Paxru2 ECM Boletales Basidiomycota | 25706625
Ve08.2h10 v2.0

Paxillus involutus Paxinl ECM Boletales Basidiomycota | 25706625
ATCC 200175v1.0

Peniophora sp. CONTA | Lopnil WR Russulales Basidiomycota | 30886374
v1.0

Phanerochaete Phchr2 WR Polyporales Basidiomycota | 24853079
chrysosporium RP-78

v2.2

Phlebia radiata Fr. Phiradl WR Polyporales Basidiomycota | 27602055
(isolate 79 FBCC0043)

Pholiota alnicola AH Phoalnl WR Agaricales Basidiomycota | 33211093

47727 v1.0
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Pholiota conissans Phoconl WR Agaricales Basidiomycota | 33211093
CIRM-BRFM 674 v1.0

Phoma tracheiphila Photrl ASCO Pleosporales | Ascomycota 32206138
IPT5v1.0

Phyllosticta citriasiana Phycitl ASCO Botryosphaer | Ascomycota 31512371
CBS 120486 v1.0 iales

Piloderma olivaceum F | Pilcrl ECM Atheliales Basidiomycota | 25706625
1598 v1.0

Pisolithus microcarpus | Pismil ECM Boletales Basidiomycota | 25706625
441 v1.0

Pisolithus tinctorius Pistil ECM Boletales Basidiomycota | 25706625
Marx 270 v1.0

Pleurotus eryngii ATCC | Pleeryl WR Agaricales Basidiomycota | 33211093
90797 v1.0

Pleurotus ostreatus PleosPC15 2 | WR Agaricales Basidiomycota | 24958869
PC15v2.0

Pluteus cervinus NL- Plucerl UR Agaricales Basidiomycota | 30886374
1719 v1.0

Polyporus arcularius Polarl WR Polyporales Basidiomycota | 30886374
v1.0

Postia placenta MAD- PosplRSB12_ | BR Polyporales Basidiomycota | 28831381
698-R-SB12 v1.0 1
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Psilocybe cubensis Psicubl 1 LD Agaricales Basidiomycota | 28763571
v1.0

Psilocybe serbica v1.0 | Psiserl LD Agaricales Basidiomycota | 28763571
Pterula gracilis Ptegral LD Agaricales Basidiomycota | 30886374
CBS309.79 v1.0

Pycnoporus Pycsal WR Polyporales Basidiomycota | 32531032
sanguineus BRFM

1264 v1.0

Pyrenochaeta sp. Pyrspl ASCO Pleosporales | Ascomycota 27434633
DS3sAY3a v1.0

Rhizoctonia solani AG- | Rhisol PATH Cantharellale | Basidiomycota | 23280342
11B s

Rhizopogon Rhivesl ECM Boletales Basidiomycota | 28450370
vesiculosus Smith

Rhizopogon vinicolor Rhivil ECM Boletales Basidiomycota | 28450370
AM-OR11-026 v1.0

Rhodocollybia Rhobutl 1 LD Agaricales Basidiomycota | 33211093
butyracea AH 40177

v1.0

Rickenella mellea v1.0 | Ricmell LD Hymenochae | Basidiomycota | 30902897
(SZMC22713) tales

Schizophyllum Schco3 UR Agaricales Basidiomycota | 35604096

commune H4-8 v3.0
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Schizopora paradoxa Schpal WR Hymenochae | Basidiomycota | 26188242
KUC8140 v1.0 tales

Scleroderma citrinum Sclcil ECM Boletales Basidiomycota | 25706625
Foug Av1.0

Serpula lacrymans S7.3 | SerlaS7_3 2 | BR Boletales Basidiomycota | 21764756
v2.0

Stereum hirsutum FP- Stehil WR Russulales Basidiomycota | 22745431
91666 SS1v1.0

Suillus brevipes Sbh2 Suibr2 ECM Boletales Basidiomycota | 25728665
v2.0

Suillus luteus UH-Slu- Suilu4 ECM Boletales Basidiomycota | 25706625
Lm8-n1 v3.0

Thielavia terrestris v2.0 | Thite2 ASCO Sordariales Ascomycota 21964414
Trametes versicolor Travel WR Polyporales Basidiomycota | 22745431
v1.0

Tulasnella calospora Tulcal ECM Cantharellale | Basidiomycota | 25706625
AL13/4D v1.0 s

Volvariella volvacea Volvol LD Agaricales Basidiomycota | 23526973
V23

Wolfiporia cocos MD- Wolcol BR Polyporales Basidiomycota | 22745431

104 SS10v1.0

(ASCO: Ascomycota, BR: brown-rot, ECM: ectomycorrhizal, LD: litter decomposer, Physac:

Physalacriaceae, UR: uncertain, WR: white-rot)
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