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lineages from saprotrophic ancestors. However, the origin and diversification processes of
ECM lineages are still not well understood. In Paper I, we addressed whether ECM lineages
evolved independently or if reversals to saprotrophy occurred. These hypotheses were tested
using model-based methods and a phylogeny based on 2 174 ECM taxa. We concluded that
our inferences about ECM evolution are affected by whether a rate shift in different time
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Paper 11, 1 investigated whether the ECM-linked genomic changes occurred abruptly at the
transition to the ECM lifestyle or were part of a trend before or after the transition in ECM
lineages. I compared 26 genomes from ECM species in Inocybaceae with six saprotrophic
outgroups. The findings suggest that the molecular changes, important for transition to the
ECM lifestyle, occur in proximity to the origin of this lifestyle in Inocybaceae. In Paper II1, I
explored whether genomic diversity in ECM lineages is shaped by independent transitions or
due to diversification within each lineage. I compiled a phylogenetically diverse dataset of 75
genomes, representing eight ECM lineages. The findings show that while genomic diversity
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and highlights how traits that appear alike can emerge through distinct evolutionary processes.
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Introduction

"From so simple a beginning, endless forms most beautiful and most
wonderful have been, and are being, evolved."

Charles Darwin

One of the fascinating features of the living world is its immense diversity of
organisms. The kingdom Fungi constitutes one of the most diverse group of
organisms in terms of forms, functions, sizes, habitats and lifestyles. They are
ubiquitous and can exist in a range of forms, from simple microscopic to large
and complex fruiting bodies like mushrooms. The versatile lifestyles exhibited
by fungi include saprotrophy and symbiosis.

As evolutionary and systematic biologists, we strive to document and ex-
plain the diversity of organisms. Ectomycorrhizal fungi (ECM) are one of the
highly diverse group of symbiotic fungi, with more than 20 000 species in
upto 87 clades (Rinaldi, Comandini and Kuyper, 2008; Tedersoo, May and
Smith, 2010; Tedersoo and Smith, 2017). The overarching aim of my thesis is
to understand the origin and the evolutionary processes that drive the diversity
of ECM fungi. In different chapters of this thesis, I investigate key questions
about their evolution using phylogenetic and genomic approaches.

In the following sections, I will first give a brief introduction to the ECM
fungi and explain the hypotheses regarding their origins. I will also touch upon
the fungal secretome and its relevance to the genome evolution in ECM spe-
cies. I will then present a brief overview of the methods used in this thesis,
such as how DNA from these symbiotic fungi was obtained and sequenced, as
well as the specific pipelines used to analyse the data.

Trophic modes in Fungi

Fungi are heterotrophic and the two major trophic modes in fungi are sapro-
trophy and symbiotrophy, the latter of which includes mycorrhizal associa-
tions as a major part. Saprotrophic fungi get their nutrition by decomposing
dead organic matter whereas mycorrhizal fungi fulfil their nutritional demands
by associating with living plants. These fungi have a profound impact on the
global ecosystem in both of their ecological roles as decomposers or
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mycorrhizal associates (Baldrian et al., 2012; Tedersoo, Bahram and Zobel,
2020). The decomposition activities performed by saprotrophic fungi facilitate
the release and subsequent availability of nutrients for uptake by other organ-
isms, as well as the recycling of carbon into the atmosphere (Baldrian et al.,
2012). Different plants, including crops and forest trees, rely on mycorrhizal
fungi for the acquisition of essential mineral nutrients like nitrogen, phospho-
rus etc. Fungi, thus, play the dual roles of providing nutrients to plants and
releasing nutrients back into ecosystems.

Saprotrophy

Saprotrophic fungi generally degrade diverse sources of organic materials
from animals, plants and other organisms. However, the saprotrophic fungi
that decompose plant materials in terrestrial forest ecosystems are of particular
relevance to my research in this thesis.

Different varieties of plant-degrading saprotrophic fungi vary in their ca-
pacity to break down plant cell walls. Among them, white-rot fungi are the
most aggressive in terms of plant decomposition. They can break down all
major polysaccharide structural components of plant cell walls, including cel-
lulose, hemicellulose, and lignin (a highly recalcitrant and complex polymer),
leaving decayed wood with a white-coloured, fibrous, rotting texture. Hence,
they are termed as white-rot fungi. On the other hand, brown-rot fungi degrade
cellulose and hemicellulose in plant cell walls but do not significantly degrade
lignin, leaving behind brown coloured wood remains after selectively decom-
posing cell wall components. Soft rots, however, prefer wood with less lignin
and higher moisture content, producing characteristic cavities in the rotting
wood (Daniel and Nilsson, 1997). Similar to white-rot fungi, soil/litter decay-
ing fungi break down organic matter in the litter layer, contributing to the for-
mation of the so-called white humus (Osono, 2006). Some species in this
group have the ability to break down lignin, though less effectively than wood
rotting white-rot fungi (Floudas et al., 2020).

Mycorrhiza

Mycorrhiza is the most common symbiotrophic lifestyle in fungi. The word
“Myco” means “fungus” and “Rhiza” means “root”. So, mycorrhiza literally
means “fungus roots” and represents a symbiotic relationship between fungal
hyphae and plant roots, where fungi trade nutrients like nitrogen and phospho-
rus as well as water, for photosynthetically fixed sugars from plants. In this
relationship, fungi can also provide their symbiotic partners with protection
from a range of stressful conditions, such as drought, parasite load, and chem-
ical toxicity etc. Mycorrhizal associations exist in more than 90% of plants,
and are crucial for their survival (Smith and Read, 2008). This mutualistic
relationship between fungi and plants is ancient, and mycorrhizal fungi are
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hypothesized to have assisted early land plants colonize the terrestrial envi-
ronment. Several lines of evidence, including the direct evidence of the earli-
est fossil records showing mycorrhiza-like associations, support this hypoth-
esis (Pirozynski and Malloch, 1975). There are different types of mycorrhizae,
with Arbuscular Mycorrhiza (AM) and ectomycorrhiza (ECM) being the most
common types.

Ectomycorrhiza

ECM fungi are one of the most diverse types of mycorrhizal fungi, including
over 20 000 species (Rinaldi, Comandini and Kuyper, 2008). This symbiosis
is distinguished from other types of mycorrhizae by specific morphological
(symbiotic) structures, such as the Hartig net and mantle (Fig. 1). The Hartig
net, an intercellular network of fungal hyphae inside plant roots, is the primary
site of nutrient exchange between fungi and their host plants, while the mantle
is a thin layer of fungal hyphae that covers plant roots and stores nutrients. In
contrast to the other widespread type of mycorrhiza, AM, fungal hyphae in the
ECM relationship do not penetrate plant cell walls.

Haring net

+———__Plant roots

D G G G GH (R SE GRS GH GRS

Figure 1. A schematic illustration of ECM fungal symbiosis with plant roots, showing
the formation of a mantle and a Hartig net.

The majority of fungi involved in ECM associations are macrofungi, which
include highly prized edible mushrooms such as truffles, chanterelles,
matsutake, and porcini. Large woody timber-producing trees of economic im-
portance, such as pine, spruce, oak, beech and birch, are among the plant part-
ners of ECM fungi. Although only 2% of land plants form ECM associations,
these plants represent most of the dominant tree species and account for 60%
of tree stems globally (Steidinger et al., 2019).

The different fungal lineages that form ECM belong to the sub-phyla of fungi
i.e., Mucoromycotina, Pezizomycotina, and Agaricomycotina (Tedersoo, May
and Smith, 2010; Yamamoto et al., 2017). Only Endogonaceae in Mucoromy-
cotina contains ECM lineages, and Pezizomycotina and Agaricomycotina contain
the majority of ECM lineages. There are ca. 82-87 lineages of ECM in total
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(Tedersoo, May and Smith, 2010; Tedersoo and Smith, 2013, 2017), of which
three lineages belong to Mucoromycotina, ca. 32 lineages belong to Pezizo-
mycotina and 46 lineages to Agaricomycotina (Tedersoo, May and Smith,
2010).

All ECM lineages have non-ECM sister lineages, most of which have sap-
rotrophic ecology (Tedersoo and Smith, 2013). Inocybaceae is one of the di-
verse, mushroom-forming lineages of ECM in Agaricales, with over 1 050
estimated species (Matheny et al., 2006). It forms mycorrhizal symbioses with
23 families of vascular plants and has a worldwide distribution (Matheny and
Kudzma, 2019). This lineage is also known for the toxicity of its species, as
some species in this family produce different toxins including hallucinogenic
psilocybin and neurotoxic muscarine (Stijve, Klan and Kuyper, 1985). Its re-
lationship with the sister lineage Crepidotaceae, which has saprotrophic ecol-
ogy, is well established (Fig. 2). Inocybaceae lineage is the focus of my re-
search in Paper II and Paper IV.

Figure 2. (a) Inocybe sp. and (b) Crepidotus caspari. These species are examples of
ECM and saprotrophic lifestyles in fungi, respectively, and also represent the lineages
of focus in the comparative genomic studies in Paper II and Paper IV (Inocybaceae
only). Photos (a) by Martin Ryberg and (b) by Petra Korall.

Origin of ECM fungi

Previous research has suggested that different ECM lineages evolved inde-
pendently multiple times from ecologically diverse saprotrophs, such as
brown-rot, white-rot, litter and soil/litter decaying fungi (Kohler et al., 2015).
However, it is still unclear precisely how the ECM lineages diverged from
their saprotrophic precursors, and the question of how ECM originated re-
mains open.

There are numerous theories that attempt to explain the origin and overall
diversification processes of different ECM lineages. A highly debated theory
regarding the origin of ECM fungi states that once the ECM lifestyle was ac-
quired, there were several reversals back to the saprotrophic habit, suggesting
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instability of this lifestyle (Hibbett, Gilbert and Donoghue, 2000). Another
common and widely accepted view on ECM fungal evolution is that there
were 82-87 independent origins of ECM lineages, with no reversals to sapro-
trophy (Bruns and Shefferson, 2004; Tedersoo, May and Smith, 2010; Teder-
soo and Smith, 2017). In these multiple independent transitions, each ECM
lineage is counted as a separate origin of this lifestyle.

To explain the diversity of ECM fungi, some hypotheses posit that different
geological time periods were important for the evolution of these lineages.
Specifically, the timing of ECM host plant origins is frequently correlated with
the origin of ECM symbiosis and are, thus, suggested to be key to the diversi-
fication of different ECM lineages e.g the origin of plants in Pinaceae in the
Late Jurassic and of different angiosperm hosts from the Betulaceae and Fa-
gaceae families in the Early Cretaceous period (Halling, 2001). Another hy-
pothesis in this regard is that the ECM lifestyle is a key innovation that led to
adaptive radiations of ECM lineages after the transition to ECM due to the
availability of new niche spaces and adaptive radiations imply increased di-
versification rates in ECM lineages. However, this viewpoint is not widely
supported, as studies have shown increased diversification rates only in par-
ticular lineages in correlation with the shift to the ECM lifestyle (Ryberg and
Matheny, 2012; Sanchez-Garcia and Matheny, 2017).

Resolving the conflicts regarding the origin of ECM is necessary for
properly interpreting how functional traits, such as gene copy numbers of car-
bohydrate degrading enzymes in ECM fungi, have evolved. Very few studies
have analytically tested the hypotheses related to ECM origin using inclusive
datasets that cover all ECM lineages and appropriate models (Sanchez-Garcia
et al., 2020). Since higher rates of evolution have been hypothesized for dif-
ferent geological time periods and lineages in ECM, these hypotheses also
need to be tested using models that allow rate shifts through time and across
clades, together with a comprehensive ECM dataset. The hypotheses of
whether there were reversals to saprotrophy or multiple independent origins
of ECM, and whether different time periods were important for the evolution
of ECM lineages are tested in Paper 1.

Fungal Secretome

Before delving into the genomics of ECM fungi, it is important to understand
the fungal secretome, its components and significance generally for all fungi
and specifically for ECM and saprotrophic fungi. I will briefly walk you
through this in the following section.

The “secretome” as a term was coined in 2000 and initially described the
complete secretory machineries in bacteria (Tjalsma ef al., 2000). The modern
definition of secretome is broader and encompasses other organisms as well
(Krause et al., 2013). The fungal secretome, in particular, refers to the full set
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of proteins and other molecules that are synthesized within fungal cells and
either fully released into the extracellular environment or remain attached to
the outer cell walls (Girard et al., 2013). As exodigesters, fungi depend on
these secreted proteins to degrade complex biopolymers in order to absorb
nutrients, construct and modify their cell walls, communicate through signal-
ling, and compete with other microbes (Filiatrault-Chastel et al., 2021). The
secretome is, therefore, essential for the overall survival and development of
fungi as well as for their interactions with hosts and environment. Moreover,
fungi can alter their secretome to adapt to environmental shifts such as
changes in carbon and nitrogen sources (Brown, Ries and Goldman, 2014).
Thus, the diverse array of enzymes, tailored to their specific lifestyles and
habitats, enable them to thrive in various ecological niches (McCotter, Horia-
nopoulos and Kronstad, 2016; Hage and Rosso, 2021). The evolution of dif-
ferent components of the fungal secretome in ECM fungi is explored in Paper
II (CAZymes, peptidases, lipases, including their intracellular counterparts,
small secreted proteins and secondary metabolites), Paper III (CAZymes,
peptidases, lipases) and Paper IV (secondary metabolite like psilocybin). 1
will briefly introduce each in the following section.

CAZymes

Carbohydrate Active enZymes (CAZymes) are a key component of fungal se-
cretome, which are involved in the deconstruction, modification and for-
mation of complex polysaccharides (Lombard ef al., 2014). An important sub-
set of CAZymes, relevant in the context of this thesis, are Plant Cell Wall
Degrading Enzymes (PCWDEs). These enzymes break down different struc-
tural components of plant cell walls such as cellulose, hemicellulose, lignin
and pectin (Chang et al., 2016). CAZymes, based on the protein sequence and
structure similarities, are further divided into different classes, i.e glycoside
hydrolases (GH), glycocyltransferases (GT), carbohydrate esterases (CE),
polysaccharide lyases (PL), carbohydrate binding modules (CBM) and auxil-
iary activities (AA) (Cantarel et al., 2009). Cellulose generally forms tightly
packed and highly crystalline microfibrils, making it difficult to degrade
(Klemm et al., 2005). To deconstruct cellulose, fungi utilize specialized CA-
Zymes like cellulases (endoglucanase, -glucosidase and cellobiohydrolase)
(Battaglia ef al., 2011). These enzymes belong to the GH class, with GH6 and
GH?7 particularly employed for this role (Zerillo et al., 2013). Hemicellulose
is targeted by xylanases, chitinases, and endo-p-1,3-glucanases, also from the
GH class, and xylan esterases from the CE class, among others (Broeker et al.,
2018; Sista Kameshwar and Qin, 2018; Kameshwar, Ramos and Qin, 2019).
Lignin, is primarily degraded by lignin modifying enzymes such as laccases
and peroxidases from the AA class (Zhang et al., 2021). In addition, lytic pol-
ysaccharide monooxygenases (LPMOs) from the AA class contribute to the
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breakdown of cellulose, chitin and starch (Borisova et al., 2015). The CA-
Zymes acting on pectin include pectin lyases from the PL class (Yadav et al.,
2009).

Saprotrophic fungi, as free-living organisms, rely on a broad range of CA-
Zymes to acquire nutrients. White-rot and soil/litter decaying fungi share a
similar enzymatic apparatus for cellulose breakdown but differ in the degra-
dation of hemicellulose and lignin. In contrast, brown-rot fungi degrade cel-
lulose, and to a small extent lignin, using hydroxyl radicals generated by the
Fenton reaction (Floudas et al., 2020).

Peptidases

Peptidases are another major component of the fungal secretome. These en-
zymes cleave peptide bonds, digesting larger proteins into smaller peptides
and amino acids (Rawlings et al., 2014). Peptidases are classified on the basis
of the amino acid partaking in the hydrolysis process. For example, if the ac-
tive site contains serine, they are classified as serine peptidases; if it involves
aspartic acid, they are aspartic peptidases etc (Barrett and Rawlings, 1995). In
addition to their role in nutrient acquisition in fungi, peptidases also have roles
in other functions such as cell signalling, and suppression of the host immune
system, for instance, in symbiotic fungi (Xia, 2004; van der Hoorn, 2008).

Lipases

Lipases are the third largest category of digestive enzymes after CAZymes
and peptidases (Kumar et al., 2023). These enzymes hydrolyse triglycerides
to glycerol and fatty acids, facilitating the intake, transport and processing of
lipids in most organisms (Salah et al., 2006). Lipases have been broadly di-
vided into three main classes i.e GX, GGGX and Y in the Lipase Engineering
Database according to the amino acid in their oxyanion hole (Fischer and
Pleiss, 2003). Fungal lipases are mostly extracellular (Geoffry and Achur,
2018) and highly substrate specific (Gopinath et al., 2013; Kumar et al.,
2023). The additional roles of lipases in biological processes include synthesis
of membrane lipids (Zanghellini et al., 2008) and symbiosis (Kameoka and
Gutjahr, 2022).

Small Secreted Proteins

Small Secreted Proteins (SSPs) are small signalling proteins, typically less
than 300 amino acids in length, and contain a signal peptide (Feldman, Yarden
and Hadar, 2020). Most of these proteins are encoded by genes, with unknown
functions and very little homology to reference sequences in the databases.
Since only a few of these genes are conserved at the sequence level, they are
hence called orphan genes (Feldman et al., 2017). Some studies suggest that
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these proteins could be more structurally conserved, which is less apparent
from their primary sequences (Lo Presti et al., 2015; Selin et al., 2016). The
SSPs constitute ca. 40-60% of the fungal secretome (Pellegrin et al., 2015).
SSPs, studied extensively in fungi, are characterized by their cysteine-rich
composition, and have been shown to have a role in fungal-host interactions
in both pathogenic and mutualistic fungi (Veneault-Fourrey and Martin, 2011;
Lo Presti et al., 2015). Given their ability to suppress host immune system,
they are often referred to as effectors-like proteins (Alfaro et al., 2014; Roven-
ich, Boshoven and Thomma, 2014; Lo Presti ef al., 2015). It has been pro-
posed that their rapid divergent evolution may result from strong selection
pressure as many genes involved in host-fungal interactions are constantly
subjected to such pressure (Aguileta et al., 2009; Plissonneau et al., 2017). In
ECM fungi, a handful of SSPs have been functionally characterized (Pellegrin
et al., 2015). The sub-category of SSPs i.e Mycorrhiza-induced Small Se-
creted proteins (MiSSPs) like MiSSP7 and MiSSP8, have been found to be
up-regulated in the initial stages of mycorrhiza formation in laccaria bicolor
and MiSSP7 has been found to have a role in dampening the host immune
responses, and these mycorrhiza specific SSPs are thus suggested to be key
for the ECM symbiosis (Plett and Martin, 2015; Pellegrin et al., 2019).

Secondary metabolites

Secondary metabolites (SMs) can be defined as the chemical compounds that
are not required for an organism’s growth, development and reproduction, and
serve various other functions for the producing organisms such as providing
defence against other organisms, facilitating interactions with their environ-
ments and supporting reproductive processes (Vaishnav and Demain, 2011;
Avalos and Limoén, 2021). These compounds are produced by many organisms
including plants, animals, and microbes such as bacteria and filamentous fungi
(Conrado et al., 2022). Examples of SMs commonly found in fungi are mela-
nin, penicillin, and lovastatin etc. The major classes of fungal SMs based on
their chemical structure are polyketides (PKS: polyketide synthases), non-ri-
bosomal peptides (NRPS: non-ribosomal peptide synthetases), hybrid polyke-
tides/non-ribosomal peptides (PKS/NRPS) and terpenoids (TC: terpene
cyclases) (Avalos and Limén, 2021). Genes involved in secondary metabo-
lism pathways are typically arranged in clusters within the genome (Medema
et al., 2015; Garcia-Estrada et al., 2018). These clusters usually contain a gene
for the main signature enzyme (such as polyketide synthase) that produces the
backbone structure of the compound. In addition, there are genes for tailoring
enzymes (such as methyltransferases, oxidoreductases and kinases etc) which
further modify and refine the structure (Osbourn, 2010; Keller, 2019). Trans-
porters, regulatory genes and genes of unknown function are sometimes also
located within the same gene cluster (de Almeida, Taulk-Tornisielo and Car-
mona, 2013; Reynolds ef al., 2018). It has been proposed that physical

22



proximity of these genes allows, their coordinated regulation and expression
at the chromatin level, and, also their coinheritance by horizontal gene transfer
or vertically from one generation to another (Osbourn, 2010; Reyes-
Dominguez et al., 2010).

Psilocybin is an example of a fungal SM, which is of great importance due
to its pharmaceutical applications (Johnson and Griffiths, 2017; Johnson et al.,
2019; Meyer and Slot, 2023). It is produced by multiple genera of psychedelic
mushrooms, including /nocybe in Inocybaceae (Wurst, Kysilka and Flieger,
2002; Dinis-Oliveira, 2017). Previous research has identified a distinct gene
cluster for psilocybin synthesis in an Inocybaceae species, likely resulting
from convergent evolution. However, the origin and evolution of the genes
involved in psilocybin production within Inocybaceae remain unknown. The
evolutionary dynamics of these genes in Inocybaceae are the focus of investi-
gation in Paper IV.

Genomics of ECM fungi

The first genome of an ECM fungus i.e Laccaria bicolor was published in
2008 (Martin et al., 2008), followed by the genome of Tuber melanosporum
(Martin et al., 2010). The main features of these genomes were a low number
of genes encoding CAZymes, particularly PCWDEs, a high proportion of
transposable elements (TEs) compared to other fungal genomes sequenced at
that time, and the upregulation of MiSSPs in ECM root tips. To confirm
whether these patterns are general in ECM fungal genomes, the first large
scale comparative genomic study consisting of 13 ECM fungal genomes was
carried out by Kohler et al. (2015). This study highlighted a number of ECM-
related genomic changes compared to their closely related saprotrophic rela-
tives. These molecular changes linked to the ECM symbiosis were termed as
molecular signatures of ECM and were also referred to as the so-called ge-
nomic toolbox required for the development of symbiosis in ECM fungi.

The most striking genomic changes observed in ECM fungi were the con-
tractions of genes encoding CAZymes, involved in lignin and cellulose deg-
radation, and the turnover of symbiosis-specific SSPs when compared to their
saprotrophic relatives. These findings suggest that ECM fungi have lost many
ancestral carbohydrate-degrading proteins, which are no longer needed in their
symbiotic lifestyle, and have also acquired new genes required for the transi-
tion to this new lifestyle of ECM. The contraction of CAZyme encoding genes
has since been reported in several other ECM lineages and remains one of the
most prevalent molecular signatures in ECM fungal genomes (Peter et al.,
2016; Murat et al., 2018; Hess et al., 2018; Miyauchi et al., 2020; Wu et al.,
2022; Looney et al., 2022). The later studies showed that ECM fungi from
other lineages often contain moderate to low content of SSPs in their genomes
(Hess et al., 2018; Murat et al., 2018; Looney et al., 2022).
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The main highlight of an ECM genomic study by Peter et al. (2016), pub-
lished shortly after Kohler et al. (2015), was that the ECM lineages have sig-
nificantly larger genomes than their saprotrophic relatives due to TEs prolif-
eration. The physical genomic proximity of TEs to SSPs was later shown by
other studies (Looney et al., 2022; Wu et al., 2022). These studies suggest that
TE activities contribute to genome expansions in ECM species and play a role
in the duplications of SSPs.

Hess et al. (2018) found that the previously observed ECM-related ge-
nomic changes were already encoded in the genomes of ancestral saprotrophs
and, that these orthologous ancestral genes were co-opted by ECM species to
serve new ECM-related functions (Hess et al., 2018). Miyauchi et al. (2020)
highlighted the divergent evolution and diversification of lineage-specific
novel genes in ECM lineages. The expansion of such lineage-specific genes,
unique to each ECM lineage, has also been observed across different ECM
lineages in multiple genomic studies. For example, Suillineae genomes were
characterized by expansions of SM gene clusters linked to host specificity
(Lofgren et al., 2021), Cenococcum geophilum genome by the upregulation of
water channel and sugar transporter genes (Peter ef al., 2016) and Tuberaceae
genomes by the expansions of genes related to the fruiting-body development
(Murat et al., 2018). Other general genomic changes associated with ECM
species include a smaller number of SM gene clusters as well as fewer pepti-
dases (serine peptidases) and lipases (versatile lipases) in the genomes of
ECM species, compared to their free-living saprotrophic relatives (Pellegrin
et al., 2015; Muszewska et al., 2017; Lebreton et al., 2021).

Large-scale genomic studies and the rapidly expanding number of genomes
sequenced from different ECM fungal lineages have begun to scratch the sur-
face of the molecular underpinnings of ECM symbiosis. However, we are still
far from getting a complete picture of the molecular machinery required for
this symbiosis (Lebreton et al., 2021). There is a need for more genomes from
both diverse ECM lineages and additional representatives within individual
lineages to identify other key genes involved in the establishment and regula-
tion of this symbiosis, as well as to pinpoint the evolutionary events that me-
diated the transition to this lifestyle. These questions are the focus of Paper
II. Furthermore, as more ECM fungal genomes from different lineages are
becoming available, new opportunities arise to gain a comparative perspective
on genomic and functional diversity, both within and between lineages, by
exploring how different species can contribute to soil enzymatic activity
through their secretome. This aspect is the focus of Paper III.

Obtaining and sequencing DNA from the ECM fungal symbionts

In the section below, [ will briefly explain the main methods used in this thesis,
starting with DNA extractions, followed by sequencing, and then data anal-
yses. The details can be found in the respective papers.
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The conventional method to obtain DNA from fungi is through culturing,
where mycelium or other cells are grown and propagated under controlled la-
boratory conditions (White et al., 1990). This technique is particularly useful
when the goal is to extract DNA from a single fungal species, since pure sam-
ples cannot be obtained directly from nature (Wijayawardene et al., 2021).
Cultures are typically free from other contaminating organisms, if maintained
properly (Jong and Birmingham, 2001). DNA extracted from cultures is gen-
erally of high quality and quantity, which is often required for various down-
stream applications including different genome sequencing techniques (Robin
et al., 2016; Bellemare, John and Marqueteau, 2018). However, many host-
associated fungi are unculturable under laboratory conditions (Rahimlou,
Quandt and James, 2024). Cultivating ECM fungi in laboratory settings is par-
ticularly challenging. While some ECM species can be grown in culture, their
growth rates vary, with some growing slowly and others relatively faster in
the laboratory. Nevertheless, successful cultivation is not always possible
without the presence of their host plants, both in the laboratory and in nature
(Douhan et al., 2011).

Metagenomic approaches offer culture-independent alternatives for study-
ing the genomes of unculturable organisms. In these methods, the genomic
DNA is extracted directly from the environmental samples, which circum-
vents the need to culture the study organisms (Schloss and Handelsman,
2005). Given the small genome sizes of fungi, near-complete genomes can be
obtained using DNA directly from the fungal sporocarps (fruiting bodies)
(Bahram et al., 2018). The fresh sporocarps in the field can be preserved by
either freezing in liquid nitrogen (Chang et al., 2019; Looney et al., 2022; Wu
et al., 2022) or dried by desiccation, for example using food dehydrator (Bah-
ram et al., 2018; Khan et al., 2024). The later method facilitates filed-work by
making the transport and storage of samples easier, allows sampling of many
specimens, and also makes DNA extraction from old specimens possible
(Khan et al., 2024). This technique has been used in Paper II, III, and IV.
However, when studying secondary metabolites and their associated gene
clusters, fresh samples should preferably be used as some secondary metabo-
lites, such as tryptamine alkaloids, have poor stability (Stijve, Klan and
Kuyper, 1985; Gotvaldova et al., 2021) which can pose challenges for their
detection. Also, dried samples may yield fragmented DNA, which can be
problematic for the retrieval of complete gene clusters from the genomes. Ad-
ditionally, dried samples are not ideal for transcriptomics studies.

Whole genome sequencing

After DNA extraction, the next major step in genomics is genome sequencing.
In this thesis, whole genome sequencing (WGS) was used to sequence all fun-
gal genomes. In WGS, which is a type of shotgun sequencing, an organism’s
entire genome is sheared into thousands of small fragments, each fragment is
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sequenced individually and the resulting sequences are then assembled bioin-
formatically to reconstruct the complete genome (Weber and Myers, 1997). It
is one of the most popular applications of high throughput sequencing tech-
nologies such as Illumina, PacBio (Pacific Biosciences) and Oxford Nanopore
(Park and Kim, 2016).

These sequencing platforms differ in terms of read length, error rates,
throughput and cost (De Maio et al., 2019). The quality and quantity of the
input DNA can also vary depending on the chosen technology (Murigneux et
al., 2020). Therefore, these parameters and the research questions at hand
must be carefully considered when selecting a sequencing technology.

[lumina sequencing provides a good yield with a low error rate, making it
suitable for studying e.g gene family evolution and phylogenomic relation-
ships between different organisms. In this thesis, Illumina sequencing was
used to sequence whole genomes of different ECM fungi in Paper II and Pa-
per III, where the focus was broadly on the study of gene family evolution in
multiple ECM species and lineages.

PacBio sequencing with its long-read capabilities, is ideal for analysing
complex regions of the genomes such as repetitive sequences and gene
synteny. Due to its relatively high cost, it is particularly advantageous when
working with a limited number of samples (De Maio et al., 2019; Murigneux
et al., 2020). In Paper IV, PacBio sequencing was used to sequence the ge-
nomes of two psilocybin-producing Inocybaceae species as the study focused
on investigating the evolution of psilocybin gene clusters.

Filtration of contaminant reads from sequencing data

While using sporocarp tissues to generate genomic DNA from unculturable
fungi is a promising approach, it comes with its own set of challenges. For
instance, sporocarps can host a diverse range of organisms, including bacteria,
fungicolous fungi, and insect larvae such as those of flies and beetles (Schigel,
2011; Maurice et al., 2021; Lunde et al., 2023). Sequencing using sporocarp
tissues will also capture the genomes of the associated organisms (Khan ez al.,
2024). Additionally, the presence of contaminants in the assemblies can lead
to inflated BUSCO scores (Paper II). Therefore, it is important to bioinfor-
matically filter out reads sourcing from non-target organisms to ensure that
only the desired genome is analysed.

This filtration process can be performed at the read level, the assembly
level, or both. I employed it at both levels in this thesis. Contaminants at the
read level were identified based on low coverage and deviating GC content of
the k-mers, using k-mer spectra in the Kmer Analysis Toolkit (KAT) (Maple-
son et al., 2017). Contaminants at the assembly level were identified by the
BLAST hits of contigs against the GenBank nucleotide (nt) database, and by
analysing the Blobplots (two-dimensional scatter plots with GC and coverage
histograms) generated using BlobTools (Laetsch and Blaxter, 2017).
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The identified bacterial reads comprising the contaminated contigs were
removed from assemblies using workflow A in BlobTools. The remaining
reads were then re-assembled and re-checked for possible bacterial contami-
nations. This process was repeated iteratively until no contigs with bacterial
contamination were identified (Fig. 3).

Contigs derived from other fungal contaminants, such as Ascomycetes,
were identified on the basis of their low coverage and confirmed via BLAST
searches of these contigs against the GenBank nucleotide (nt) database (Alt-
schul et al., 1990). The reads comprising these contaminant contigs were then
removed from the total read set. Their removal was verified by BLASTing the
re-assembled assemblies against a custom database containing ribosomal
large subunit sequences from both common contaminants and the target spe-
cies. This pipeline for contaminant read filtering was used in Papers I1, 111
and IV.

Figure 3. Pipeline used to filter reads sourcing from contaminants in this thesis

Comparative Genomics/Phylogenomics

The main approach used for data analyses in this thesis was phylogenomics,
where the evolutionary relationships of organisms are studied by comparative
analyses of whole genomes or substantial proportions of them, rather than us-
ing a few genes (O’Brien et al., 1999; Delsuc, Brinkmann and Philippe, 2005).
The general workflow (Fig. 4) used for this purpose in the thesis is outlined as
follows:

First, the quality of the raw sequencing reads was assessed using FASTQC
(Andrews, 2010), followed by adapter trimming with Trimmomatic (Bolger,
Lohse and Usadel, 2014). Contaminants were then identified and removed us-
ing KAT (Mapleson et al., 2017) and BlobTools (Laetsch and Blaxter, 2017).
The genomes were assembled using SPADES (Prjibelski et al., 2020) in the
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metagenomic mode and annotated with the funannotate pipeline (Palmer and
Stajich, 2023). Specific genes, such as CAZymes, peptidases and lipases, were
annotated using dbCAN2 (Yin et al., 2012) with the CAZy database for CA-
Zymes, funannotate with the MEROPS database for peptidases and BLAST
against the LED database for lipases (http://www.led.uni-stuttgart.de). The
orthologous genes were inferred using OrthoFinder (Emms and Kelly, 2019).
The resulting single copy orthologues were aligned using MAFFT (Katoh and
Standley, 2013) and these alignments were trimmed using trimAl (Gutierrez,
Martinez and Gabaldon, 2009). Concatenation based species tree and individ-
ual gene trees were drawn using IQ-TREE (Nguyen ef al., 2015). A coales-
cent-based species tree was built using ASTRAL-III (Mirarab and Warnow,
2015). The comparative genomic analysis (gene family evolution analysis)
was performed using CAFE4 (Han ef al., 2013) and genomics features of the
different species were compared using the gene copy numbers of CAZymes,
peptidases and lipases.

28



Figure 4. Generalized phylogenomics workflow fully or partly used in Papers II, I11
and I'V.

Model-based hypothesis testing

In the comparative phylogenetic framework, different questions about the evo-
lutionary history of organisms, such as how often these organisms transition
to and from a specific lifestyle, whether these transitions occur at different
rates across lineages or during different geological time periods (Blomberg,
Garland Jr and Ives, 2003), can be formulated as models and their parameters
(O’meara et al., 2006; Burns, Murphy and Zheng, 2019).
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The parameters of the models can be adjusted to represent different hypoth-
eses, for example, by adding or restricting them, and these models, represent-
ing different hypotheses, can then be compared to determine which one best
explains the observed data (Ryberg, Kalsoom and Sanchez-Garcia, 2022).
Since models are simplified representations of evolutionary processes, they
can be better or worse reflections of biological reality. This is why, testing
multiple models and comparing the results is very important as it influences
our understanding of the underlying biological process (Paper I).

Besides model-testing, the model’s ability to explain the observed patterns
can also be evaluated by generating random datasets under the same model
assumptions through simulations. If the observed data closely matches to what
the model predicts, the model can be considered a good fit, which suggests the
hypothesized evolutionary process is likely (Boettiger, Coop and Ralph,
2012). These model-based methods have been used to test different hypothe-
ses in Papers I and I1.
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AIMS

The overarching goal of this thesis is to improve our understanding of the
origin and diversification of ECM symbiosis. And the specific objectives are:

To test the different hypotheses regarding the origin and evolution
of ECM fungi using different models, including variable rate mod-
els through time and lineages

To investigate whether the previously observed ECM-related ge-
nomic changes e.g contractions in CAZymes, occurred abruptly at
the transition to the ECM lifestyle or gradually throughout the evo-
lution of ECM lineages

To investigate whether the number of lineages or the number of
species within the lineage influences the functional diversity of
ECM fungi

To explore the evolution of genes involved in the synthesis of psil-
ocybin in Inocybaceae species
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Summary of the papers

Paper I

ECM fungi are one of the highly diverse groups of organisms in fungi, with
over 20 000 species. Previous studies have shown that there were multiple
independent origins of ECM symbiosis from diverse types of saprotrophs such
as white-rot, brown-rot and soil/litter decaying fungi. Conflicting views exist
regarding how this diversity of ECM fungi arose i.e. (i) there were few transi-
tions to the ECM lifestyle, followed by many reversals to their ancestral life-
style of saprotrophy; (ii) there were multiple independent origins of ECM lin-
eages with no reversals to saprotrophy; (iii) different time periods, such as the
timing of the origin of their host plants, were important for the diversification
of these lineages. Few studies have tested these hypotheses using comprehen-
sive datasets of ECM lineages and appropriate models.

In this study, a megaphylogeny based on an inclusive dataset of 2 174 taxa
from different ECM lineages using five marker genes (nucLSU, nuc5.8S,
nucSSU, RBP1 and RPB2) was built, to test different hypotheses related to
the evolution of ECM using model-based methods. The main hypotheses
tested include (i) whether there were reversals to the saprotrophic lifestyle
from ECM or not, and (ii) whether different geological time periods were im-
portant for the evolution of ECM fungi. Models with a zero transition rate
from ECM to non-ECM states and models with equal transition rates between
ECM and non-ECM states were compared in order to test the hypothesis that
there have been no reversals to the saprotrophic lifestyle. Models with differ-
ent transition rates in different geological time periods, models with different
rates in several clades of ECM, and models with constant rates throughout the
tree were also compared using AIC (Akaike information criterion), and the fit
of all these models to the data was assessed using simulations.

The findings in this study show that the non-reversible model with rate
shifts in clades is the best fit model to our data. The models that allowed rate
shifts in clades and time overall fit the data better compared to constant rate
models. The results further show that rate shifts in clades are more important
than the rate shifts in time, as all models that implemented rate shifts in clades
have the lowest AIC score. Our findings suggest that the reversals to sapro-
trophy are probably rare, if they occur at all. The results also suggest that our
conclusions on the relative transition rate between ECM and saprotrophy de-
pend on whether rate shifts are allowed in the models, as we find that constant
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rate models support reversals to saprotrophy whereas variable rate models do
not. We conclude that simple models, assuming a constant rate of evolution
through the tree, can sometimes give results that are likely to be incorrect.
Caution is therefore exercised against the simplistic use of such models for
understanding the evolution of complex traits like ECM.

Paper 11

Previous studies have highlighted a number of characteristic genomic
changes in ECM lineages, which include contractions of genes encoding
Carbohydrate Active enzymes (CAZymes) and expansions in Transposable
Elements (TEs) and mycorrhiza-specific small secreted proteins compared
to their saprotrophic relatives. A reduced number of genes encoding specific
peptidases (serine peptidases) and lipases (versatile lipases) has also been
reported. It is still unclear whether these changes occurred abruptly in prox-
imity to the transition to the ECM lifestyle or gradually throughout the evo-
lution of ECM lineages.

A phylogenomic tree based on whole-genome data from 20 ECM fungal
species within a single ECM lineage, Inocybaceae, along with extended sap-
rotrophic outgroups including the sister lineage Crepidotaceae was built, and
comparative genomic analyses were carried out to investigate whether previ-
ously observed ECM-related genomic changes occurred abruptly along the
branch associated with the transition to the ECM lifestyle or not.

We recovered near complete genomes of the species sequenced in this
study, with up to 94% BUSCO scores using fungal material from dried sporo-
carps. We presented the first phylogenomic tree of Inocybaceae family and
confirmed the monophyly of the Inocybaceae lineage, as well as the genera
within this lineage. The Inocybaceae genomes showed molecular signatures
of the ECM lifestyle and had lower gene sets for CAZymes, peptidases, li-
pases, secondary metabolite gene clusters and small secreted proteins, and
higher TE content relative to their saprotrophic relatives. Our analyses showed
that there was a high rate of gene family evolution along the transition branch
to the ECM lifestyle. The contractions in CAZymes also occurred at a very
high rate along this branch. Furthermore, this branch had significant contrac-
tions of saprotroph-specific peptidases, as well as expansions in transposons,
transport-related genes, and communication genes like fungal kinases among
others, which suggests that the symbiosis toolkit needed for the ECM lifestyle
evolved largely in close proximity to the transition to this lifestyle.
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Paper 111

ECM fungal communities are usually highly diverse, consisting of hundreds
of species. ECM fungi have evolved multiple times independently into distinct
lineages. These fungi play an important role in nutrient cycling by breaking
down complex compounds in their environment through the action of their
secreted enzymes such as CAZymes (Carbohydrate Active enZymes), pepti-
dases and lipases. Previous studies have shown that higher ECM fungal spe-
cies richness is associated with increased enzymatic activity in soil. With the
growing availability of sequenced genomes from different ECM fungal line-
ages, the genomic and functional diversity of these fungi is being revealed.
However, many of these studies have focused either on a single ECM lineage
when many species were included or on the similarities and differences be-
tween lineages when species from different lineages were included, resulting
in a lack of a comparative perspective that addresses diversity within and be-
tween lineages.

A phylogenetically diverse dataset of 75 species from eight different line-
ages of ECM fungi was generated, and phylogenomic and statistical analyses
were performed, to investigate whether the number of lineages or the number
of species within a lineage contributes more to the functional diversity of ECM
lineages.

The phylogenomic tree, based on 470 single copy BUSCO genes, showed
distinct clades for each lineage, with genera positioned as expected within
their respective lineages. The statistical analyses showed that the addition of
certain lineages, such as /tuber-helvella, increases the diversity in gene fami-
lies of CAZymes and peptidases. Although individual lineages may contribute
specific functions, we found no strong correlation between the number of lin-
eages and overall gene family diversity beyond the inclusion of a few lineages.
We also found that certain individual species can have a large impact on the
functional diversity, for example, Amanita fuliginea in the case of peptidases.
For lipases, sampling from certain individual lineages can result in higher av-
erage diversity than sampling species across all lineages. Furthermore, while
functional diversity levels off with the addition of more lineages, it continues
to increase with the addition of more species. These results suggest that spe-
cies richness is important for shaping the ECM functional diversity, whereas
for lineages it is the inclusion of particular lineages, rather than their overall
number, that has the greatest impact.

Paper IV

Psilocybin, a psychedelic compound, has recently received significant atten-
tion because of its pharmaceutical applications. This hallucinogen is produced
by mushroom-forming fungi of various genera in Agaricales, including

34



Psilocybe, Gymnopilus, Panaeolus and Inocybe (Inocybaceae). The psilocy-
bin gene cluster has been found to have originated in Psilocybe species and
was transferred via horizontal gene transfer to species in other genera. A dis-
tinct gene cluster for psilocybin was recently identified in /. corydalina, a psil-
ocybin producing species of Inocybaceae. Inocybaceae species, suggested to
produce psilocybin, belong to three different clades. Notably, all known psil-
ocybin producing species in Inocybaceae have been tested negative for mus-
carine (another common toxin produced by species in this family), suggesting
that these two toxins are mutually exclusive in species of this family. How-
ever, it is unclear whether this pattern is consistent as only a few species in
Inocybaceae have been screened for both toxins. Additionally, the origin and
evolution of the genes involved in psilocybin synthesis in Inocybaceae are still
unknown.

To test the idea of mutual exclusivity of psilocybin and muscarine in Ino-
cybaceae species, 21 mushroom samples were chemically screened for the
presence of these toxins. To study the origin and evolution of psilocybin genes
in Inocybaceae, a dataset consisting of 24 whole genomes from Inocybaceae
species was generated. Two species, suggested to produce psilocybin, from
two different clades i.e Inocybe aeruginascens and Inosperma calamistratum
were sequenced in this study and another species from the third clade i.e., In-
ocybe corydalina together with 21 other Inocybaceae species were down-
loaded from the NCBI’s GenBank. The psilocybin gene cluster in the genomes
was annotated using a custom pipeline based on reciprocal best blast hit
method by blasting all genes from the whole dataset against a database con-
taining genes from the psilocybin cluster in 1. corydalina.

Our chemical analysis detected psilocybin and muscarine in 1. asterospora,
suggesting that these two toxins may not be mutually exclusive as previously
thought. The phylogenomic tree showed the positions of all Inocybaceae spe-
cies in the tree as expected. The phylogenetic analyses of each core gene in-
volved in psilocybin production showed distinct clades of Inocybaceae spe-
cies, suggesting that there may not have been horizontal gene transfer of the
psilocybin gene cluster from other genera into Inocybaceae. We found com-
plete or partial psilocybin gene cluster in several other species of Inocybaceae
apart from 1. corydalina, which suggests that this cluster is more widespread
in Inocybaceae species. Our study also suggests that the psilocybin gene clus-
ter in Inocybaceae has evolved through convergent evolution with two differ-
ent origins, as we did not find the same gene cluster in /. aeruginascens as in
1. corydalina.
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Concluding remarks

To conclude, this thesis highlights the complexity of the evolution of traits
such as ECM symbiosis and psilocybin production and emphasizes that func-
tional similarity does not always imply a shared origin.

Testing the hypotheses regarding ECM evolution (whether there were mul-
tiple independent origins of ECM lineages or there were reversals to the an-
cestral lifestyle of saprotrophy), with both variable and constant rate models
and a comprehensive dataset, has drawn our attention to how model assump-
tions can influence our understanding of the evolution of ECM fungi and how
difficult it is to get clear answers regarding the evolution of complex traits like
ECM despite using an extensive dataset.

Comparative genomics of ECM Inocybaceae and saprotrophic Crepi-
dotaceae helped shed light on important molecular changes occurring in prox-
imity to the transition to ECM in one of the diverse lineages of ECM. This
study highlighted the genomic features in Inocybaceae species that are similar
to previously sequenced genomes of ECM species but also features unique to
species in this lineage.

Analysing the genomic diversity of ECM lineages through their secretomes
provided the first insights into the relative contributions of the number of lin-
eages and the number of species within the lineage to the overall functional
diversity of ECM fungi.

Phylogenetic analyses of the core genes involved in psilocybin production
revealed convergent evolution of this psychedelic compound in Inocybaceae
as well as the potential two different origins of the gene cluster within this
family. This study also showcased the unique instance of the coexistence of
psilocybin and muscarine in Inocybaceae.

Future perspectives

When I first started my PhD in 2017, only a handful of genomes from ECM
species were published. The main ECM comparative genomic study published
at the time was by Kohler et al. (2015), which included 13 ECM species from
different lineages. The ECM genomics era was just beginning, and no com-
parative genomics study had been published that focused on a single lineage.
It was incredibly exciting to follow the genomic advancements in ECM fungi
throughout the years of my PhD studies. Research groups from around the
world published several studies focusing on different ECM fungal lineages
during these years, starting with comparative genomic study of Amanitaceae
lineage in 2018 (Hess et al., 2018), Tuberaceae also in 2018 (Murat ef al.,
2018), Endogonaceae in 2019 (Chang et al., 2019), Suillaceae in 2021
(Lofgren et al., 2021), Lactarius (Russulaceae) also in 2021 (Lebreton et al.,
2021), Russulaceae in 2022 (Looney et al., 2022b) and Boletaceae also in
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2022 (Wu et al., 2022), Pisolithus (Sclerodermataceae) in 2023 (Plett et al.,
2023) and most recently my study on Inocybaceae in 2024 (Paper II). With
each of these published papers, our understanding of the molecular evolution
of ECM symbiosis has grown. These studies have mainly aimed to unravel the
common genomic features of ECM species. However, what I found most fas-
cinating was that these different ECM lineages have more genomic differences
than similarities, each evolving its own unique, independent strategies for in-
teracting with host plants.

The number of ECM genomes in the public databases is growing enor-
mously with each passing year, largely due to the JGI’s fungal genome se-
quencing projects. Contributing to these efforts, we sequenced 54 new fungal
genomes in this thesis, 52 of which cover five key ECM lineages. This grow-
ing genomic resource opens up opportunities to address many important ques-
tions regarding the ecology and evolution of ECM fungi. I am confident that
more genomes from previously unstudied ECM lineages will become availa-
ble in the coming years, and I especially look forward to the sequencing and
availability of the genomic data from some poorly explored lineages such as
those in Sebacinales and Thelephorales and the new insights they will bring
to our understanding of molecular ECM symbiosis.

In the future, it would be interesting to investigate the evolutionary dynamics
of TEs in Inocybaceae species compared to their close saprotrophic relatives as
TEs play a key role in genome expansions and other genomic innovations in the
ECM lineages and Inocybaceae genomes are smaller than most of the other
ECM species. Furthermore, new annotation methods are being developed to an-
notate transporter proteins such as nitrogen and phosphate transporters in my-
corrhizal fungi and the evolution of these transporters in ECM lineages would
be an exciting avenue to explore in the future given the major role of these pro-
teins in nutrient acquisition in the ECM fungi. Since Inocybaceae species are
rich in a number of toxic metabolites, including muscarine and aeruginascin
(exclusive to 1. aeruginascens), the newly available multiple Inocybaceae ge-
nomes provide an opportunity to characterize the biosynthetic gene clusters re-
sponsible for these toxins and to explore their evolutionary history in this line-
age. It would also be valuable to examine the genomic diversity of ECM fungi
at the community level by sampling and sequencing species belonging to dif-
ferent lineages within the same community of ECM and comparing this to the
diversity between different communities, rather than analysing genomes of
ECM species from different lineages that are not part of the same community.
Last but not least, it would be pertinent to assess whether the expanded gene
families in Inocybaceae are transcriptionally active or not.

Before I close, I would also mention a few general important lessons that |
learned, while working on fungal genomics and evolution for several years
during my PhD. Firstly, proper filtration of contaminants is crucial when using
fungal sporocarps for DNA extractions and also rigorously quality checks are
needed when working with publicly available data. It was surprising for me to
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see up to 70% BUSCO gene duplicates in publicly available genomes, which
had been used to answer important questions in different publications and yet
this was never mentioned in those studies. Secondly, it was interesting for me
to learn that using the same technique or DNA sequencing technology may
not be suitable for all studies. For example, using dried sporocarps with Illu-
mina sequencing worked well for gene family evolution analysis in Paper 11
but was less effective for secondary metabolite gene cluster analysis in Paper
IV. Thirdly, careful model testing is necessary, even in comparative genomic
analyses using CAFE, where the users often overlook model selection and de-
fault models are assumed to be a good fit.
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Svensk sammanfattning

Forestill dig att du promenerar genom en frodig skog och beundrar de impo-
nerande traden och det sprudlande ekosystemet omkring dig. Vad du kanske
inte inser 4r att under jordytan pagar det ett fascinerande samspel mellan tré-
den och en grupp svampar som bildar sa kallad ektomykorrhiza (ECM). Detta
ar ett 0msesidigt, fordelaktigt partnerskap mellan svampar och triad, dir svam-
parna far energirika &mnen fran traden i utbyte mot livsnddvéandiga nérings-
dmnen som kvéve, fosfor och vatten. Denna relation dr avgorande for skogse-
kosystemet, da den underléttar kretsloppet av ndringsimnen och framjar vax-
ternas tillvixt. Men hur uppstod denna anmérkningsvérda relation? Tidigare
studier visar att ECM-svampar, som en géng var nedbrytare av dott tré, forna
och jord (saprotrofa svampar), i flera olika utvecklingslinjer overgatt till att
bli mutualister med véxter.

Artikel 1

Inom forskningen har man diskuterat huruvida ECM-svampar nigonsin ater-
gér till en saprotrof (nedbrytande) livsstil, eller om den evolutionéra &ver-
gangen till ECM ar permanent, nédr den en gang skett. For att undersoka detta
skapade vi ett omfattande evolutionért trdd med 2 174 ECM-arter baserat pa
fem nyckelgener. Vi testade olika modeller for att forstd ECM-evolutionen,
bland annat: 1) Om ECM-svampar nigonsin atergatt till saprotrofi. 2) Om
olika geologiska perioder péverkat evolutionen av ECM. Véra resultat tyder
pa att ECM-svampar séllan, om ens négonsin, atergar till att vara nedbrytare.
Vi testade flera evolutiondra modeller, d4ven sddana dér utvecklingen sker med
olika hastigheter i olika svampgrupper och 6ver tid, istillet for i en konstant
takt. Det visade sig att fordndringar i evolutionstakten mellan olika svamp-
grupper (klader) var viktigare for ECM: s utveckling dn fordndringar 6ver geo-
logisk tid. En viktig slutsats frén studien &r att enkla modeller med fasta ut-
vecklingshastigheter kan ge missvisande resultat — dessa modeller foreslog
felaktigt att ECM-svampar ofta atergick till saprotrofi. Studien understryker
vikten av att anvénda flexibla modeller nir man undersdker evolutionen av
komplexa egenskaper sdsom ECM-symbios.

Artikel 1T

Genom att jamfora genom hos ECM-svampar och saprotrofer har man upptackt
att ECM-svampar genomgétt betydande genetiska forandringar, inklusive forlust
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av gener som kodar for enzymer som t.ex. CAZymer — enzymer de tidigare,
nédr de var saprotrofer, anvénde for att bryta ner véixtcellviggar. De har ocksé
utvecklat nya gener, som kodar for sa kallade ”small secreted proteins”, som
ar nodvéndiga for att interagera med vardvéxter. Detta tyder pa att ECM-
svampar har gjort sig av med ursprungliga gener som inte langre behovs, och
istillet utvecklat nya gener som &r viktiga for att etablera symbios med vax-
ter. Men ndr skedde dessa genetiska fordndringar? Var det ett plotsligt skifte
vid dvergangen till ECM-livsstilen, eller en gradvis process? For att besvara
detta sekvenserade vi genom fran flera arter inom en grupp av ECM-svam-
par med stor méngfald och jamforde dem med sina ndrmaste saprotrofa slak-
tingar. Vara resultat visade att de flesta av de genetiska forandringarna kopp-
lade till levnadssittet som ECM-arter skedde precis vid dvergangen till
denna symbiotiska sammankoppling, vilket tyder pa att forlust eller strikt
reglering av vissa ursprungliga gener dr avgorande for att kunna anta detta
viktiga levnadssitt.

Artikel II1

ECM-svampsamhéllen har vanligtvis en otrolig mangfald, ofta bestdende av
hundratals arter. Trots att forskare har studerat ECM-svampar i manga ar for-
stér vi fortfarande inte helt hur deras mangfald péverkar de ekosystem de sto-
der. Tack vare framsteg inom genom-sekvensering har vi idag fler verktyg an
nagonsin for att utforska den genetiska och funktionella méngfalden hos dessa
svampar. De flesta genom-baserade studier har dock hittills fokuserat pa en
enskild grupp av nérbesldktade arter, vilket innebér att jamforelser mellan
olika linjer for att forstd helheten fortfarande saknas. I denna studie skapade
vi ett stort och varierat dataset med 75 ECM-arter frén étta olika evolutionéra
linjer. Med hjilp av avancerade genom-baserade och statistiska metoder hade
vi for avsikt att besvara en viktig fraga: dr det viktigare att ha manga evolut-
iondra linjer eller ménga arter inom en linje for att uppna hog genetisk méng-
fald? Vi fann att vissa linjer, som /tuber—helvella, hade en mérkbar effekt pa
mangfalden av specifika enzymer, sdsom CAZymer och peptidaser, som
svampar anvander for att bryta ner komplexa organiska material i jorden. Men
att l1agga till fler linjer ledde inte alltid till kad genetisk mangfald. Faktum é&r
att mycket av méangfalden ticktes in efter att bara nigra fa evolutionéra linjer
inkluderades. Vissa enskilda arter stack dock ut — exempelvis bidrog Amanita
fuliginea sérskilt starkt till mangfalden av peptidaser. Och nér det géllde
lipaser, enzymer som bryter ner fetter, kunde inkluderande av endast en linje
ibland bidra med mer genetisk méngfald 4n inkluderandet av alla linjer till-
sammans. En av vara viktigaste slutsatser var att &ven om inkluderandet av
fler evolutionéra linjer till slut leder till en plata i funktionell méngfald, forts-
atter inkluderandet av fler arter att bidra med nya gener och funktioner.
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Artikel IV

Psilocybin, det psykoaktiva dmnet i "magiska svampar", har fascinerat bade
forskare och allménhet. Ny forskning visar att Inocybe corydalina, en psyke-
delisk svamp inom familjen Inocybaceae, producerar psilocybin med hjilp av
ett helt annat genkluster &n andra magiska svampar. Men varifran kommer de
gener som ansvarar for psilocybinproduktionen inom Inocybaceae? Vi under-
sokte detta genom att analysera genom fran olika Inocybaceae-arter, varav
négra producerar psilocybin. Vi genomforde dven kemiska tester av 21 prover
fran familjen for att undersoka forekomsten av béde psilocybin och muskarin
(ett annat vanligt toxin fran dessa svampar) — eftersom man tidigare trodde att
en art inte kunde producera bada. Var studie visar att psilocybin-generna san-
nolikt har uppstatt inom Inocybaceae och inte kommit fran andra arter (sé kal-
lad horisontell gendverforing). Aven om det tidigare var kiint att I. corydalina
bar pa psilocybin-genklustret, hittade vi hela eller delar av klustret i flera andra
arter inom familjen, vilket tyder pé att dessa gener &r mer utbredda &n man
tidigare trott. Vi upptickte att I. aecruginascens inte har samma genkluster som
I. corydalina, vilket antyder att psilocybinproduktionen har utvecklats &t-
minstone tva ganger inom familjen. Dessutom visade vara kemiska analyser
att bade psilocybin och muskarin kan forekomma i samma art — ndrmare be-
stimt Inocybe asterospora. Detta utmanar den tidigare uppfattningen att
Inocybaceae-arter antingen producerar det ena giftet eller det andra, men inte
bada.

41



Fhin Qs 5l Gams e SOl QI WS (S Hpeaimg S i 558 S8 2k e8Il
S8R, S0 s usison S Sser S Ol Gl ol L) on 20 08
O~ oS (a0 S Gn S o e e ) S G ) S sl 1S s S0

08 SR sl 2 Ua WS Uonp ) sSsall —n o5 8 S (sl SO 0 en

ealie 5153 O (52 55 S ol s S0 o U 315 | € s Sl Gl
daala S e 50560 o SIS G580 gy Upe 0o = Sl Bk gle s S

= sl G smlie e g SEU S R 3 e T )yl o (S5

e oS Al el ol Sl el S B alad s o S O
g~ s S o Bl i oS Laig 0l (S 05359 )s) = W 33 e Dl slay (S o) )
Ll e sn s oS (3lad 3800 Com g S U

Alea]

2S5 pstee oo a8 S e ol

o8 Sy s Fg g s 8 S (e sl s (38 02 00 (oS s (08 il (s () S
=8 5 i (e Bl o il S sy g s 1T (e aled) K8 il ¢ g3
s SR Gl s S 088 ) (o 51 W AS o ) ple Gana g e O sl

o dm S Gl e pl () DL S L ow sl b (S (B )k ISy s e

SIS 3 B ol o 512,174 5 g1 ¢ 5 il S o) ot sl 0 i e

o ~SE S s S ML Gilite 5 U e Jlanial S S ol iy e S ) 15
§ ol g K Gl S (8 a) o ) LS

S Jilie 7ok S S8l e ) 2 )l ) alin

Jaass (e o8 1y s g (o 53 5 AE 8 o) s (6 S (g S il o ey
Calide € & 5l S o Mooy dsady Sl 3l S Cilide S arom s
~AS SO Sl e Gl (S g it gilu S ) (s S SN
Ot S ey S 338 Ggs 8 BB AS UL 5 ciiia p3 g0 o i) Jiise
o e o3y (e hae S lsal (Slaa ) s 58 (S

&S o Jiie (i 8 S8 ) e gn OBl edla AS g aatis ) SOl Sl ol
ol o 6V AS U S Sasaia g osb e WSle oy S s a @i Ble o s
) s Gl pead sy (383 a0 s s b (S s e gl 5 S) &0
S8 Rl € el (S Jlentias) S 5L lSeY S allas S Gl o) s

=
AL T
= O ¢ g 58 ) g gl S (88 Sy g 55 0 S Jesin S 8 al s )

> paS sl com (g @l s Jubas i Qlled (ne G838 ) (s () AS LS il 50
S 0505 A (S 55 e oo Ol s oS e S s S S TS S e i)

e SR A S DS e

bla LS Ja85 0 000 vl s U o =S duala Sin 6 0l codle S
o on S osra o8 S DS A8 Gl gl S s O SO s oo
S0 ok 8 S0 s 2 Gsen D ey SO el o) S o Uig il

Sl S 055 gl s S deals Simey Sl S Gl ) (R g psmm e o

e e
Db el o ) 8 a s Sla) Gl g LS S0 @l S lling i g S
el S il a8 g el 9150 g8l S g gy ¢ i JAID (e (S )

42



A S OB sl 0 i dasin S pludl Caline (S (88 ol s ()

LS ) 50 il S g)la M) S5 i

IS Ol (e sy ) Al 5 s (B3 b ) (o 51 SIS il Sl e
S i AU AS U s Gl )l (3la3 Slnasas my o 50 @l g (o
Gl e s o S ) Sl S Sl sl ) Gl Js S Cldn S ol gl
ol oy ol sl o IS (g g laBl y ) Blate s Il (S B aal s )
- e e e g S Glad

AT

£l G35 ) e On e S g stie ax 2 g Jshple 5 eSS (8 ol (o s
G e S e ) S allae 1S (88 o) s () s g gme 2 Oine a8 L (S Jal
Sl ) Sy aldas Sl sale g 585 (Sliba (S O AS b s 0 2ok G s 0
=

03 i (S 8 O Gl oy 2l s (S BB s e e S G st
s ey aliGx dsmse @Bl saodly) A S DS il S llee
Olaas S aludl Calida 5l 2 a5t g lsil ou B (S o5 8 Syl Gipa i cilalldas
- LS G g sk JeSe SO gl s S

5 LS L G Wil g gite gl 15 Sl W g5l 8 o) (s (6 74 25 o e G
S stish (Shled sl e st s 68 (6 Gl sluds 8 ) Calise &

o L IS aludl oaly H LS 1 (S (3 8 (S S S dadlsm il o 2 ¢ S 58 Jleaiad
PIES é.ulu é@)\ ajhj L C\ f“"‘

B c-mbf&}uéyubﬂ e sada " sl )yac-m (adugaS SLY S
el sy (e e 8 s Opliling ) o el Juad-Cu Rl g IS s op SIS
& 55 i adias Al 1S ghadis 02l ) cali 5 S Jleind S 3555 00 5e
ol S shalis (85 ) a9 503 ) AS Uy 2 o et 50 S (i adlial (e

o Bl WS dala 2y S s

= o ¢ Limd ilile s LSl S (Ul e S g5l G iS o b uuals
320 (e 558 S (S s e lalae S Gl 5) LS dlal Lald (e g i il
R Sl S0l € G sladi olad i ol Glany ) 5l dia (S Ll 0 S oo i
) o S Sl A g s Shba ey ) g 68

Dpas Syl p s JSAT w8 Jald S (sl a2l ) aa R AS Ll g i sl Sl 1l
il Jladl ol e 5 dalue w5 S dald Spl il adlyy oSl o Ul i
o

ALV

—=oe dish o a Ll (e " s pdie (Ssala s S e SIS Sl o5 s sl
S AS o lsaslee —w @i alla . L) S 50 S pmalds (Salse o) gsilawiile
i il shas ¢ 2 e LS Sl S (S A {slalua sl 28 sa WS 5 S il

) = Ay it sk (Sl ) S

Gl 1S g ol € 20— QU8 G s 208 Do Gl sl e el 53l (S

O (LS m 0 1S Sagin S 8 it S s il ) S o S il
s S (S 1 5 gat onliila gl 21 5 s 58 Ol glili gaS i (e
) Ol IS s L2500 E 58 2 Sl LS AS S Ln 1S shen SU LS

= S S I (p Sea

43



o Vs s i) il gl hS g aslae (e 2 5ad e o e gy Jsh 580 G
oo bl sl S U Sl S g e S sl s om 25 50 LS e 5350
o o By sl Sl S

W) (o ol S el sl S 3k Gl bl S0 laa (g s BT 5 e
S Ol sl SUL a0l 3e - T m pd Sgom S AS e i

Sl GaiaS - 0 (S ey By st AT e s JB (b g2 oS 51 oSl hay
IS gy W) S Simiil slile (e il

44



Acknowledgements

Supervisors: First of all, I would like to thank my main supervisor, Martin,
for selecting me for this PhD position out of 52 applicants. Thank you for your
deep commitment to research ethics and for being so meticulous and detail-
oriented in your work. I have learned so much from you. I am truly grateful to
you for your immense support and guidance throughout this journey. Thank
you for your trust in me, for your patience over the years and for answering
my countless (and sometimes silly) questions. I am especially thankful for the
academic freedom you gave me in all my PhD projects and for allowing me
to add new components to the projects that [ was interested in. Thank you for
being so generous in supporting my participation in conferences, workshops
and courses. And, thank you for the many opportunities you provided to teach,
take part in administrative tasks and get involved in side-projects during my
studies period. I really appreciate the long forest-walk meetings that you ar-
ranged with baby Elias during your parental leave. You are the kind of super-
visor everyone wishes they had :-) Hanna, my co-supervisor, thank you for
your constructive comments on the manuscripts, for the energy you brought
to our group meetings and for always adding a new angle to our research dis-
cussions. Everything just made more sense to me after you said it :-) Your
encouraging words at the end of each meeting were always a breath of fresh
air. Marisol, my second co-supervisor, thank you for being super nice, always
responding quickly to my emails and guiding me through different analyses. |
like your thoughtful feedback and have been a big fan of the comments you
gave on anything related to my PhD :-) Anna Resling, though you were not
officially my supervisor in my PhD studies but, I think, it is important to
acknowledge you here as you were the reason, I got interested in fungi in the
first place. Thank you for being so considerate, inspirational, fun-loving and
passionate about fungi! Your energy is contagious. Thank you for introducing
me to the mesmerizing world of fungi and for the general great conversations
about science, life and the fun times during ECFG16, ICOM12 and IMC12.
Thank you also for the mentorship for my career after PhD!

Past and present members of Ryberg group: Thank you, Brendon, for be-
ing always ready to help- whether it was during mushroom hunting, lab work,
teaching or providing information on almost anything. Thank you, Bobby, for
the nice time during the field work in Oland. Thank you Sten for always being
so cheerful, for the discussions about Pakistani politics, for the calls for fika

45



and for spreading smiles in the entire program. Also, for the Swedish transla-
tion of the summary. Xi-Hui, for the nice chats over fikas and lunches. Mo-
hammed, thank you for your enthusiasm about fungal research and for the
helpful discussions on different topics related to fungi. Thank you for encour-
aging me to apply for this PhD position. I would not have applied for it if it
weren’t for you.

Past and present members of SystBio: Petra, it is always a pleasure to talk
to you. The blanket handmade by you is so impressive! :-) Tobias, thank you
for being so kind and cordial. By the way, do you wanna have a cake? :-)
Yash, thank you for introducing me to ChatGPT and for radiating positive
energy :-), Nina, I like your carefree nature. It’s a good reminder that some-
times it’s okay not to take things too seriously :-) Monica, thank you for the
nice chitchats here and there and for the idea of starting writing earlier than
later. Adrian Baggstrom, Good luck with the OEM course, you will be an
expert on fungi by the end :-) Thank you, Jenni for your amazing sense of
humor and Sandie, for teaching me phylogenetics during the phylogenetics
course :-) and also for always being so lively. Ioana, it is always good to talk
to you. Markus, thank you for your sound advices related to fungal research
and also the fieldwork. Aaron, thank you for the greetings with a smile in the
SystBio corridor. Nahid, thank you for being so caring and also for your help
in the lab and also for the general discussions about life. Jakob, thank you for
your help with the Swedish translation of the summary. Thank you, Xuan,
Fabien, Debora, Anders, Raquel, Anna Miradola and Karin Steffen, for
the nice discussions over lunches. Thank you to all the other past and present
members of SystBio for making this program an amazing place to work at!

Admins: Big thank you to all the admin staff i.e Karin, Yvonne, Matilda,
Iva, Tonja and Nina for your prompt responses to any admin-related work.
You made everything so easy and smooth. Thank you Tonja for organizing
the Swedish EBC workshop! Min svenska ar mycket battre nu :-)

Office-mates: Inga, thank you for being so inspirational and for the nice
chats, you will always be remembered. Valentina, by now, you believe in my
magical powers. Right! :-) Adrian Forsythe, thank you for being so calm,
discipled and organized. I learned some time management skills from you :-)
Thank you also for the handy tips related to conda environments and the EBC
cluster! Alice, thank you for being so approachable :-) It was great having you
in our office, though for a very short time.

TAs in other teaching courses: Thank you Manolis for the nice chats and
help during our Animal Physiology teaching. Thank you Frauke for the fun
times teaching Plant Physiology on Zoom. Thank you to all other TAs I taught
with i.e Rickard, Nikola, Imke, Julia, Fatih, Katherina, Adrian, Andrea
and Caroline. It was great teaching with all of you. Thank you, Peter, Af-
saneh and Banafsheh for being so helpful during the hectic hours of teaching.

People in EBC: Merce, thank you for your passion and enthusiasm for sci-
ence and academia. Sifra and Charlotta, it was fun being PhD student

46



representative in the IOB board with you both, organizing elections and hav-
ing long discussions every time we met. Thank you Imke for sharing the stress
of the final months of PhD studies with me :-) Dolly, it was great taking
courses both with you and from you. Also, thank you for the shoehorn and the
book! :-)

Friends: Thank you, both Caesar and Anneli, for being amazing office-
mates, friends and colleagues. Thank you for the fun-chats about science,
life, and our gatherings during my PhD. Thank you for arranging the surprise
fika after my half time seminar. It meant so much to me :-) Anne, thank you
for joining our team of cool kids :-) Though you came to SystBio almost in
the second half of my PhD but we connected instantly. Thank you for the
hangouts and talks in detail about almost every aspect of the PhD studies.
Also, thanks for directing me to Nathalie for my thesis cover. She did an
amazing job :-) Shadi, thank you so much for being such a great person and
friend. Thank you for the memorable times during the conference in Prague,
for the delicious food that you cooked and for all the spontaneous meetups!
David, thank you for exploring Innsbruck and Maastricht with me and for
the nice chit-chats. Thank you for your kind and encouraging words always!
Rachel, thank you for organizing all the get-togethers and for the fun at PhD
symposium, PhD fikas and PhD gasque. Sarah and Mona, thank you for the
fikas and hangouts in the last year of my PhD. Christina, thank you for
being my family in Sweden. Thank you for your friendship of 13 years and
for making everything so special. Meeting and chatting with you have been
therapeutic for me. You definitely have a strong role in making my PhD
journey smooth :-) Thank you Steve and Huiwen, for staying in touch with
me all these years after our master’s program. Thank you for always being a
message away, for celebrating my successes with enthusiasm and for travel-
ling from different parts of Europe to Hinxton, Cambridge and Amsterdam
to make our meetups possible. Anum and Madiha, thanks for taking the
long trips to Stockholm every now and then just to enjoy a Pakistani breakfast
there :-)

Thanks to three important travel grants I received in the final year of my
PhD i.e the Early Career Scientist Meeting grant from the FEMS Society, the
Helge Ax:son Johnsons Foundation Travel Scholarship and Anna Maria
Lundins Travel Scholarship, I was able to attend two leading international
conferences in the field.

Family: Thank you, shireen Dada, for being an inspiration to me since my
childhood. Thank you for your love for science and research. Thank you for
being an amazing scientist and a top-notch engineer. | wish I had inherited a
bit of your intelligence and smartness. Thank you for buying us all those sci-
ence encyclopaedias and scientific reasoning books from our early childhood.
I still remember the contents of those books. Thank you for your continuous
encouragement on pursuing both higher studies and science. Nan, thank you
for your prayers, love and home remedies for almost everything. I hope that

47



with this PhD, your dream of calling me a doctor will come true :-) Thank you
Faheem bhai for the Urdu translation of the summary of my thesis. I loved it
:-) I am also grateful to Brigadier dada, nan and everybody in my in-laws for
being very supportive during my PhD studies.

Taj, my husband, you are my rock-solid support. Thank you for taking such
good care of our twins throughout my PhD journey. It would not have been
possible without you. Thanks for your artistic help with some of the figures :-
) and also for working so eagerly on the chemistry of psilocybin. Ella and
Mila, my beautiful twin girls, thank you for putting up with me when I was so
busy working on my thesis. Thank you for always cheering me up, brightening
up my days and caring for me so much, even though you are still so small.
You are the best things that have ever happened to me, and I love you both to
the moon and back.

48



References

Aguileta, G. et al. (2009) ‘Rapidly evolving genes in pathogens: methods for detecting
positive selection and examples among fungi, bacteria, viruses and protists’,
Infection, Genetics and Evolution, 9(4), pp. 656—670.

Alfaro, M. et al. (2014) ‘Comparative analysis of secretomes in basidiomycete fungi’,
Journal of Proteomics, 102, pp. 28-43.

de Almeida, A.F., Taulk-Tornisiclo, S.M. and Carmona, E.C. (2013) ‘Influence of
carbon and nitrogen sources on lipase production by a newly isolated Candida
viswanathii strain’, Annals of Microbiology, 63(4), pp. 1225-1234. Available
at: https://doi.org/10.1007/s13213-012-0580-y.

Altschul, S.F. ef al. (1990) ‘Basic local alignment search tool’, Journal of molecular
biology, 215(3), pp. 403—410.

Andrews, S. (2010) ‘FastQC: a quality control tool for high throughput sequence
data.’, (No Title) [Preprint].

Avalos, J. and Limén, M.C. (2021) ‘Fungal secondary metabolism’, Encyclopedia,
2(1), pp. 1-13.

Bahram, M. et al. (2018) ‘The genome and microbiome of a dikaryotic fungus (Ino-
cybe terrigena, Inocybaceae) revealed by metagenomics.’, Environmental mi-
crobiology reports, 10(2), pp. 155-166. Available at:
https://doi.org/10.1111/1758-2229.12612.

Baldrian, P. ef al. (2012) ‘Active and total microbial communities in forest soil are
largely different and highly stratified during decomposition.’, The ISME jour-
nal, 6(2), pp. 248-258. Available at: https://doi.org/10.1038/ismej.2011.95.

Barrett, A.J. and Rawlings, N.D. (1995) ‘Families and clans of serine peptidases’,
Archives of biochemistry and biophysics, 318(2), pp. 247-250.

Battaglia, E. et al. (2011) ‘Carbohydrate-active enzymes from the zygomycete fungus
Rhizopus oryzae: a highly specialized approach to carbohydrate degradation
depicted at genome level.’, BMC genomics, 12, p. 38. Available at:
https://doi.org/10.1186/1471-2164-12-38.

Bellemare, A., John, T. and Marqueteau, S. (2018) ‘Fungal genomic DNA extraction
methods for rapid genotyping and genome sequencing’, Fungal Genomics:
Methods and Protocols, pp. 11-20.

Blomberg, S.P., Garland Jr, T. and Ives, A.R. (2003) ‘Testing for phylogenetic signal
in comparative data: behavioral traits are more labile’, Evolution, 57(4), pp.
717-745.

Boettiger, C., Coop, G. and Ralph, P. (2012) ‘Is your phylogeny informative? Meas-
uring the power of comparative methods’, Evolution, 66(7), pp. 2240-2251.

Bolger, A.M., Lohse, M. and Usadel, B. (2014) ‘Trimmomatic: a flexible trimmer for
Illumina sequence data’, Bioinformatics, 30(15), pp. 2114-2120.

Borisova, A.S. et al. (2015) ‘Structural and Functional Characterization of a Lytic
Polysaccharide Monooxygenase with Broad Substrate Specificity.’, The Jour-
nal of biological chemistry, 290(38), pp. 22955-22969. Available at:
https://doi.org/10.1074/jbc.M115.660183.

49



Broeker, J. ef al. (2018) ‘The hemicellulose-degrading enzyme system of the thermo-
philic bacterium Clostridium stercorarium: comparative characterisation and
addition of new hemicellulolytic glycoside hydrolases.’, Biotechnology for
biofuels, 11, p. 229. Available at: https://doi.org/10.1186/s13068-018-1228-3.

Brown, N.A., Ries, L.N.A. and Goldman, G.H. (2014) ‘How nutritional status signal-
ling coordinates metabolism and lignocellulolytic enzyme secretion.’, Fungal
genetics and biology: FG & B, 72, pp. 48—63. Available at:
https://doi.org/10.1016/j.fgb.2014.06.012.

Bruns, T.D. and Shefferson, R.P. (2004) ‘Evolutionary studies of ectomycorrhizal
fungi: recent advances and future directions’, Canadian Journal of Botany,
82(8), pp. 1122-1132.

Burns, J.H., Murphy, J.E. and Zheng, Y .-L. (2019) ‘Tests of alternative evolutionary
models are needed to enhance our understanding of biological invasions’, New
Phytologist, 222(2), pp. 701-707.

Cantarel, B.L. ef al. (2009) ‘The Carbohydrate-Active EnZymes database (CAZy): an
expert resource for Glycogenomics.’, Nucleic acids research, 37(Database is-
sue), pp. D233-238. Available at: https://doi.org/10.1093/nar/gkn663.

Chang, H.-X. et al. (2016) ‘Genomic characterization of plant cell wall degrading
enzymes and in silico analysis of xylanses and polygalacturonases of Fusarium
virguliforme’, BMC Microbiology, 16(1), p. 147. Available at:
https://doi.org/10.1186/s12866-016-0761-0.

Chang, Y. et al. (2019) ‘Phylogenomics of Endogonaceae and evolution of mycorrhi-
zas within Mucoromycota’, New Phytologist, 222(1), pp. 511-525.

Conrado, R. et al. (2022) ‘Overview of bioactive fungal secondary metabolites: Cy-
totoxic and antimicrobial compounds’, Antibiotics, 11(11), p. 1604.

Daniel, G. and Nilsson, T. (1997) ‘Developments in the study of soft rot and bacterial
decay’, in Forest products biotechnology. CRC Press, pp. 47--72.

De Maio, N. ef al. (2019) ‘Comparison of long-read sequencing technologies in the
hybrid assembly of complex bacterial genomes’, Microbial genomics, 5(9), p.
€000294.

Delsuc, F., Brinkmann, H. and Philippe, H. (2005) ‘Phylogenomics and the recon-
struction of the tree of life’, Nature Reviews Genetics, 6(5), pp. 361-375.

Dinis-Oliveira, R.J. (2017) ‘Metabolism of psilocybin and psilocin: clinical and fo-
rensic toxicological relevance.’, Drug metabolism reviews, 49(1), pp. 84-91.
Available at: https://doi.org/10.1080/03602532.2016.1278228.

Douhan, G.W. et al. (2011) ‘Population genetics of ectomycorrhizal fungi: from cur-
rent knowledge to emerging directions’, Fungal Biology, 115(7), pp. 569-597.

Emms, D. and Kelly, S. (2019) ‘OrthoFinder: phylogenetic orthology inference for
comparative genomics. bioRxiv 466201°.

Feldman, D. et al. (2017) ‘A role for small secreted proteins (SSPs) in a saprophytic
fungal lifestyle: Ligninolytic enzyme regulation in Pleurotus ostreatus’, Scien-
tific Reports, 7(1), p. 14553.

Feldman, D., Yarden, O. and Hadar, Y. (2020) ‘Seeking the roles for fungal small-
secreted proteins in affecting saprophytic lifestyles’, Frontiers in Microbiol-
ogy, 11, p. 455.

Filiatrault-Chastel, C. et al. (2021) ‘From fungal secretomes to enzymes cocktails:
The path forward to bioeconomy.’, Biotechnology advances, 52, p. 107833.
Available at: https://doi.org/10.1016/j.biotechadv.2021.107833.

Fischer, M. and Pleiss, J. (2003) ‘The Lipase Engineering Database: a navigation and
analysis tool for protein families’, Nucleic Acids Research,31(1), pp. 319-321.
Available at: https://doi.org/10.1093/nar/gkg015.

50



Floudas, D. et al. (2020) ‘Uncovering the hidden diversity of litter-decomposition
mechanisms in mushroom-forming fungi.’, The ISME journal, 14(8), pp.
2046-2059. Available at: https://doi.org/10.1038/s41396-020-0667-6.

Garcia-Estrada, C. et al. (2018) ‘Transcription factors controlling primary and sec-
ondary metabolism in filamentous fungi: The B-lactam paradigm’, Fermenta-
tion, 4(2), p. 47.

Geoffry, K. and Achur, R.N. (2018) ‘Screening and production of lipase from fungal
organisms’, Biocatalysis and Agricultural Biotechnology, 14, pp. 241-253.
Available at: https://doi.org/10.1016/j.bcab.2018.03.009.

Girard, V. et al. (2013) ‘Secretomes: the fungal strike force.’, Proteomics, 13(3—4),
pp. 597-608. Available at: https://doi.org/10.1002/pmic.201200282.

Gopinath, S.C.B. et al. (2013) ‘Strategies to characterize fungal lipases for applica-
tions in medicine and dairy industry.’, BioMed research international, 2013,
p- 154549. Available at: https://doi.org/10.1155/2013/154549.

Gotvaldova, K. ef al. (2021) ‘Stability of psilocybin and its four analogs in the bio-
mass of the psychotropic mushroom Psilocybe cubensis’, Drug testing and
analysis, 13(2), pp. 439-446.

Gutierrez, S.C., Martinez, J.S. and Gabaldon, T. (2009) ‘TrimAl: a Tool for automatic
alignment trimming’, Bioinformatics, 25, pp. 1972-1973.

Hage, H. and Rosso, M.-N. (2021) ‘Evolution of Fungal Carbohydrate-Active Enzyme
Portfolios and Adaptation to Plant Cell-Wall Polymers.’, Journal of fungi (Basel,
Switzerland), 7(3). Available at: https://doi.org/10.3390/j0f7030185.

Halling, R.E. (2001) ‘Ectomycorrhizae: Co-Evolution, Significance, and Biogeogra-
phy’, Annals of the Missouri Botanical Garden, 88(1), p. 5. Available at:
https://doi.org/10.2307/2666128.

Han, M.V. et al. (2013) ‘Estimating gene gain and loss rates in the presence of error
in genome assembly and annotation using CAFE 3°, Molecular biology and
evolution, 30(8), pp. 1987-1997.

Hess, J. et al. (2018) ‘Rapid Divergence of Genome Architectures Following the
Origin of an Ectomycorrhizal Symbiosis in the Genus Amanita’, Molecular
Biology and Evolution, 35(11), pp. 2786-2804. Available at:
https://doi.org/10.1093/molbev/msy179.

Hibbett, D.S., Gilbert, L.-B. and Donoghue, M.J. (2000) ‘Evolutionary instability of
ectomycorrhizal symbioses in basidiomycetes’, Nature, 407(6803), pp. 506—
508. Available at: https://doi.org/10.1038/35035065.

van der Hoorn, R.A.L. (2008) ‘Plant proteases: from phenotypes to molecular mech-
anisms.’, Annual review of plant biology, 59, pp. 191-223. Available at:
https://doi.org/10.1146/annurev.arplant.59.032607.092835.

Johnson, M.W. et al. (2019) ‘Classic psychedelics: An integrative review of epidemi-
ology, therapeutics, mystical experience, and brain network function.’, Phar-
macology & therapeutics, 197, pp. 83—102. Available at:
https://doi.org/10.1016/j.pharmthera.2018.11.010.

Johnson, M.W. and Griffiths, R.R. (2017) ‘Potential therapeutic effects of psilocybin’,
Neurotherapeutics, 14, pp. 734-740.

Jong, S.-C. and Birmingham, J.M. (2001) ‘Cultivation and Preservation of Fungi in
Culture’, in D.J. McLaughlin, E.G. McLaughlin, and P.A. Lemke (eds) Sys-
tematics and Evolution. Berlin, Heidelberg: Springer Berlin Heidelberg, pp.
193-202. Available at: https://doi.org/10.1007/978-3-662-10189-6 7.

Kameoka, H. and Gutjahr, C. (2022) ‘Functions of Lipids in Development and Repro-
duction of Arbuscular Mycorrhizal Fungi.’, Plant & cell physiology, 63(10),
pp- 1356-1365. Available at: https://doi.org/10.1093/pcp/pcacl13.

51



Kameshwar, A.K.S., Ramos, L.P. and Qin, W. (2019) ‘CAZymes-based ranking of
fungi (CBRF): an interactive web database for identifying fungi with extrinsic
plant biomass degrading abilities’, Bioresources and Bioprocessing, 6(1), p.
51. Available at: https://doi.org/10.1186/s40643-019-0286-0.

Katoh, K. and Standley, D.M. (2013) ‘MAFFT multiple sequence alignment software
version 7: improvements in performance and usability’, Molecular biology and
evolution, 30(4), pp. 772-780.

Keller, N.P. (2019) ‘Fungal secondary metabolism: regulation, function and drug dis-
covery’, Nature Reviews Microbiology, 17(3), pp. 167-180.

Khan, F.K. et al. (2024) ‘High rate of gene family evolution in proximity to the origin
of ectomycorrhizal symbiosis in Inocybaceae’, New Phytologist, 244(1), pp.
219-234.

Kohler, A. et al. (2015) ‘Convergent losses of decay mechanisms and rapid turnover
of symbiosis genes in mycorrhizal mutualists.’, Nature genetics, 47(4), pp.
410-415. Available at: https://doi.org/10.1038/ng.3223.

Krause, C. et al. (2013) ‘Plant secretome - from cellular process to biological activ-
ity.”, Biochimica et biophysica acta, 1834(11), pp. 2429-2441. Available at:
https://doi.org/10.1016/j.bbapap.2013.03.024.

Kumar, A. et al. (2023) ‘Industrial applications of fungal lipases: a review.’, Frontiers
in microbiology, 14, p. 1142536. Available at:
https://doi.org/10.3389/fmicb.2023.1142536.

Laetsch, D.R. and Blaxter, M.L. (2017) ‘BlobTools: Interrogation of genome assem-
blies’, F1000Research, 6(1287), p. 1287.

Lebreton, A. ef al. (2021) ‘Evolution of the Mode of Nutrition in Symbiotic and Sap-
rotrophic Fungi in Forest Ecosystems’, Annual Review of Ecology, Evolution,
and Systematics, 52(1), pp. 385—404. Available at: https://doi.org/10.1146/an-
nurev-ecolsys-012021-114902.

Lo Presti, L. ef al. (2015) ‘Fungal effectors and plant susceptibility’, Annual review
of plant biology, 66(1), pp. 513-545.

Lofgren, L.A. et al. (2021) ‘Comparative genomics reveals dynamic genome evolu-
tion in host specialist ectomycorrhizal fungi’, New Phytologist, 230(2), pp.
774-792. Available at: https://doi.org/10.1111/nph.17160.

Lombard, V. et al. (2014) ‘The carbohydrate-active enzymes database (CAZy) in
2013.’, Nucleic acids research, 42(Database issue), pp. D490-495. Available
at: https://doi.org/10.1093/nar/gkt1178.

Looney, B. et al. (2022) ‘Evolutionary transition to the ectomycorrhizal habit in the ge-
nomes of a hyperdiverse lineage of mushroom-forming fungi.’, The New phytol-
ogist, 233(5), pp. 2294-2309. Available at: https://doi.org/10.1111/nph.17892.

Lunde, L.F. et al. (2023) ‘Quantification of invertebrates on fungal fruit bodies by the
use of time-lapse cameras’, Ecological entomology, 48(5), pp. 544-556.

Mapleson, D. ef al. (2017) ‘KAT: a K-mer analysis toolkit to quality control NGS
datasets and genome assemblies.’, Bioinformatics (Oxford, England), 33(4),
pp. 574-576. Available at: https://doi.org/10.1093/bioinformatics/btw663.

Martin, F. et al. (2008) ‘The genome of Laccaria bicolor provides insights into my-
corrhizal symbiosis.’, Nature, 452(7183), pp. 88-92. Available at:
https://doi.org/10.1038/nature06556.

Martin, F. ef al. (2010) ‘Périgord black truffle genome uncovers evolutionary origins
and mechanisms of symbiosis.’, Nature, 464(7291), pp. 1033—1038. Available
at: https://doi.org/10.1038/nature08867.

Matheny, P.B. et al. (2006) ‘Major clades of Agaricales: a multilocus phylogenetic
overview’, Mycologia, 98(6), pp. 982—995. Available at:
https://doi.org/10.1080/15572536.2006.11832627.

52



Matheny, P.B. and Kudzma, L.V. (2019) ‘New species of Inocybe (Inocybaceae) from
eastern North Americal’, The Journal of the Torrey Botanical Society, 146(3),
pp. 213-235.

Maurice, S. et al. (2021) ‘Fungal sporocarps house diverse and host-specific commu-
nities of fungicolous fungi’, The ISME Journal, 15(5), pp. 1445-1457.
McCotter, S.W., Horianopoulos, L.C. and Kronstad, J.W. (2016) ‘Regulation of the
fungal secretome.’, Current genetics, 62(3), pp. 533-545. Available at:

https://doi.org/10.1007/s00294-016-0578-2.

Medema, M.H. et al. (2015) ‘Minimum information about a biosynthetic gene clus-
ter’, Nature chemical biology, 11(9), pp. 625-631.

Meyer, M. and Slot, J. (2023) ‘The evolution and ecology of psilocybin in nature.’,
Fungal genetics and biology: FG & B, 167, p. 103812. Available at:
https://doi.org/10.1016/j.fgb.2023.103812.

Mirarab, S. and Warnow, T. (2015) ‘ASTRAL-II: coalescent-based species tree esti-
mation with many hundreds of taxa and thousands of genes’, Bioinformatics,
31(12), pp. 144-i52.

Miyauchi, S. et al. (2020) ‘Large-scale genome sequencing of mycorrhizal fungi pro-
vides insights into the early evolution of symbiotic traits.”, Nature communi-
cations, 11(1), p. 5125. Available at: https://doi.org/10.1038/s41467-020-
18795-w.

Murat, C. et al. (2018) ‘Pezizomycetes genomes reveal the molecular basis of ecto-
mycorrhizal truffle lifestyle’, Nature Ecology & Evolution, 2(12), pp. 1956—
1965. Available at: https://doi.org/10.1038/s41559-018-0710-4.

Murigneux, V. ef al. (2020) ‘Comparison of long-read methods for sequencing and
assembly of a plant genome’, GigaScience, 9(12), p. giaal46.

Muszewska, A. et al. (2017) ‘Fungal lifestyle reflected in serine protease repertoire’,
Scientific Reports, 7(1), p. 9147. Available at: https://doi.org/10.1038/s41598-
017-09644-w.

Nguyen, L.-T. et al. (2015) ‘IQ-TREE: a fast and effective stochastic algorithm for
estimating maximum-likelihood phylogenies’, Molecular biology and evolu-
tion, 32(1), pp. 268-274.

O’Brien, S.J. et al. (1999) ‘The promise of comparative genomics in mammals’, Sci-
ence, 286(5439), pp. 458-481.

O’meara, B.C. ef al. (2006) ‘Testing for different rates of continuous trait evolution
using likelihood’, Evolution, 60(5), pp. 922-933.

Osbourn, A. (2010) ‘Secondary metabolic gene clusters: evolutionary toolkits for
chemical innovation’, Trends in genetics, 26(10), pp. 449—457.

Osono, T. (2006) ‘Role of phyllosphere fungi of forest trees in the development of
decomposer fungal communities and decomposition processes of leaf litter.’,
Canadian journal of microbiology, 52(8), pp. 701-716. Available at:
https://doi.org/10.1139/w06-023.

Palmer, J.M. and Stajich, J.E. (2023) ‘Funannotate’. Available at:
https://github.com/nextgenusfs/funannotate.

Pellegrin, C. et al. (2015) ‘Comparative Analysis of Secretomes from Ectomycorrhi-
zal Fungi with an Emphasis on Small-Secreted Proteins’, Frontiers in Micro-
biology, 6. Available at: https://doi.org/10.3389/fmicb.2015.01278.

Pellegrin, C. et al. (2019) ‘Laccaria bicolor MiSSPS8 is a small-secreted protein deci-
sive for the establishment of the ectomycorrhizal symbiosis’, Environmental
Microbiology, 21(10), pp. 3765-3779. Available at:
https://doi.org/10.1111/1462-2920.14727.

53



Peter, M. et al. (2016) ‘Ectomycorrhizal ecology is imprinted in the genome of the
dominant symbiotic fungus Cenococcum geophilum.’, Nature communica-
tions, 7, p. 12662. Available at: https://doi.org/10.1038/ncomms12662.

Pirozynski, K.A. and Malloch, D.W. (1975) ‘The origin of land plants: A matter of
mycotrophism’, Biosystems, 6(3), pp. 153—164. Available at:
https://doi.org/10.1016/0303-2647(75)90023-4.

Plett, J.M. and Martin, F. (2015) ‘Reconsidering mutualistic plant—fungal interactions
through the lens of effector biology’, Current Opinion in Plant Biology, 26,
pp- 45-50.

Plett, .M. et al. (2023) ‘Speciation underpinned by unexpected molecular diversity
in the mycorrhizal fungal genus Pisolithus’, Molecular Biology and Evolution,
40(3), p. msad045.

Plissonneau, C. ef al. (2017) ‘Using population and comparative genomics to under-
stand the genetic basis of effector-driven fungal pathogen evolution’, Frontiers
in plant science, 8, p. 119.

Prjibelski, A. et al. (2020) ‘Using SPAdes de novo assembler’, Current protocols in
bioinformatics, 70(1), p. €102.

Rahimlou, S., Quandt, C.A. and James, T.Y. (2024) ‘Metabolic Constraints and De-
pendencies Between “Uncultivable” Fungi and Their Hosts’, in Y.-P. Hsueh
and M. Blackwell (eds) Fungal Associations. Cham: Springer International
Publishing, pp. 33—57. Available at: https://doi.org/10.1007/978-3-031-41648-
4 2.

Rawlings, N.D. et al. (2014) “MEROPS: the database of proteolytic enzymes, their
substrates and inhibitors’, Nucleic acids research, 42(D1), pp. D503-D509.

Reyes-Dominguez, Y. ef al. (2010) ‘Heterochromatic marks are associated with the
repression of secondary metabolism clusters in Aspergillus nidulans’, Molec-
ular microbiology, 76(6), pp. 1376—-1386.

Reynolds, H.T. ef al. (2018) ‘Horizontal gene cluster transfer increased hallucino-
genic mushroom diversity’, Evolution letters, 2(2), pp. 88—101.

Rinaldi, A.C., Comandini, O. and Kuyper, T.W. (2008) ‘Ectomycorrhizal fungal di-
versity: seperating the wheat from the chaff’, Fungal Diversity, 33, pp. 1-45.

Robin, J.D. et al. (2016) ‘Comparison of DNA quantification methods for next gen-
eration sequencing’, Scientific reports, 6(1), p. 24067.

Rovenich, H., Boshoven, J.C. and Thomma, B.P. (2014) ‘Filamentous pathogen ef-
fector functions: of pathogens, hosts and microbiomes’, Current opinion in
plant biology, 20, pp. 96—103.

Ryberg, M. and Matheny, P.B. (2012) ‘Asynchronous origins of ectomycorrhizal clades
of Agaricales’, Proceedings of the Royal Society B: Biological Sciences,
279(1735), pp. 2003—2011. Available at: https://doi.org/10.1098/rspb.2011.2428.

Ryberg, M., Kalsoom, F. and Sanchez-Garcia, M. (2022) ‘On the evolution of ecto-
mycorrhizal fungi’, Mycosphere, 13(2).

Salah, R.B. et al. (2006) ‘Biochemical and molecular characterization of a lipase pro-
duced by Rhizopus oryzae.’, FEMS microbiology letters, 260(2), pp. 241-248.
Available at: https://doi.org/10.1111/j.1574-6968.2006.00323 .x.

Sanchez-Garcia, M. and Matheny, P.B. (2017) ‘Is the switch to an ectomycorrhizal
state an evolutionary key innovation in mushroom-forming fungi? A case
study in the Tricholomatineae (Agaricales)’, Evolution, 71(1), pp. 51-65.
Available at: https://doi.org/10.1111/evo.13099.

Sanchez-Garcia, M. et al. (2020) ‘Fruiting body form, not nutritional mode, is the
major driver of diversification in mushroom-forming fungi’, Proceedings of
the National Academy of Sciences, 117(51), pp. 32528-32534.

54



Schigel, D.S. (2011) ‘Polypore—beetle associations in Finland’, in Annales Zoologici
Fennici. BioOne, pp. 319-348.

Schloss, P.D. and Handelsman, J. (2005) ‘Metagenomics for studying unculturable
microorganisms: cutting the Gordian knot’, Genome biology, 6, pp. 1-4.

Selin, C. et al. (2016) ‘Elucidating the role of effectors in plant-fungal interactions:
progress and challenges’, Frontiers in microbiology, 7, p. 600.

Sista Kameshwar, A.K. and Qin, W. (2018) ‘Comparative study of genome-wide plant
biomass-degrading CAZymes in white rot, brown rot and soft rot fungi.’, My-
cology, 9(2), pp. 93—105. Available at:
https://doi.org/10.1080/21501203.2017.1419296.

Smith, S.E. and Read, D. (2008) Mycorrhizal Symbiosis. 3rd edn. London: Academic
Press.

Steidinger, B.S. et al. (2019) ‘Climatic controls of decomposition drive the global
biogeography of forest-tree symbioses’, Nature, 569(7756), pp. 404—408.
Available at: https://doi.org/10.1038/s41586-019-1128-0.

Stijve, T., Klan, J. and Kuyper, T. (1985) ‘Occurrence of psilocybin and baeocystin
in the genus Inocybe (Fr.) Fr’, Persoonia-Molecular Phylogeny and Evolution
of Fungi, 12(4), pp. 469—473.

Tedersoo, L., May, T.W. and Smith, M.E. (2010) ‘Ectomycorrhizal lifestyle in fungi:
global diversity, distribution, and evolution of phylogenetic lineages’, Mycor-
rhiza, 20(4), pp. 217-263. Available at: https://doi.org/10.1007/s00572-009-
0274-x.

Tedersoo, L. and Smith, M.E. (2013) ‘Lineages of ectomycorrhizal fungi revisited:
Foraging strategies and novel lineages revealed by sequences from below-
ground’, Fungal Biology Reviews, 27(3-4), pp. 83-99. Available at:
https://doi.org/10.1016/j.fbr.2013.09.001.

Tedersoo, L. and Smith, M.E. (2017) ‘Ectomycorrhizal Fungal Lineages: Detection
of Four New Groups and Notes on Consistent Recognition of Ectomycorrhizal
Taxa in High-Throughput Sequencing Studies’, in L. Tedersoo (ed.) Biogeog-
raphy of Mycorrhizal Symbiosis. Cham: Springer International Publishing, pp.
125-142. Available at: https://doi.org/10.1007/978-3-319-56363-3 6.

Tedersoo, L., Bahram, M. and Zobel, M. (2020) ‘How mycorrhizal associations drive
plant population and community biology.’, Science (New York, N.Y.), 367(6480),
p. eabal223. Available at: https://doi.org/10.1126/science.abal223.

Tjalsma, H. et al. (2000) ‘Signal peptide-dependent protein transport in Bacillus sub-
tilis: a genome-based survey of the secretome.’, Microbiology and molecular
biology reviews: MMBR, 64(3), pp. 515-547. Available at:
https://doi.org/10.1128/MMBR.64.3.515-547.2000.

Vaishnav, P. and Demain, A.L. (2011) ‘Unexpected applications of secondary metab-
olites’, Biotechnology Advances, 29(2), pp. 223-229.

Veneault-Fourrey, C. and Martin, F. (2011) ‘Mutualistic interactions on a knife-edge
between saprotrophy and pathogenesis’, Current Opinion in Plant Biology,
14(4), pp. 444-450.

Weber, J.L. and Myers, E.-W. (1997) ‘Human whole-genome shotgun sequencing’,
Genome research, 7(5), pp. 401-409.

White, T.J. et al. (1990) ‘Amplification and direct sequencing of fungal ribosomal
RNA genes for phylogenetics’, PCR protocols: a guide to methods and appli-
cations, 18(1), pp. 315-322.

Wijayawardene, N.N. et al. (2021) ‘Current insight into culture-dependent and cul-
ture-independent methods in discovering Ascomycetous Taxa’, Journal of
Fungi, 7(9), p. 703.

55



Wu, G. et al. (2022) ‘Evolutionary innovations through gain and loss of genes in the
ectomycorrhizal Boletales’, New Phytologist, 233(3), pp. 1383-1400. Availa-
ble at: https://doi.org/10.1111/nph.17858.

Waurst, M., Kysilka, R. and Flieger, M. (2002) ‘Psychoactive tryptamines from basid-
iomycetes.’, Folia microbiologica, 47(1), pp. 3-27. Available at:
https://doi.org/10.1007/BF02818560.

Xia, Y. (2004) ‘Proteases in pathogenesis and plant defence.’, Cellular microbiology,
6(10), pp. 905-913. Available at:
https://doi.org/10.1111/j.1462-5822.2004.00438 x.

Yadav, S. et al. (2009) ‘Pectin lyase: A review’, Process Biochemistry, 44(1), pp. 1—
10. Available at: https://doi.org/10.1016/j.procbio.2008.09.012.

Yamamoto, K. ef al. (2017) ‘First detection of Endogone ectomycorrhizas in natural
oak forests’, Mycorrhiza, 27(3), pp. 295-301. Available at:
https://doi.org/10.1007/s00572-016-0740-1.

Yin, Y. et al. (2012) ‘dbCAN: a web resource for automated carbohydrate-active en-
zyme annotation’, Nucleic acids research, 40(W1), pp. W445-W451.

Zanghellini, J. et al. (2008) ‘Quantitative modeling of triacylglycerol homeostasis in
yeast--metabolic requirement for lipolysis to promote membrane lipid synthe-
sis and cellular growth.’, The FEBS journal, 275(22), pp. 5552-5563. Availa-
ble at: https://doi.org/10.1111/j.1742-4658.2008.06681 .x.

Zerillo, M.M. et al. (2013) ‘Carbohydrate-active enzymes in pythium and their role in
plant cell wall and storage polysaccharide degradation.’, PloS one, 8(9), p.
€72572. Available at: https://doi.org/10.1371/journal.pone.0072572.

Zhang, W. et al. (2021) ‘Isolation and Characterization of a Novel Laccase for Lignin
Degradation, LacZ1.’, Applied and environmental microbiology, 87(23), p.
e0135521. Available at: https://doi.org/10.1128/AEM.01355-21.

56






Acta Universitatis Upsaliensis

Digital Comprehensive Summaries of Uppsala Dissertations from
the Faculty of Science and Technology 2534

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through

the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-552928

ACTA UNIVERSITATIS
UPSALIENSIS
2025



	Abstract
	List of Papers
	Additional Papers
	Contents
	Abbreviations
	Disclosure statement on the use of Artificial Intelligence tools
	Introduction
	Trophic modes in Fungi
	Saprotrophy
	Mycorrhiza

	Fungal Secretome
	CAZymes
	Peptidases
	Lipases
	Small Secreted Proteins
	Secondary metabolites

	Genomics of ECM fungi
	Obtaining and sequencing DNA from the ECM fungal symbionts
	Whole genome sequencing
	Filtration of contaminant reads from sequencing data
	Comparative Genomics/Phylogenomics

	Model-based hypothesis testing

	AIMS
	Summary of the papers
	Paper I
	Paper II
	Paper III
	Paper IV
	Concluding remarks
	Future perspectives

	Svensk sammanfattning
	خلاصہ برائے پاپولر سائنس
	Acknowledgements
	References



