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Abstract

The Ascomycota form the largest phylum in the fungal kingdom and show a wide diversity of life-
styles, some involving beneficial or harmful associations with plants. Distinguishing between fungal
endophytes — species which live asymptomatically in plant tissues — and plant pathogens is of major
significance to economic and ecological issues relating to plant health. Evolutionary genomics meth-
ods can provide insight into the genetic determinants of these lifestyles, and collections can act as

an invaluable source of material to enable such analyses.

As endophytes are comparatively poorly studied, comparing plant associated lifestyles in the Asco-
mycota first requires novel endophyte discovery. In this thesis, I have demonstrated the unexplored
promise of Kew’s Millennium Seed Bank for isolating viable fungal endophytes and, in the process,
highlighted the potential issues of overlooking the seed microbiome in the seed banking practice. I
then performed whole genome sequencing, assembly and annotation of novel endophytic Fusarium
strains for a case-study exploring lifestyle evolution in the genus. The distribution of lifestyles across
the phylogeny; similarity of gene repertoires; and patterns of codon optimisation suggested that
Fusarium taxa have a shared capacity for pathogenicity/endophytism. Exploring to what extent
these results are common to different lineages of the Ascomycota requires the generation of new
genomic resources for endophytes at large. Consequently, I sequenced, assembled and annotated
genomes for a further 15 endophyte strains from CABI’s collections, which spanned 8 families and 5
orders and additionally represent the first assembly for the genus and/or species for 7 of the strains.
Together, this thesis demonstrates the value of existing plant and fungal collections for producing

material and data to explore the pathogenic-mutualistic spectrum in plant associated ascomycetes.
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Chapter 1

Introduction

Publication details

Parts of this chapter have been published in the following papers:

Hill, R., Leitch, I. J., Gaya, E. (2021). Targeting Ascomycota genomes: what and how
big? Fungal Biology Reviews 36:52-59. por: 10.1016/j.fbr.2021.03.003.

R.H. implemented the analysis and R.H., I.J.L. and E.G. designed and wrote the paper.

Hill, R., Llewellyn, T., Downes, E., Oddy, J., MacIntosh, C., Kallow, S., Panis, B.,
Dickie, J.B. and Gaya, E. (2021). Seed Banks as Incidental Fungi Banks: Fungal En-
dophyte Diversity in Stored Seeds of Banana Wild Relatives. Frontiers in Microbiology
12:643731. por: 10.3389/fmich.2021.643731.

R.H. and E.G. designed the study, implemented the analysis and wrote the paper. The paper used
molecular data collected by R.H., T.L., E.D., J.O. and C.M. prior to the start of this PhD. S.K.
and J.D. provided the samples and contributed to the writing of the paper, and S.K. performed the

tetrazolium chloride testing. B.P. performed the embryo rescue testing.

Hill, R., Buggs, R.J.A., Vu, D.T., Gaya, E. (2022). Lifestyle transitions in fusarioid
fungi are frequent and lack clear genomic signatures. Molecular Biology and Evolution
39(4):msac085. pDoOI: 10.1093/molbev/msac085.

R.H. designed the study, performed molecular lab work, implemented the analysis and wrote the
paper. E.G. and R.J.A.B. supervised the study, designed the analysis and wrote the paper. D.T.V.

provided the samples and read and approved the final manuscript.

1.1 The endophytic lifestyle

Fungi are known to have a wide range of associations with plants, from infamous plant pathogens
to mutualistic symbionts. The latter are even thought to have played an essential role in plants
successfully colonising the land more than 500 million years ago (Pirozynski and Malloch, 1975;
Heckman et al., 2001; Taylor and Krings, 2005; Chang et al., 2015; Field and Pressel, 2018; Morris,
Puttick et al., 2018; Strullu-Derrien et al., 2018). Fungal endophytes (hereafter, endophytes) are

12
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fungi which live asymptomatically inside plant tissues, and they appear to be present in all land
plants (Petrini, 1991; Stone, Bacon and White, 2000; Rodriguez, White Jr et al., 2009; Hardoim et
al., 2015; Rashmi, Kushveer and Sarma, 2019; Harrison and Griffin, 2020). Endophytes are known
to belong predominantly to the Ascomycota, the largest phylum of the Fungi containing ~105,000 of
the ~155,000 described species (68%) in Species Fungorum as of December 2022 (P. Kirk, personal
communication; http://www.speciesfungorum.org/). Besides endophytes and phytopathogens,
the phylum also comprises other economically and environmentally important lifestyles such as an-
imal mutualists and pathogens, saprotrophs and lichenised fungi, which makes the Ascomycota an

ideal framework for exploring fungal lifestyle evolution.

Certain endophytes are known to provide benefits to the plant host, such as stress tolerance, growth
promotion and disease resistance (Redman, Sheehan et al., 2002; Rodriguez, Redman and Henson,
2004; Waller et al., 2005; Bilal et al., 2018). Numerous endophytic species are additionally insect
pathogens and thus deter plant pests (Vidal and Jaber, 2015; Vega, 2018), with some species even
shown to transfer nitrogen from the insect they have infected and killed directly to plant hosts
(Behie and Bidochka, 2014), encouraging the hope that they can be used in agriculture as potential
pest and pathogen biocontrol agents. The value of this would be that they could ideally replace
or reduce ecologically harmful chemical controls and aid sustainable intensification of agriculture
without increased use of chemical fertilisers (Waller et al., 2005; Card et al., 2016; Le Cocq et al.,
2016; Kandel et al., 2017; Bamisile et al., 2018; Vega, 2018; De Silva et al., 2019). Indeed, multiple
endophytic Trichoderma species and Beauveria bassiana are already used commercially as biocontrol
agents in a range of crops (Woo et al., 2014; Mascarin and Jaronski, 2016; Mawar, Manjunatha
and Kumar, 2021). Additionally, endophytes can produce a suite of secondary metabolites as part
of the plant—fungal interaction, providing a valuable opportunity for discovery of useful bioactive
compounds such as antivirals and antibiotics (Schulz, Boyle et al., 2002; Gupta et al., 2020), amongst
other diverse applications (Prescott et al., 2018).

The role of endophytes in plant health is more complicated than it first seems, however. The
ultimate outcome of endophyte colonisation can be highly dependent on the context of the plant—
fungal interaction, such as the status of the plant immune system and nutrient conditions (Junker,
Draeger and Schulz, 2012; Lahrmann et al., 2015; Hacquard et al., 2016; Hiruma et al., 2016), as well
as the presence of other endophytes within the microbiome (Redman, Dunigan and Rodriguez, 2001;
Durén et al., 2018; Mesny, Miyauchi et al., 2021; Wolinska et al., 2021) and even light conditions
(Alvarez-Loayza et al., 2011; Garnica et al., 2022). The transient status of endophytism for many
taxa is evident from observations of endophytes becoming saprotrophs or pathogens following some
change in host or abiotic conditions (Slippers and Wingfield, 2007; Arnold, Miadlikowska et al., 2009;
Promputtha et al., 2010; Delaye, Garcia-Guzmén and Heil, 2013; Swett and Gordon, 2015; Nelson
et al., 2020). In some cases, however, an evolutionary transition from pathogenicity to endophytism
may represent a permanent switch to obligate commensalism or mutualism (Gazis et al., 2016), and it
has also been hypothesised that endophytism may be an ancestral ‘waiting room’ for the evolution of
mycorrhizal symbiosis (Selosse, Schneider-Maunoury and Martos, 2018; Selosse, Petrolli et al., 2022).
Mycorrhizal fungi form mutualistic associations with plant roots, where the fungal partner makes
mineral nutrients available in exchange for carbon from the host plant (van der Heijden et al., 2015;
Genre et al., 2020). Mycorrhizas that are located inside host root tissues (i.e., arbuscular, orchid and
ericoid mycorrhizas) are sometimes conflated with root endophytes, however I am not including them

in the definition of endophytism here as they produce specialised mycorrhizal structures for resource
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exchange — e.g., arbuscules, hyphal coils and pelotons — and can influence root tissue development
(van der Heijden et al., 2015; Genre et al., 2020; Selosse, Petrolli et al., 2022).

The concept that the term endophyte represents a range of functional roles within the plant host
has been referred to as the ‘endophytic continuum’ (Saikkonen, Faeth et al., 1998; Schulz and Boyle,
2005). Of the 399 species classified as endophytes in the FUNGuild database (Nguyen et al., 2016)
as of October 2022: 153 (38%) were also classified as plant pathogens; 27 as saprotrophs (7%);
and 22 (6%) as other various guilds. Indeed, in phylogenetic analysis, endophytes are commonly
found to be closely related to pathogens and saprotrophs, as well as endolichenic fungi, their lichen
associated counterpart (Arnold, Miadlikowska et al., 2009; U'Ren, Dalling et al., 2009; U’Ren,
Lutzoni, Miadlikowska and Arnold, 2010). A switch from commensal to pathogenic has been observed
in some endophytes due to unfavourable environmental conditions (Slippers and Wingfield, 2007;
Ribeiro et al., 2020), and there is evidence that endophytes found only in living tissues do not
significantly differ in cellulolytic activity (i.e., decomposing capacity) from those found only in dead
leaves (U'Ren and Arnold, 2016).

Endophytes that are apparently obligately non-pathogenic are sometimes referred to as ‘true’ en-
dophytes (Mishra, Bhattacharjee and Sharma, 2021; Collinge, Jensen and Jgrgensen, 2022), the
most famous example in the Ascomycota being mutualistic grass endophytes belonging to the genus
Epichloé (Tadych, Bergen and White Jr., 2014; Saikkonen, Young et al., 2016). While Epichloé
species are capable of exhibiting antagonistic behaviour to their grass host at times (Schardl, 1996),
Ewald (1987) asserts that it is the net effect on the host’s fitness over its entire lifetime that is
important in defining whether an interaction is a mutualism. Endophytes may reduce plant fitness
in one regard, but improve it in another to such a degree that the interaction is net positive for the
plant (Rudgers et al., 2012). Newman, Gillis and Hager (2022) argue that, in addition to looking
at the interaction across the lifetime of the host, the key to categorising certain Epichloé species
as mutualists rather than parasites is the fact that they are vertically transmitted from host par-
ent to offspring, meaning that there is selective pressure on the endophyte to reinforce successful

reproduction of the plant host.

That is not to say that endophytes which are always or sometimes transmitted horizontally cannot
be mutualists, only that it is not required for their persistence (Rodriguez, White Jr et al., 2009;
Newman, Gillis and Hager, 2022). Arbuscular mycorrhizal fungi are horizontally transmitted and
not host-specific, yet are considered to represent a stable mutualism where cooperation is thought
to be maintained exactly because both plant and fungal partners can discriminate based on the
relative costs and benefits of the interaction (Kiers, Duhamel et al., 2011; Noé and Kiers, 2018; van
der Heijden et al., 2015; Pdlme et al., 2018; Bennett and Groten, 2022; Semchenko et al., 2022). It
is generally assumed that the majority of endophytes are horizontally transmitted from other plant
individuals and/or the environment based on the frequent occurrence of many endophytic species in
other niches. There are few examples of experimental verification as to whether certain endophytes
are vertically transmitted, horizontally transmitted, or both (e.g., Tintjer, Leuchtmann and Clay,
2008; Wiewiora, Zurek and Paiika, 2015) and vertical transmission may be more widespread than
currently documented (Harrison and Griffin, 2020). Habitual testing of endophyte transmission
routes would be extremely informative for investigating individual plant—endophyte interactions,
however the laborious nature of doing so combined with the magnitude of estimated endophyte

diversity would make it challenging to achieve on a broad scale.

Improving our understanding of the endophytic lifestyle is a pressing issue in the context of global
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change. We know that fungi are impacted by human-induced global change factors such as reduced
host availability, nitrogen deposition, elevated atmospheric COs, altered precipitation and climate
warming (Boddy, 2016; Bidartondo et al., 2018; Nic Lughadha et al., 2020). Plant pathogenic fungi
already represent a major threat to our ecosystems and crops (Dean et al., 2012; Fisher, Gurr et al.,
2020) which will only be exacerbated by global change — Delgado-Baquerizo et al. (2020) predict
that relative abundance of soilborne fungal phytopathogens will increase globally with warming.
Experiments and meta-analysis show that global change factors shift fungal soil communities to be
dominated by generalist species (Rillig et al., 2019; Zhou, Wang and Luo, 2020), potentially at the
cost of specialised mutualist species. A review of 179 empirical studies by Kiers, Palmer et al. (2010)
found that most mutualisms are degraded by global change factors, which could result in a loss of
the interaction, extinction of the species or even a shift from mutualistic to pathogenic. Baldrian
et al. (2022) call this hypothetical shift among fungi “likely the largest potential threat for the future
functioning of natural and managed ecosystems”. Aside from environmental factors, globalisation
has removed geographical barriers to enable the spread of known pathogens, but also the emergence
of novel pathogens (Fisher, Henk et al., 2012; Sikes et al., 2018; Fones et al., 2020). As we know
that harmless endophytes of one plant species can be harmful pathogens of another, it is likely that
biosecurity measures underestimate the risk of moving even asymptomatic plant materials (Crous,
Groenewald et al., 2016; Burgess et al., 2016; Cleary et al., 2019). In the light of global change,

endophytes represent a rich pool of fungi from which new pathogens may emerge.

1.2 Genetic features of plant—fungal interactions

Most of our understanding of plant-fungal interactions to date has been through the lens of plant
pathology, as the mechanisms by which fungal pathogens infect plants to cause disease have been
extensively studied (e.g., Flor, 1971; Mendgen, Hahn and Deising, 1996; Dangl and Jones, 2001; van
der Does and Rep, 2017). One key aspect of pathogenesis is expression of small secreted proteins
referred to as effectors, which help the fungus to subvert host detection and the plant immune re-
sponse (Stergiopoulos and de Wit, 2009; de Jonge, Bolton and Thomma, 2011; Torufio, Stergiopoulos
and Coaker, 2016; Franceschetti et al., 2017; Shen, Liu and Naqvi, 2018; Singh, Nair and Verma,
2021). While effectors were initially only discussed in the context of establishing disease, consider-
ing many non-pathogenic fungi also have the ability to colonise plant tissues without triggering the
plant immune response, it is perhaps unsurprising that the expression of effectors is not unique to
pathogens, but is in fact an essential component of broader plant-fungal interactions (Rafigi et al.,
2012; Stergiopoulos, Kourmpetis et al., 2012; Lo Presti et al., 2015; Plett and Martin, 2015; Shen,
Liu and Naqvi, 2018). Even in pathogens, expression of effectors is highest in biotrophic infection
stages when pathogens are keeping host cells alive, rather than the actively damaging necrotrophic
stage (van der Does and Rep, 2017).

Our knowledge of effectors beyond plant pathogens is best in mycorrhizal fungi, as multiple effectors
have been identified in ecto-, arbuscular and ericoid mycorrhizal taxa which alter plant host beha-
viour to promote the symbiosis (Kloppholz, Kuhn and Requena, 2011; Plett, Kemppainen et al.,
2011; Casarrubia et al., 2018; Zeng et al., 2019; Plett, Plett et al., 2020). Although endophytes
generally appear to have a comparable number of effectors as other plant associated lifestyles (e.g.,
Mesny, Miyauchi et al., 2021), less is known about whether there are effectors which are special-
ised to the endophytic lifestyle. Eaton et al. (2015) identified fourteen putative effector genes in

the grass endophyte Epichloé festucae which were differentially expressed in a wild-type mutualistic
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strain versus three plant-antagonistic mutant strains, suggesting that they may indeed be involved in
maintaining a mutualistic endophytic interaction with the plant host. Redkar et al. (2022) demon-
strated that deletion of ‘early root colonisation’ effectors in an endophytic Fusarium strain resulted
in impaired colonisation, however the same effectors were also shown to be essential to virulence in a
pathogenic Fusarium strain. As these effectors also have homologues in many other fungi outside of
the genus Fusarium, it suggests that they are part of a ‘core’ effector machinery common to multiple

plant associated lifestyles, rather than being specialised to an endophytic lifestyle.

The concept of core effectors might be seen as somewhat paradoxical, as little to no sequence simil-
arity between species is often treated as a defining feature of phytopathogen effectors, due to rapid
diversification in the evolutionary ‘arms-race’ with the plant host (Franceschetti et al., 2017). For
instance, obligate biotrophic, host-specific rust fungi have a high proportion of species-specific effect-
ors (Beckerson et al., 2019). In addition to the aforementioned study by Redkar et al. (2022) there
are also multiple examples, however, of effectors which are conserved across families, or even the
entire kingdom (de Jonge, Esse et al., 2010; Stergiopoulos, Kourmpetis et al., 2012; Hemetsberger
et al., 2015; Irieda et al., 2019). This suggests that effectors can broadly be grouped into those that
are common to all or many taxa and deliver functions that are fundamental to the plant-fungal
interaction, while others occur in a single species or lineage and are highly specialised for their niche.
Much like in phytopathogens, many effectors found in different lineages of mycorrhizal fungi are
species-specific, although Plett and Martin (2015) hypothesise that these may have evolved conver-
gently to play similar functional roles, rather than being indicators of extreme specialisation, which
corresponds with the fact that many mycorrhizal fungi are not host-specific (van der Heijden et al.,
2015; Polme et al., 2018; Semchenko et al., 2022). Comparing the effector repertoires of endophytes
to other plant associates may shed light on where individual taxa fall on the endophytic continuum,

and reveal whether there is a distinct effector toolkit that enables the endophytic lifestyle.

Another frequently studied component of the plant—fungal interaction are carbohydrate-active en-
zymes (CAZymes), enzymes which build, modify or break down carbohydrates and carbohydrate-
linked molecules known as glycoconjugates (Cantarel, Coutinho et al., 2009). They are classified
under six classes — glycoside hydrolases, glycosyltransferases, polysaccharide lyases, carbohydrate
esterases, auxiliary activities and carbohydrate-binding modules (Drula et al., 2022) — each with dif-
ferent catalytic machinery to target different substrates. In plant associated fungi, many CAZymes
are plant cell wall degrading enzymes (PCWDEs), acting on the major plant cell wall substrates of
cellulose, cutin, hemicellulose, lignin and pectin (Glass et al., 2013; Hage and Rosso, 2021). The
repertoire of CAZymes in a fungus will depend on their plant host(s) — as different plants will have
different cell wall makeup — and lifestyle of the fungus (Kubicek, Starr and Glass, 2014).

As CAZymes are required to break down plant matter they have often been thought of as saprotrophic
or pathogenic features (Kubicek, Starr and Glass, 2014; Lebreton et al., 2021), but they are also
abundant in endophytes (Zhao, Liu et al., 2013; Knapp et al., 2018; Mesny, Miyauchi et al., 2021),
certain lichenised fungi (Resl et al., 2022) and ericoid mycorrhizal fungi (Martino et al., 2018).
Unlike effectors, a proliferation of CAZymes is not common to all plant associated lifestyles, as one
of the hallmarks of the transition to ecto- and arbuscular mycorrhizal symbiosis is a decrease in total
numbers of CAZymes (Kohler et al., 2015; Peter et al., 2016; Miyauchi, Kiss et al., 2020). However,
specific CAZymes play key roles in remodelling the plant cell wall to enable the establishment and
maintenance of ectomycorrhizal symbiosis (Veneault-Fourrey, Commun et al., 2014; Doré et al., 2017;

Marqués-Galvez et al., 2021), highlighting that they can be implicated in mutualistic interactions as
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well as pathogenic or saprotrophic.

With the influx of whole genome data, there are many new opportunities to assess the patterns of
effector and CAZyme content in different fungal species and lifestyles. Identifying CAZymes from
genomic data is generally done on a sequence similarity basis using 30 years of curated CAZyme
sequences from the CAZy database as reference material (Drula et al., 2022). Predicting and an-
notating putative effector genes from genomic data requires more complex bioinformatics pipelines.
These typically include screening for signal peptides (extracellular secretion signals), followed by a
series of steps to filter out motifs which contradict secretion, such as the exclusion of genes encoding
transmembrane domains or GPI-anchors, which would indicate that they are lodged in or anchored
to the cell membrane (Sonah, Deshmukh and Bélanger, 2016; Dalio et al., 2018; Beckerson et al.,
2019). Machine learning methods trained on validated effector sequences have also recently been de-
veloped, which can be used in tandem with secretion prediction as mentioned above (Sperschneider
and Dodds, 2021). When genes encoding effectors are predicted computationally in these ways, they
are often referred to as candidate secreted effector proteins (CSEPs). Like all computational predic-
tions produced using bioinformatics tools, they can only provide a hypothesis that a gene encodes
an effector protein, and so CSEPs that are of particular interest for further study ultimately require
experimental validation to determine their function. The pathogen—host interactions database (PHI-
base) collates and curates genes, including effector genes from fungi, that have been experimentally
verified as being involved in pathogen—host interactions (Urban et al., 2020). While this makes
PHI-base an incredibly valuable resource, the development of a similar resource for non-pathogenic

microbe—host interactions would also be desirable to capture the full range of interactions that exist.

Exploring the genetic features of endophytes versus pathogens requires an approach that can account
for relatedness of taxa, namely an ‘evolutionary genomics’ approach. Many comparisons of genomic
content between lifestyles make inferences about convergent patterns without accounting for lineage
evolution (e.g., Lo Presti et al., 2015; Lebreton et al., 2021) even though shared ancestry alone
can often describe more of the genetic variation than lifestyle (Krijger et al., 2014; Miyauchi, Kiss
et al., 2020; Mesny, Miyauchi et al., 2021). Phylogeny is the hypothetical evolutionary history of a
group of organisms, usually represented visually as a branching tree of life. Nowadays, phylogeny
is an integral component of biological classification, which underpins our understanding of all living
things. Phylogenetics is particularly crucial for fungal classification, as morphological features alone
are insufficient to deal with the prevalent cryptic speciation and phenotypic convergence in the
kingdom (Crous and Groenewald, 2005; Shivas and Cai, 2012). Phylogenies are also essential tools
for exploring evolutionary processes and create a foundation from which functional traits can be
compared between closely or distantly related organisms. For these reasons, a robust phylogenetic
framework is a prerequisite for comparing the genetic content of endophytic and phytopathogenic
taxa. In order to build upon the latest genome-scale Ascomycota phylogenies (Choi and Kim,
2017; Shen, Steenwyk et al., 2020) and explore the gene repertoires implicated in the plant—fungal

interaction, we need genome assembly data.

1.3 A summary of the available genomic data for Ascomycota

It is only within the last 20 years that huge leaps forward in the development of sequencing tech-
nologies have enabled whole genome sequencing (WGS) on a broad scale. This first came with the

commercialisation of second generation (massively parallel, short-read) sequencing in 2005 and then,
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Figure 1.1: The downward trend in cost of sequencing alongside the number of fungal gen-
ome assemblies available in NCBI (https://www.ncbi.nlm.nih.gov/, downloaded on 28" October
2022). MycoCosm (Grigoriev et al., 2014) data is not included due to difficulty in obtaining re-
lease dates for assemblies. Sequencing costs are in US$ and were downloaded from the National
Human Genome Research Institute (https://www.genome.gov/about-genomics/fact-sheets/
DNA-Sequencing-Costs-Data) on the 28" October 2022 and visualised using ggplot2 v3.3.5 (Wick-
ham, 2016) in R v4.1.2 (R Core Team, 2020).
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only a few years later in 2011, third generation (real-time, single-molecule, long-read) sequencing
(Shendure et al., 2017; Athanasopoulou et al., 2022). These advancements were accompanied by
an extreme drop in the cost of sequencing (Figure 1.1), although it should be noted that cost still
remains a barrier to utilising WGS in many low and middle income countries (Helmy, Awad and
Mosa, 2016). Additionally, while sequencing itself may become cheaper, there are also the costs of
associated resources to consider, such as storage of massive WGS datasets and computing power for
genome assembly (Sboner et al., 2011; Muir et al., 2016).

Constructing a de novo (i.e., ‘from scratch’) genome assembly using raw WGS data involves the
application of assembly algorithms to piece together overlapping reads into continuous sequences
(Miller, Koren and Sutton, 2010; Meng et al., 2022). A huge number of assembly tools have been
developed based on these algorithms — see Appendix A.1.3 for a non-exhaustive list — which can
vary in accuracy and efficiency (Zhang, Chen et al., 2011; Abbas, Malluhi and Balakrishnan, 2014;
Utturkar et al., 2014; Khan et al., 2018). Although de novo assembly is possible using only short-
read data, the resulting assemblies can be highly fragmented (Paszkiewicz and Studholme, 2010;
Richards, 2018), particularly due to the challenge of reconstructing repetitive regions in the genome
(Miller, Koren and Sutton, 2010; Tgrresen et al., 2019). As the ultimate aim of high quality genome
assembly is to minimise fragmentation — i.e., for eukaryotes, to have each chromosome captured in
its entirety as one continuous sequence — the introduction of long-reads that can span difficult to
assemble regions has dramatically improved the ability to produce ‘finished’ or ‘complete’ assemblies
(English et al., 2012; Utturkar et al., 2014; Koren and Phillippy, 2015; Jiao and Schneeberger, 2017).

Long-reads are not a cure-all for genome assembly, however. Long-reads come with higher error

rates (Meng et al., 2022), which can impact downstream protein prediction (Watson and Warr,
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2019). Hybrid assembly approaches using both long- and short-reads can help to maximise both
contiguity and accuracy (Utturkar et al., 2014; Rice and Green, 2019), although the feasibility of
using these approaches may be limited by insufficient material and/or funds to perform two rounds of
sequencing. Current long-read sequencing methods rely on extraction of high molecular weight DNA,
which can be difficult to produce for microbes, especially those that are challenging or impossible
to isolate in culture (Tedersoo, Albertsen et al., 2021). While long-read sequencing has enabled
the production of numerous high-standard ascomycete reference genomes (e.g., Faino et al., 2015;
Baroncelli, Pensec et al., 2021; Voorhies et al., 2022), it is unlikely to fully supplant short-read
sequencing for wider WGS projects in the near future, especially those at the population level (Jiao
and Schneeberger, 2017).

The sequencing revolution has given rise to many ambitious WGS initiatives, which ultimately aim
to record the full genetic code of all life (e.g., Robinson et al., 2011; Cheng et al., 2018; Lewin et al.,
2018; The Darwin Tree of Life Project Consortium, 2022). The Kingdom Fungi is no exception
and in 2011 the 1000 Fungal Genomes Project (https://mycocosm. jgi.doe.gov/mycocosm/home/
1000-fungal-genomes) launched with plans to sequence two reference genomes for each fungal
family, contributing to genome assemblies for at least 6,500 fungal strains available in NCBI (https:
//www.ncbi.nlm.nih.gov/) and MycoCosm (Grigoriev et al., 2014) as of October 2022. While
most existing fungal assemblies belong to the Ascomycota (Figure 1.1), considerable taxonomic gaps
remain in the genomic data available for the phylum — as of January 2021, 63 of the 126 orders
(50%) and 2 of the 19 classes (10%) in the Ascomycota (sensu Wijayawardene et al., 2018) had no
representative genome assembly (Figure 1.1). This included species-rich orders such as the Meliolales
(2,379 spp.) and Asterinales (1,161 spp.), both of which are known for obligate plant associate species
(Hongsanan, Li et al., 2014; Hongsanan, Tian et al., 2015). Orders missing genomic data will vary
in e.g., phylogenetic position, ecological /functional diversity and species richness, but all represent
significant gaps in the study of ascomycete evolution inasmuch as they indicate missing genomic data

for a whole group of species, the level at which evolutionary and ecological processes occur.

Regarding lifestyles, WGS has generally been biased towards pathogenic taxa (Aylward et al., 2017),
which is unsurprising considering their relevance to human interests. However, recent WGS efforts
are rapidly improving genomic resources for other lifestyles — of all the assemblies which are assigned
to lifestyles in the MycoCosm repository, for instance, the number of non-pathogenic plant associates
and saprotrophs are catching up with phytopathogens (Figure 1.2). As of October 2022, there are 132
assemblies of ascomycete endophytes in MycoCosm, 80 of which have been published in 15 studies.
The oldest of these studies dates back to 2012, showing just how recently WGS of these fungi started
being tackled. Building on these endophyte genome resources is an essential first step to ensure

balanced taxon sampling of different lifestyles when reconstructing ascomycete lifestyle evolution.

1.4 Producing high quality fungal genome assemblies: why

size matters

Production of high quality genome assemblies is contingent on many factors such as confidence in
specimen identification, avoiding contamination and isolation of sufficient DNA. One factor which
can be comparatively easily addressed, and yet little focused on in fungi, is knowledge of genome size.
When selecting appropriate short-read WGS protocols, determining the number of reads required to

obtain sufficient coverage for a high quality genome assembly — estimated to be at least 50x for fungi
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Figure 1.2: A summary showing the taxonomy of the different classes and orders currently recog-
nised in the Ascomycota (sensu Wijayawardene et al., 2018), with number of genome assemblies in
NCBI and Mycocosm (central bar graph) and range of genome sizes per order (right hand boxplot) as
of January 2021. Black taxon labels indicate taxa with representative genome assemblies versus grey
for no genome assemblies and bold-italic labels indicate taxa with representative cytometric genome
size estimates versus plain text for no cytometric genome size estimates. The number of species for
each order according to Species Fungorum (http://www.speciesfungorum.org/) is shown to the
left of taxon labels. Boxplots of 762 genome size measurements (from 504 species) made using cyto-
metric approaches are taken from the Fungal Genome Size Database (Kullman, Tamm and Kullman,
2005) and are shown using opaque colours (the sample sizes for each order are shown in brackets).
In contrast, boxplots for 6,600 genome sizes (from 3,273 strains) based on genome assemblies are
given in translucent colours; here the number of samples per order are the same as the number
in brackets given for number of genome assemblies shown in the central bar graph. Asterisks (*)
shown above the sample size in the genome size boxplots indicate orders with significant differences
in mean genome sizes between cytometric and assembly-based estimates (* p<0.05, ** p<0.01, ***
p<0.001). The black dashed line shows the mean genome size of all Ascomycota species estimated
using cytometric methods, whereas the grey dashed line corresponds to the mean genome size from
all estimates obtained from genome assembly data. For the sake of visualisation, extreme outliers
are not shown — black arrows on the far right indicate orders with genome size data exceeding the
x-axis — but can be seen in Appendix A.1.2. For full methodology also see Appendix A.1.1
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Figure 1.3: A summary of the number of genome assemblies for different fungal lifestyles available
in MycoCosm (https://mycocosm. jgi.doe.gov/mycocosm/home), across (A) all fungi and (B)
the Ascomycota. Data was scraped from the website on 25/10/2022 using the package rvest v1.0.2
(Wickham, 2020) in R v4.1.2 (R Core Team, 2020) and visualised using the packages packcircles
v0.3.4 (Bedward, Eppstein and Menzel, 2020) and ggforce v0.3.3 (Pedersen, 2021). Darker inner
circles indicate the number of published assemblies, while lighter outer circles indicate the total
number of assemblies including those that have not yet been published.
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Figure 1.4: Genome assembly completeness as measured by gene set (BUSCOs) versus cytometric
genome size estimation for strains of four Venturia species ( Venturiales, Dothideomycetes) from Le
Cam et al. (2019).

(Desai et al., 2013) — is conditional on reliable estimation of the species’ genome size. Additionally,
with an ever-increasing variety of de movo genome assembly tools available, prior knowledge of
genome size can act as a metric to assess assembly quality (e.g., Mita et al., 2004; Yoshida et al.,
2011; Kooij and Pellicer, 2020), and is already required for certain long-read assembly protocols (e.g.,
Ruan and Li, 2020). Conceptually, we can divide the methods used to estimate genome size into two
groups — 1) those inferred bioinformatically from WGS data and 2) those estimated using cytometric
methods, of which Feulgen microdensitometry and, more recently, flow cytometry are the two most
widely used approaches, with the latter now being the method of choice (Bennett and Leitch, 2011;
D’hondt et al., 2011; Talhinhas, Tavares et al., 2017).

Assembly quality is usually interpreted from metrics based on the number and size of contigs/scaffolds
(e.g., as calculated by QUAST; Gurevich et al., 2013), as well as measures of gene set completeness
(e.g., using BUSCO; Siméo et al., 2015), but neither of these approaches can guarantee ‘correctness’
(Studholme, 2016). Indeed, a high BUSCO completeness can be reported from an assembly that
is less than 50% complete according to cytometric genome size estimation (Figure 1.4). Such dis-
crepancies between BUSCO completeness and the proportion of the whole genome that is actually
sequenced and assembled, highlights the potential to miss large amounts of biologically important
yet non-coding DNA sequences (e.g., regulatory regions, transcription factors, repetitive DNA). This
emphasises the importance of having a robust cytometric estimate as an additional metric to evaluate

assembly tool performance.

Maximising assembly quality is not trivial, as it can impact subsequent gene annotation and therefore
evolutionary and functional inferences regarding gene loss/gain (Denton et al., 2014; Deutekom
et al., 2019; Kooij and Pellicer, 2020). Furthermore, inadvertent collapsing of repetitive regions
by assembly tools (Tgrresen et al., 2019) can also compromise studies seeking to understand the
biological significance of repetitive DNA (e.g., Seidl, Kramer et al., 2020). For example, genes with
potential pathogenicity roles in ascomycete phytopathogens, such as those encoding effector proteins
and secondary metabolites, have been found to occur in repeat-rich regions which are vulnerable
to misassembly (Raffaele and Kamoun, 2012; Rao et al., 2018). There is a proliferation of highly
repetitive regions in various obligate plant associates: the powdery mildews (Erysiphales) have a

high proportion of repetitive DNA due to an abundance of retrotransposons (Spanu et al., 2010),
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and similar is seen in the mycorrhizal species Cenococcum geophilum (Peter et al., 2016) and Tuber

melanosporum (Veneault-Fourrey and Martin, 2011).

Cytometric genome size estimation provides a simple quality-check to help combat the significant re-
search implications of poor assemblies. Having obtained sufficient material for WGS, flow cytometry
requires relatively little extra time and effort — especially in the context of potentially expensive and
complex genome sequencing and assembly pipelines — provided there is access to a flow cytometer
and associated expertise in its use for fungi. Even in the absence of cultures, genome size estima-
tions of biotrophic basidiomycetes have been obtained using flow cytometry of fungal-infected leaves
(Tavares et al., 2014), highlighting that culturing is not always essential for cytometric genome size
analysis. But having highlighted the importance of having a robust genome size estimate for genome

assembly, why are cytometric estimates desirable?

Previous comparisons of genome sizes estimated from genome assemblies and cytometric approaches
in eukaryotes at large have suggested that estimations from cytometric methods are typically, but not
always, larger than those from assemblies (Bennett and Leitch, 2005b; Bennett and Leitch, 2011; El-
liott and Gregory, 2015). Certainly this is borne out when comparing across all Ascomycota, where
762 cytometric estimations taken from the Fungal Genome Size Database (Kullman, Tamm and
Kullman, 2005) gives an average genome size almost double that derived from 6,600 assembly-based
estimations i.e., ~63 Mbp/1C versus ~34 Mbp/1C (Figure 1.2). One explanation for these results
could be that WGS has historically been biased towards species with smaller genomes, skewing
the average assembly-based genome size towards a lower value, whereas cytometric measurements
are not size-dependent and can capture the upper extremes of genome size. Obviously, the most
meaningful comparison of cytometric versus assembly-based genome sizes is between estimates for
the same species, which are rarely available for both methods. In the few cases where this is pos-
sible, there is no consistent pattern. For example, for species such as Venturia inaequalis and V.
pyrina (Pleosporales, Dothideomycetes), the higher estimates are reported from cytometric methods,
while for Aspergillus flavus, A. niger (Furotiales, Eurotiomycetes) and Paracoccidioides brasiliensis
(Onygenales, Eurotiomycetes) the estimates are more consistent between methods (Figure 1.5A).
We cannot, therefore, assume that genome assembly universally underestimates ascomycete genome

size.

Of course, not all genome assemblies are made equal either. Choice of sequencing technology, bioin-
formatics tools and different computational settings/parameters can result in assemblies which vary
significantly in quality (Mavromatis et al., 2012; Desai et al., 2013; Abbas, Malluhi and Balakrishnan,
2014; Khan et al., 2018) and can thus produce differing assembly sizes (Figure 1.5B). Even state of
the art scaffolding approaches are sensitive to methodological choices and require validation against,
for instance, cytological data (Kadota et al., 2020). Comparing the performance of multiple assembly

tools on the same WGS dataset is, therefore, desirable to maximise contiguity and ‘completeness’.

1.5 Capitalising on collections

The genome assembly gaps in Figure 1.2 can broadly be grouped into lineages which 1) have been re-
cently discovered; 2) have attracted less study interest; and 3) are difficult to isolate and/or sequence.
Addressing gaps from the latter group is mostly reliant on technological and computational advances.
For instance, the first attempt at obtaining fungal genomes using single-cell genomics (Ahrendt et

al., 2018) and the development of Hi-C methods to obtain genomes from mixed microbial samples
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Method of genome size inference

Figure 1.5: Case studies of variability in genome size estimates depending on method of inference
for 13 ascomycete species as of January 2021. Sample size is indicated above points and statistically
different groups according to TukeyHSD are indicated by letters at the top of the plots. Asterisks (*)
beside method names mark methods that are believed to be incorrect in the NCBI genome reports.
For details on the cytometric and genome assembly methods shown see Appendix A.1.3. (A) Species
with both genome assembly— based estimates (black) and cytometric estimates (red). The dashed
line indicates the mean for assembly-based estimates. (B) Species where the range of assembly-based
genome size estimates exceeds 20 Mbp/1C. White translucent bands indicate the total range within
which genome size estimates fall. (f) Fusarium solani was reassigned to the genus Neocosmospora
by Sandoval-Denis, Lombard and Crous (2019).
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(Burton et al., 2014; Press et al., 2017) show promise that new sequencing approaches and bioinform-
atics tools will be able to extend WGS widely to unculturable species. The first sequenced genome
for the class Laboulbeniomycetes was achieved with a single-cell whole genome amplification kit on
an individual thallus from the obligate cockroach pathogen Herpomyces periplanetae (Haelewaters
et al., 2020). For taxa that are not necessarily challenging to sequence but have not been prioritised
for sequencing, however, an ‘easy win’ for gap filling can come from exploiting existing accessions in

biological collections.

Collections are an important resource for documenting biodiversity and provide curated specimens
spanning time and space (Funk, 2018; Paton et al., 2020). Dedicated mycological collections such
as fungaria (containing dried specimens, i.e., the fungal equivalent of plant herbaria) and culture
collections act as a record of known species and their distributions, which can be used to address
diverse research questions such as historical trends relating to pollution, climate and other environ-
mental factors (Kauserud et al., 2008; Agnan, S¢jalon-Delmas and Probst, 2013; Huang, Bowman
et al., 2018; Andrew, Diez et al., 2018; Andrew, Biintgen et al., 2019) or even tracking fungal epi-
demics (Ristaino, 2020; Peck et al., 2021). One major limitation of fungarium specimens is that the
age and original method of treatment for preservation can result in degraded DNA that is difficult
to successfully sequence (Bainard, Klironomos and Hart, 2010; Andrew, Diez et al., 2018; Smith,
Sawbridge et al., 2020; Dal Forno et al., 2022; Miller, Karakehian and Raudabaugh, 2022) — that
is, if there is physically enough material to sample from in the first place, which will depend on
the taxon, specimen and collector. Nonetheless, rapidly evolving sequencing technologies are mak-
ing it more feasible to obtain molecular data from fungaria, even in sufficient quantities for WGS
(Dentinger et al., 2016). The ongoing Fungal Tree of Life Project at the Royal Botanic Gardens,
Kew (https://wuw.kew.org/science/our-science/projects/fungal-tree-of-1ife) is making
use of Kew’s fungarium — the biggest in the world with over 1.25 million accessions (Willis, 2018),
many of which are type specimens — to generate molecular data for lineages that are missing from
existing phylogenetic reconstructions of the Fungi at large (e.g., James et al., 2006; Li, Steenwyk
et al., 2021). As of October 2022, more than 1,400 specimens have been sampled, almost 150 of which
have had sufficient DNA for WGS, which will represent a 25% increase in the number of fungal fam-
ilies with a representative genome assembly (R. Woods et al., unpublished data). Although, due to
aforementioned challenges, the genome assemblies produced from fungarium specimens may be less
complete than those from fresh material, they can produce more than enough data for filling gaps in
the fungal tree of life, for instance by using a subset of genes alongside more complete genome-scale
data (e.g., Varga et al., 2019).

For fungi that can be cultured, there are culture collections such as the Westerdijk Fungal Biod-
iversity Institute (>100,000 strains; Vu et al., 2019), CABI (>28,000 strains; Smith, Ryan and
Caine, 2022) and the Fungal Genetics Stock Center (>21,000 accessioned strains; McCluskey, Wiest
and Plamann, 2010). These collections preserve living fungal strains, which are more complicated
and costly to maintain than fungarium specimens in terms of time, space and human and material
resources. However, the recompense for this is that viable cultures provide more opportunities for
future research: sampling can be repeated multiple times for different contexts without permanently
destroying the original specimen; sufficient material for high quality, long-read WGS can be readily
produced; and strains can be used for experimental work. As cryopreserved cultures are both living
and frozen in time, they can also be used for ‘historical genomics’, as demonstrated by Peck et al.

(2021) who tracked genetic differences between pathogenic strains across disease outbreaks which
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occurred decades ago.

Despite the demonstrable value of fungal culture collections, global repositories only contain a small
proportion of the known fungal species — let alone the unknown species — and are highly regionally
and taxonomically biased (Paton et al., 2020). Knowing that all plants harbour diverse fungal endo-
phytes, which likely comprise a considerable proportion of the more than 2 million estimated species
of yet undiscovered fungi (Petrini, 1991; Arnold, Maynard et al., 2000; Hawksworth and Liicking,
2017), it follows that we should turn to plant collections as secondary resources for fungal mater-
ial. Dried herbarium specimens have been successfully targeted for sequencing of fungal associates,
including powdery mildew pathogens (Bradshaw and Tobin, 2020; Smith, Sawbridge et al., 2020),
arbuscular mycorrhizal fungi (Heberling and Burke, 2019) and taxonomically diverse endophytes
(Daru et al., 2018). Seed banks are perhaps the more promising avenue for fungal endophytes as,
much like culture collections versus fungaria, they have the considerable advantage of being living
collections. When seeds are kept viable in cryopreservation, presumably their fungal associates are
too, enabling potential isolation of live fungal strains in culture. This is particularly valuable as it
facilitates the compilation of endophytic culture collections for further study, meaning seed banks
effectively offer a ‘two for the price of one’ deal on preserving both plants and fungi. And yet, prior
to this thesis, the largest seed bank in the world, Kew’s Millennium Seed Bank (MSB), had not been
explored for fungi, and we are ignorant about the potential impact of fungal endophytes on stored

seeds.

1.6 Thesis outline

As highlighted in Section 1.1 above, there are major uncertainties associated with whether endo-
phytism is a stable lifestyle across the Ascomycota. This has implications for the safety of using
endophytes for agricultural biocontrol, but also more widely for the health of our ecosystems under
global change. Understanding the genetic basis and evolutionary histories of plant associated life-
styles is essential to explore these issues and is reliant on genome assembly data for taxonomically

and functionally diverse taxa.

In this thesis, I have taken advantage of existing collections to address the genomic data deficit for
endophytes, and subsequently explored the pressing question: can we use genomic data to distinguish

endophytes and plant pathogens? The thesis is structured around the following objectives:
Objective 1 - Explore Kew’s MSB for novel fungal endophyte diversity.

Objective 2 - Determine to what extent we can use genome data to distinguish endophytes and

plant pathogens — a case study in the genus Fusarium.

Objective 3 - Produce new genomic resources for a broader taxonomic range of fungal endophytes

by capitalising on culture collections.

To compare closely related endophytes and phytopathogens, in the first instance we need to isolate
endophyte strains. As outlined above, living plant collections such as the MSB represent an excellent
potential resource for novel endophyte discovery. In Chapter 2 I have tackled Objective 1 with
a proof-of-concept study to demonstrate for the first time that viable fungal endophytes can be
isolated in culture from seeds deposited in the MSB. In doing so, it was also revealed that endophyte
community composition, diversity and abundance was significantly different depending on the habitat

seeds had been collected from, and these differences also correlated with seed germination/viability.
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The results show that there may be knock-on effects for the efficacy of seed banking if we continue
to overlook microbial associates of seeds, and therefore that seed collection and storage procedures

should also account for the seed microbiome.

Having isolated novel endophytes, in Chapter 3 I have sequenced, assembled and annotated genomes
for a subset of strains belonging to the genus Fusarium, including a newly described species. Due
to the variation in assembly tool performance outlined above in Section 1.4, this included a com-
parison of multiple tools to optimise assembly quality. I have then used Fusarium and closely allied
genera as a case study to compare gene repertoires between different lifestyles in the group using
an evolutionary genomics approach, as well as exploring patterns of selection and codon optimisa-
tion (Objective 2). As the gene repertoires of Fusarium endophytes and phytopathogens broadly
resembled each other — suggesting a shared capacity for both lifestyles in the group — we question
the suitability of Fusarium species for biocontrol. These results support the current understanding

of most Fusarium species being prolific generalists.

Reconstructing evolutionary lifestyle histories of endophytes versus phytopathogens more
broadly across the Ascomycota is currently hampered by a lack of genomic data. In Chapter 4
I have made use of endophyte strains deposited in CABI’s culture collection to supplement the exist-
ing pool of genomic resources for endophytes (Objective 3). As I was able to obtain high molecular
weight DNA from around half the strains, this included long-read sequencing to produce highly
contiguous hybrid assemblies, once again including a comparison between multiple assembly tools. I
have also demonstrated the value of cytometric genome size estimates for assessing assembly quality,
as argued in Section 1.4 above. Phylogenetic analyses revealed these to be the first genome assembly
for the genus and/or species for 11 of the total 15 strains, emphasising how effective collections can

be for filling taxonomic gaps.
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Chapter 2

Seed banks as incidental fungi banks:
fungal endophyte diversity in stored

banana wild relative seeds

Publication details

This chapter has been published as the following paper:

Hill, R., Llewellyn, T., Downes, E., Oddy, J., MacIntosh, C., Kallow, S., Panis, B.,
Dickie, J.B. and Gaya, E. (2021). Seed Banks as Incidental Fungi Banks: Fungal En-
dophyte Diversity in Stored Seeds of Banana Wild Relatives. Frontiers in Microbiology
12:643731. por: 10.3389/fmich.2021.643731.

R.H. and E.G. designed the study, implemented the analysis and wrote the paper. The paper used
molecular data collected by R.H., T.L., E.D., J.O. and C.M. prior to the start of this PhD. S.K.
and J.D. provided the samples and contributed to the writing of the paper, and S.K. performed the

tetrazolium chloride testing. B.P. performed the embryo rescue testing.

2.1 Abstract

Seed banks were first established to conserve crop genetic diversity, but seed banking has more re-
cently been extended to wild plants, particularly crop wild relatives (CWRs) (e.g., by the Millennium
Seed Bank (MSB), Royal Botanic Gardens Kew). CWRs have been recognised as potential reservoirs
of beneficial traits for our domesticated crops, and with mounting evidence on the importance of the
microbiome to organismal health, it follows that the microbial communities of wild relatives could
also be a valuable resource for crop resilience to environmental and pathogenic threats. Endophytic
fungi reside asymptomatically inside all plant tissues and have been found to confer advantages to
their plant host. Preserving the natural microbial diversity of plants could therefore represent an
important secondary conservation role of seed banks. At the same time, species that are reported
as endophytes may also be latent pathogens. We explored the potential of the MSB as an incidental
fungal endophyte bank by assessing diversity of fungi inside stored seeds. Using banana CWRs in
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the genus Musa as a case-study, we used a similarity and phylogenetics approach for classification
of endophyte operational taxonomic units (OTUs) from an extended internal transcribed spacer
(ITS)—nuclear ribosomal large subunit (LSU) fragment. Fungi were detected inside just under one
third of the seeds, with a few genera accounting for most of the OTUs — primarily Lasiodiplodia,
Fusarium and Aspergillus — while a large variety of rare OTUs from across the Ascomycota were
isolated only once. Fusarium species were notably abundant — of significance in light of Fusarium
wilt, a disease threatening global banana crops — and so we additionally sequenced the translation
elongation factor 1 alpha (EF1a) marker in order to delimit species and place them in a phylogeny of
the genus. Endophyte community composition, diversity and abundance was significantly different
across habitats, and we explored the relationship between community differences and seed germin-
ation/viability. Our results show that there is a previously neglected invisible fungal dimension to
seed banking that could well have implications for the seed collection and storage procedures, and

that collections such as the MSB are indeed a novel source of potentially useful fungal strains.

2.2 Introduction

Seed banks were initially conceived in the 20" century as a measure to conserve crop genetic diversity
(Peres, 2016), the most famous example likely being the Svalbard Global Seed Vault (Westengen,
Jeppson and Guarino, 2013). The MSB, managed by the Royal Botanic Gardens Kew, is the world’s
largest seed bank and part of a global partnership network for seed conservation (Liu, Cossu et al.,
2020). The MSB is notably directed to wild plant conservation, with one of its priorities being CWRs
(Liu, Breman et al., 2018). CWRs, the close relatives of our domesticated crop species, act as an ad-
ditional pool of genetic diversity to breed improvements into our crops, such as increased productivity
and resilience against disease and environmental stressors (Hajjar and Hodgkin, 2007; Brozynska,
Furtado and Henry, 2016). More recently, similar benefits have been equally demonstrated by in-
oculation of various crops with endophytes from CWRs (Murphy, Jadwiszczak et al., 2018; Murphy,
Hodkinson and Doohan, 2018; Murphy, Doohan and Hodkinson, 2019). This potential role of CWR
endophytes in both the health of wild plant populations and their crop counterparts brings in ad-
ditional value to the MSB collections, making them not only important for plant conservation, but

also plant microbiome conservation.

Considering the range of ecological roles exhibited by fungi in the endophytic lifestyle (as outlined
in Chapter 1.1), there is uncertainty as to which endophytes inhabiting stored seeds are beneficial
— or even essential — to the plant host, and which are potentially harmful. This uncertainty has
obvious implications in seed storage protocols, which most often focus on the harmful fungi. For
example, in internationally recognised reports on best-practise gene banking, mention of fungi (and
bacteria) is almost exclusively in the context of avoidance, with recommendations for the use of
antifungals/antibiotics on collections (FAO, 2014; Center for Plant Conservation, 2018). These re-
commendations overlook an essential question: what are the impacts on seed banking if we fail to
preserve healthy endophyte communities? How do endophyte communities impact the success of
recovered plant populations down the line? Such endophytic communities may be playing similar
roles as the microbial associates of humans or animals, which we now know to be essential for normal,
healthy functioning and imbalances of which cause disease (Dudek-Wicher, Junka and Bartoszewicz,
2018). While great care is taken to optimise the phylogenetic and geographical diversity and longev-
ity of MSB seed collections, consideration of the microbial communities associated with the seeds is

notably absent (Liu, Cossu et al., 2020). Considering that there are endophytes known to be implic-
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ated in germination and seedling success (Tamura et al., 2008; Hubbard, Germida and Vujanovic,
2014; Li, Song et al., 2017; Shearin et al., 2018; Leroy et al., 2019), this is a significant oversight.

To explore these issues and demonstrate the value of seed banks for endophyte discovery, we focused
on a case study of CWRs of banana (and plantain, Musa spp. L.), one of the most important
crops in the world. Global production of banana is estimated to be 116 million tonnes annually,
worth US$31 billion (FAO, 2020b). Musa taxa are tall herbaceous monocarpic monocotyledons
in the family Musaceae, order Zingiberales. They are native to tropical and subtropical Asia to
western Pacific regions (Govaerts and Hékkinen, 2006) with approximately 80 taxa (hereon called
‘species’) in the genus (Hikkinen and Vére, 2008; POWO, 2019). There are around 1,000 cultivars
of edible bananas (Ruas et al., 2017; FAO, 2020a), most of which stem from two species: Musa
acuminata Colla and M. balbisiana Colla (Carreel et al., 2002; Langhe et al., 2009; Perrier et al.,
2011; Rouard et al., 2018; Martin, Cardi et al., 2020). In spite of this diversity, the vast majority
of commercial banana plantations are clones of a single cultivar, Cavendish, which makes the crop
highly susceptible to disease (Ordonez et al., 2015). In the 1970s, Fusarium ozysporum f. sp.
cubense emerged to cause Fusarium Wilt of Cavendish bananas, and the predominant strain (Foc
TR4) has since spread across the global tropics to most banana producing countries (Dita et al.,
2018; https://www.promusa.org). Considering the global value of the banana crop, 85% of which
is eaten locally as a major contribution to people’s diets (FAO, 2020b), Foc TR4 represents a major
threat to both economic and food security in banana producing countries. Stored banana CWR
seeds are a precious conservation resource in light of the susceptible Cavendish banana cultivar, and

so present a valuable case-study for investigating associated endophyte diversity.

While many endophytic species can be grown in culture, many more cannot, and so molecular tools
are relied upon to detect much more of the true extent of endophytic diversity (e.g., Higgins et al.,
2011; Parmar et al., 2018; U’Ren, Lutzoni, Miadlikowska, Zimmerman et al., 2019). Nonetheless,
culturing is still a necessary tool, as it not only isolates strains for future study, but also provides an
indication of which fungal strains are alive, which is particularly relevant when assessing post-storage
endophytes. Here we used both a culture-dependent and culture-independent approach to maximise
discovery of endophytic diversity from accessions belonging to six species of banana wild relatives
in the genus Musa. By PCR-cloning individual seed DNA extractions for the culture-independent
approach, we were able to assess the number of unique OTUs — a proxy for species — per seed. We
made use of metadata and seed viability assessments from the MSB collections in order to explore
the association of habitat, host Musa species, post-storage seed viability and germination rate with

endophyte community composition, diversity and abundance.

2.3 Materials and methods

Isolation of strains and molecular work was completed prior to this PhD and is described in detail in
the corresponding paper by Hill, Llewellyn et al. (2021). In brief, seeds from 45 Musa accessions (with
each accession containing 50 seeds collected from between one and five plant individuals belonging
to the same Musa species in the sampling site) were obtained from the MSB, all of which had been
stored at -20°C (Supplementary Table S2.1). Seeds were surface sterilised and DNA was extracted
from both axenic cultures grown from the seeds and directly from crushed seeds. An extended ITS-
partial LSU fragment was amplified for PCR cloning and Sanger sequencing; sequences from 642

endophytes (235 cultures, 280 direct sequences and 127 clones) were deposited in GenBank under
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accession numbers MW298868-MW299510. Additionally, EFla was amplified and sequenced for
Fusarium taxa (GenBank accessions MW319587-MW319636).

Seed viability assessment

Post-storage seed viability was assessed using two methods. Firstly, the tetrazolium chloride test was
carried out following the approach of Leist and Kramer (2011). Seeds were imbibed on agar for 3 days
at 20°C before a proportion of the testa was removed using a scalpel on two lateral sides to expose
the endosperm. Seeds were then soaked in 1% buffered 2,3,5-triphenyl tetrazolium chloride (pH 6-8)
for 2 days at 30°C in the dark. Staining patterns were recorded — embryos that completely stained
dark red, or that showed dark red staining at the embryonic axis (the opposite from the haustorium)
were considered viable, while light pink staining or white embryos were considered unviable. Fifty

seeds per accession were tested.

The second viability test was embryo rescue. In a laminar flow, seeds were sterilised by soaking them
in 96% ethanol for 3 min, followed by 20% bleach (NaOC]I containing 1 drop of detergent per 100
ml) for 20 min, then seeds were rinsed three times in sterilised water. Continuing in the laminar flow
with sterile forceps and scalpel, embryos were extracted from seeds. This was done using an incision
in the seed coat next to the micropyle and manipulating the seed in order to split the testa; the
embryo was then gently removed. Embryos were subsequently transferred onto autoclaved half MS
medium (Murashige and Skoog, 1962) in tubes using long forceps with the haustorium in contact
with the medium and the embryonic axis upward. Tubes containing embryos were incubated in the
dark at 27°C for 14 days after which they were put in a growth chamber in the light at 27°C for an
additional 14 days. Six possible observations were recorded: shoot, callus, blackened colouration, no

embryo, contamination, no change. Ten seeds per accession were tested.

OTU delimitation and taxonomic identification

Sequences were manually edited with contiguous alignments using Geneious R7 v7.1.5 (Biomatters,
New Zealand). Sequences were clustered into OTUs using the de novo method USEARCH v10.0.240
as part of the UPARSE pipeline (Edgar, 2013). As USEARCH is sensitive to fragments of different
length, ITSx (Bengtsson-Palme et al., 2013) was used prior to clustering to extract the 5.8S and ITS2
regions — shown to recover more fungal OTUs when used together (Heeger et al., 2019) — while LSU
fragments were manually trimmed to the same length after alignment with MUSCLE v3.8.425 (Edgar,
2004) and visualisation in AliView v1.17 (Larsson, 2014). Dereplication was performed via removal
of identical sequences using the fastx uniques functions inbuilt to USEARCH. 5.8S—partial LSU
OTUs were clustered using a 99% similarity threshold, guided by the optimal threshold for species
discrimination using ITS/LSU identified by Vu et al. (2019). Singletons — OTUs comprising one
sequence — were not discarded, as is common practise to reduce artefacts when using next generation
sequencing datasets, because each sequence originated from Sanger sequencing of an individual seed

extraction, and so was assumed to be ‘real’.

Preliminary identification of OTUs was made via a local BLASTn v2.6.0 search (Camacho et al.,
2009) against the UNITE v8.2 database, release 04.04.2020 (Abarenkov, Zirk et al., 2020). Taxo-
nomic identification of OTUs was inferred from the top UNITE hit, guided by Vu et al. (2019):
>99% similarity for the same species; >98% similarity for the same genus; >96% similarity for the
same family; >94% similarity for the same order; >92% similarity for the same class; and <92%
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similarity for the same phylum. Similarity-based identification was corroborated with a phylogen-
etic approach via the Tree-Based Alignment Selector toolkit (T-BAS) v2.2 (Miller, Pfeiffer and
Schwartz, 2010; Carbone, White, Miadlikowska, Arnold, Miller, Magain et al., 2019), a platform
designed for preliminary placement and visualisation of unknown fungal sequences in curated multi-
locus phylogenies. Representative sequences for 181 OTUs were placed in the 6-loci Pezizomycotina
v2.1 and the 6-loci Fungi reference trees (James et al., 2006; Carbone, White, Miadlikowska, Arnold,
Miller, Kauff et al., 2017) with default settings and using the evolutionary placement algorithm
option from RAxXML (Berger and Stamatakis, 2011; Stamatakis, 2014). OTU taxon assignment
was altered to reflect the lowest taxonomic level in agreement between both T-BAS and UNITE,
with the UNITE species level identification used if T-BAS and UNITE agreed on genus and the
UNITE percentage identity was >99%. All filtering of classification data was done using R v3.5.3
in RStudio v1.1.463 (RStudio Team, 2015; R Core Team, 2020), the script for which is available at
https://github.com/Rowena-h/MusaEndophytes.

Sampling effort and community analysis

For the purpose of these analyses, Musa subspecies and varieties were grouped under the same species.
Sampling effort was assessed by producing species accumulation curves of the number of OTUs for
the number of Musa accessions using the rarefaction method in the specaccum function from the R
package vegan v2.5-6 (Oksanen et al., 2019). This was done including and excluding singleton OTUs
for all Musa accessions (n=45) as well as distinguishing between the three best sampled species —
M. acuminata (n=12), M. balbisiana (n=16) and M. itinerans (n=14). The impact of detection
method — culturing, direct sequencing or cloning — on species recovery was quantified with analysis
of similarity (ANOSIM) (Clarke, 1993) using the vegan anosim function following confirmation that

data dispersion was even using the vegan betadisper function.

The RBG, Kew and oil palm plantation accessions (1 locality in Malaysia) were excluded from the
following analyses due to low sample size for the habitats and the former being a geographical outlier.
Endophyte community composition was explored using non-metric multidimensional scaling (NMDS)
implemented in the metaMDS function in vegan. OTU counts were filtered for the eight most
common OTUs (abundance greater than 20) for the 33 accessions of M. acuminata, M. balbisiana
and M. itinerans and six dimensions were selected for the NMDS using a scree plot (Supplementary
Figure S2.1). Habitat information for Musa accessions was interpreted from the collection notes in
the MSB’s metadata records (Supplementary Table S2.1). To investigate the relationships between
community composition and post-storage seed viability (i.e., what proportion of seeds from the
accession contained a live embryo in the tetrazolium chloride testing) and post-storage germination
rate (i.e., what proportion of embryos from the individual germinated in the embryo rescue testing),
test results for each Musa accession were fitted to the NMDS ordination using the vegan ordisurf
function, which uses generalised additive models to fit a smooth response surface and is therefore

appropriate for a non-linear relationship between the ordination and variable.

The impact of habitat and Musa species on the variation in community composition — both for the
subset of common taxa visualised in the NMDS and for all OTUs including rare taxa — was tested
with permutational multivariate analysis of variance (PERMANOVA) implemented in the vegan
adonis and adonis2 functions using Bray-Curtis dissimilarity and 999 permutations. PERMANOVA
with adonis considers variables sequentially, meaning that the test is performed on the first variable

provided and the residual unexplained variance is left to be explained by the next variable, and so
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on. As variables can be correlated with each other, the order in which variables are added to the
adonis formula impacts the results. In order to determine the unique impact of variables irrespective
of order, i.e.,, marginal effect size (marginal R?), we used the adonis2 function with the by=‘margin’
option, which reports the variance that is not explained by any of the other variables. The variables
were then tested with adonis in order of decreasing marginal effect size to assess the total effect
size (R?). The vegan betadisper function was also used for permutational analysis of multivariate
dispersions (PERMDISP) to assess whether data dispersion was uniform for each variable, as when
sample sizes are unbalanced varying data dispersion can result in a significant PERMANOVA test
even if group composition is not significantly different (Anderson and Walsh, 2013). The PERMDISP
null hypothesis is that there is no difference in dispersion between groups, and so a significant p value

indicates that dispersion is not consistent.

In order to determine which of the habitats had significantly different community composition from
the others, pairwise PERMANOVA was performed on both the subset of common taxa used in the
NMDS as well as all OTUs including rare taxa. This was done using the pairwise.perm.manova
function from the R package RVAideMemoire v0.9-78 (Hervé, 2020) with 999 permutations and
multiple testing p value correction using the Benjamini-Hochberg method (Benjamini and Hochberg,
1995). Difference in diversity — according to Shannon and Simpson diversity indices, both calculated
with the vegan diversity function — and abundance of fungi per Musa accession for each habitat was
assessed using the TukeyHSD function. All results were plotted in R with the ggplot2 v3.3.0 package
(Wickham, 2016). Ellipses for each habitat in the NMDS plot were generated with the stat _ellipse
function in ggplot2.

Fusarium phylogenetic analysis

Given the abundance of Fusarium in our dataset, a genus-specific phylogeny was reconstructed to
elucidate the relationships of our Fusarium OTUs with already known species. While the UNITE
identification described above recovered many 5.8S—partial LSU OTUs to apparent species level,
it has been shown that the ITS locus is not sufficiently variable for species delimitation within
this particular genus (Geiser, Jiménez-Gasco et al., 2004). For this reason, OTUs based on EFla

sequences were also delimited as above for use in the phylogenetic analyses.

Representative sequences for each OTU from this study (as provided by USEARCH) were aligned
with already published EFla data and, in addition, RNA polymerase II largest subunit (RPB1) and
RNA polymerase II second largest subunit (RPB2) sequences were also taken from the MycoBank
website (https://fusarium.mycobank.org/). Taxon sampling was guided by O’Donnell, Rooney
et al. (2013), with the addition of taxa from the Fusarium ozysporum species complex (FOSC)
(Maryani et al., 2019) and Fusarium musae (Van Hove et al., 2011) and Neonectria coccinea and
Cylindrocarpon cylindroides were selected as the outgroup (Supplementary Table S2.2). Sequences
for each gene were aligned using MUSCLE v3.8.425 (Edgar, 2004) and ambiguous regions were
manually delimited and removed in AliView v1.17 (Larsson, 2014). Much of the variability in EFla
that makes it a valuable marker for Fusarium is located across three introns (Geiser, Jiménez-Gasco
et al., 2004), so introns were isolated from protein-coding regions and Gblocks v0.91b (Castresana,
2000) was used to select adequately aligned intron sites, with the ‘Allow gap positions’ option to
prevent loss of highly variable sites. To check for topological incongruence between genes, a maximum
likelihood (ML) search was performed on individual alignments — partitioned by introns and codon

position for protein-coding regions — using the GTRGAMMA substitution model with bootstrapping
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over 1,000 replicates in RAxML v8.2.9 (Stamatakis, 2014). Conflicts between gene trees (defined
as >70% bootstrap support for contradictory relationships) were manually identified for each of the
three pairwise comparisons with help from the compat.py script (Kauff and Lutzoni, 2002; Kauff and
Lutzoni, 2003) run in Python v3.7.9 using Biopython v1.78 (Cock et al., 2009). Taxa responsible for
conflicts were removed. The three loci were concatenated using SequenceMatrix (Vaidya, Lohman
and Meier, 2011) and partitioned by gene, codon position and EFla introns for the ML search,
performed as above for individual gene trees — see https://github.com/Rowena-h/MusaEndophytes
for the raw alignment and tree files. Species names were checked in Species Fungorum (http:
//www.speciesfungorum.org/) and the species tree was plotted in R using ggtree v2.3.4 (Yu et al.,
2017).

2.4 Results

Most endophyte-colonised Musa seeds contained a single OTU

ITS-—partial LSU sequences of fungal endophytes were obtained from 533 Musa seeds, 31% of the
total 1,710 seeds used in this study (+90 control seeds). One fungal isolate per seed was most
commonly found, however up to 7 unique OTUs were detected via cloning in a small number of
seeds (Figure 2.1A). Of the most sampled Musa species, M. acuminata had the lowest number of
fungal isolates relative to total seeds while M. itinerans had the highest. No fungi were detected in
M. gracilis, however only one accession was sampled, which was also the case for M. violascens and

M. velutina.

Lasiodiplodia, Fusarium and Aspergillus were the most common genera

Not including duplicate clones, 642 sequences were clustered into 181 OTUs, of which 125 (69%)
were singletons. Species accumulation curves including singleton OTUs were almost linear and with
a high gradient, while the curves excluding singletons approached an asymptote, indicating that
many rarer OTUs remain to be discovered but a considerable proportion of the most common OTUs

were captured (Figure 2.1B).

Of the 181 OTUs, UNITE and T-BAS classified the vast majority to the Ascomycota (162, 89.5%),
with a few belonging to the Basidiomycota (12, 6.6%) and the remaining as unclassified Fungi (7,
3.9%). In almost equal proportion, most of the ascomycete OTUs fell in the classes Dothideo-
mycetes, Eurotiomycetes and Sordariomycetes (in order of abundance), in the respective orders of
Botryosphaeriales, FEurotiales and Hypocreales (Figure 2.2). The three most common genera were
Lasiodiplodia, Fusarium and Aspergillus (with 161, 123 and 117 occurrences, respectively), which
together accounted for almost two thirds of the total number of sequenced endophytes. The most
abundant OTUs were recovered from all sampling approaches — culture-dependent and culture-
independent (with additional cloning) — however each approach detected rare OTUs not found by
the others (Figure 2.3). Data dispersion was even across methods (betadisper p=0.33) and ANOSIM
indicated that, while communities were significantly different according to different detection meth-
ods (p=0.001), the strength of these differences between methods was relatively low (R=0.08). 10
OTUs from inside the seeds were also isolated pre-sterilisation on the outside of seeds (Supplement-
ary Table S2.3), but as all the surface sterilisation imprint controls showed no fungal growth, we

were confident that these OTUs were not contaminants.
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Figure 2.1: (A) The number of unique OTUs per seed for each species of Musa from both the
culture-dependent and independent approaches. (B) Species accumulation curves of OTUs by num-
ber of Musa accessions sampled, both excluding and including singletons and showing distinction
between the three most sampled Musa species. Standard error is shaded grey around the lines.
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Figure 2.2: Identification of ascomycete OTUs according to UNITE and phylogenetic placement
in the T-BAS Pezizomycotina v2.1 tree. OTUs from this study are indicated on the T-BAS tree by
circles on tips (top) with size proportional to number of times the OTU was detected and colour
showing sampling method. Taxon classification as agreed by UNITE and T-BAS is summarised in
a pie chart (bottom). () Fusarium solani = Neocosmospora solani (Sandoval-Denis, Lombard and

Crous, 2019).
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Endophyte community composition, diversity and abundance changed with
habitat

There was a significant difference in endophyte communities across habitats when considering the
most common OTUs (pooled from all detection methods) from M. acuminata, M. balbisiana and
M. itinerans accessions (adonis2 marginal R?2=0.32, p=0.001; adonis R?=0.34, p=0.001) and also
when including rare taxa, although with a smaller effect size (adonis2 marginal R2=0.18, p=0.001;
adonis R2=0.21, p=0.001). Musa species was not found to be a significant factor for variance of
taxa (Table 2.1). PERMDISP found data dispersion of common taxa to be similar across Musa
species but not across habitats: dispersion was greatest in the habitat with the smallest sample size
(roadside), suggesting a liberal PERMANOVA bias (Supplementary Figure S2.2) (Anderson and
Walsh, 2013). However, PERMANOVA, PERMDISP and NMDS together suggested that habitat
was associated with both location and dispersion of the data. The NMDS visualisation showed
that the ellipses for the jungle buffer, jungle edge and roadside habitats overlapped, but with data
dispersion increasing with level of habitat disruption: from jungle buffer (least disrupted, most
tightly clustered) to roadside (most disrupted, least tightly clustered) (Figure 2.4A). The pairwise
PERMANOVA analysis confirmed that these three habitats were not significantly different to each
other in community composition for the common taxa visualised in the NMDS, while they were
all significantly different from the ravine habitat (Figure 2.4B), which formed a separate cluster
in the NMDS (Figure 2.4A). When including rare OTUs in the pairwise PERMANOVA, however,
community composition was also significantly different between jungle buffer and roadside habitats
(Figure 2.4B). Both diversity and abundance of endophytes per accession showed the same trend
across habitats, with greatest diversity and abundance in the ravine habitat and least in the roadside
habitat, with TukeyHSD identifying three statistically distinct groups for both Shannon diversity
and abundance, although Simpson diversity was not statistically significant between habitats (Fig-
ures 2.4C,D). Oil palm plantation accessions and the RBG, Kew accession were excluded from the
main analyses due to low sample size (and as the latter was a geographical outlier), but endophyte

abundance was comparatively low for both habitats (Supplementary Figure S2.3).

Fitting post-storage seed viability to the NMDS ordination (ordisurf adjusted R?=0.46, p=7.46e-05)
showed seed viability to have a non-linear relationship with the community structure, with accessions
in the ravine habitat cluster and Penicillium and Aspergillus OTUs associated with lower viability
measures and accessions in the jungle buffer habitat associated with higher viability measures (Figure

2.4A). Germination rate showed a similar relationship (ordisurf adjusted R?=0.31, p=0.006).

Table 2.1: Results of the statistical tests on Bray-Curtis dissimilarity matrices of both the subset
of common OTUs visualised in the NMDS and all taxa including rare OTUs. Significant p values
are highlighted in bold.

PERMANOVA PERMDISP
adonis2 adonis Betadisper
Dataset Variable Marginal R? p R? p p
Common Habitat 0.32 0.001 0.34 0.001 0.0310
taxa Musa species 0.07 0.055 0.07 0.055 0.0987
All taxa Habitat 0.18 0.001 0.21 0.001 0.0059
Musa species 0.08 0.101 0.08 0.101 1.25E-07
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Figure 2.4: (A) NMDS plot of the most common OTUs, produced with metaMDS, fitted with post-
storage seed viability (left) and germination rates (right). Contour lines indicate the fit of the seed
viability and germination rate variables to the ordination using the ordisurf function, showing which
points are associated with higher or lower seed viability. Each point represents one Musa accession,
with shape showing host Musa species and colour showing habitat, while OTUs are shown in italic
text. () Fusarium solani = Neocosmospora solani (Sandoval-Denis, Lombard and Crous, 2019).
Ellipses were generated with the stat_ellipse function in ggplot2. The PERMANOVA result in the
top left indicates significant difference in endophyte community composition between habitats. (B)
Matrix of pairwise PERMANOVA p values showing whether endophyte community was significantly
different between pairs of habitats, both for the subset of common OTUs visualised in the NMDS and
including rare OTUs. Grey boxes indicate non-significant p values (>0.5). Diversity according to
Shannon and Simpson indices (C) and abundance of OTUs (D) per Musa accession in each habitat.
Groups with significant difference of means as calculated by TukeyHSD are shown by letters on the
right of the plots. Sample size (number of accessions) is shown to the right of boxes.
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Fusarium strains were phylogenetically resolved to the Fusarium fujikuroz,

‘Fusarium’ solani and Fusarium incarnatum-equiseti species complexes

Additional clustering of the Fusarium taxa produced 10 EFla OTUs. Phylogenetic analysis resolved
these in the incarnatum clade of the Fusarium incarnatum-equiseti species complex (FIESC), in
the Fusarium solani species complex (FSSC) — which has recently been reassigned to the genus
Neocosmospora (Sandoval-Denis, Lombard and Crous, 2019) — and in the Fusarium fujikuroi species
complex (FFSC), with most OTUs placed within the latter (Figure 2.5). Disregarding the naming
of taxa, our phylogeny was in general agreement with the most comprehensive phylogenies of the
genus (O’Donnell, Rooney et al., 2013; O’Donnell, Al-Hatmi et al., 2020), with the exception of not
recovering geographically grouped clades (Asian, African and American) in the FFSC, which was also
one of the only species complexes that was not significantly supported. Across the whole phylogeny,
68% of all internodes were significantly supported. Extremely short branch and internode lengths
indicated rapid divergence in the FFSC and FIESC clades, as well as in other species complexes such

as FOSC and Fusarium redolens species complex.

2.5 Discussion

In this study, we used both a culture-dependent and culture-independent approach to assess the
diversity of endophytes in stored banana CWR seeds. In an example of the value of collections,
we demonstrated the feasibility of endophyte discovery from seed banks, many strains of which
can be isolated in culture for future study. By using cloning versus next generation sequencing
methods for the culture-independent detection of seed endophytes, we were able to economically
sequence individual seeds (rather than a pooled sample) to determine the endophyte capacity of
the Musa seeds, which could then be combined with the data on number of endophytes isolated
in culture per seed. Of the seeds containing endophytes, the number of unique OTUs was biased
toward one for both sampling approaches (Figure 2.1A), which suggests that there is some level
of competitive exclusion in the limited physical space of the seed, as posited by Raghavendra et
al. (2013). This is also in agreement with recent work on seeds from various alpine plants, which
showed that, while bacterial endophytes appear to interact positively, fungi are usually mutually
exclusive (Wassermann et al., 2019). Similarly, during pathogenic invasion of radish seeds, it was
found that a fungus altered the fungal endophyte community while a bacterium had no effect on
either bacterial or fungal endophytes, although the authors noted that the different infection routes
and thus microhabitats of the two pathogens could have contributed to the observed community
differences (Berihuete-Azorin et al., 2018).

Our seeds were all pre-dispersal (as all MSB seeds are), so there is also the possibility that the
endophyte capacity was influenced by the lack of opportunity for seeds to acquire fungi from the
soil, which is known to be a source of seed endophyte diversity (e.g., URen, Dalling et al., 2009;
Sarmiento et al., 2017). More insight into the dynamics of endophyte seed colonisation is needed,
and would benefit from experimental inoculation combined with in situ visualisation of the physical
space endophytes inhabit within the seed (e.g., Rath et al., 2014; Véagi et al., 2014). Previous work on
the specific localisation of seed endophytes has established that it varies depending on the species in
question: some endophytic species are known to only be found in the seed coat (Oldrup et al., 2010)
while others such as grass symbionts are found in the embryo and endosperm (Philipson and Christey,
1986; Zhang, Card et al., 2017). Although in this study we did not establish the exact localisation
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of endophytes within the Musa seeds, the fact that we both cultured and directly sequenced many
fungi from whole seeds whereas embryo rescue testing showed no or minimal ‘contamination’ (i.e.,
any fungal growth from extracted embryos; Supplementary Table S2.1) suggests that most of the
OTUs may have been located outside the embryo. However, as the embryo rescue testing only applies
to culturable fungi and the embryo may contain endophytes that can only be detected through direct
sequencing (Figure 2.3), with this data we cannot conclusively comment on the localisation of our
taxa within the seeds. We also checked for OTUs present on the seed surface (Supplementary Table
S2.3) — we were confident that these OTUs were also found as endophytes inside the seeds and
not contaminations as we performed culture imprint controls to confirm the efficacy of the surface
sterilisation method. Being both inside and outside the seed indicates that these strains were more
likely generalists, horizontally transferred, for instance, from fruit to seed, rather than vertically

transmitted endophytes, which would not be expected to be found outside the seed as well.

The genera found in the Musa seeds were largely similar to previous studies of Musa endophytes from
roots and leaves (Sikora et al., 2008; Wang, Min et al., 2014; Zakaria, Izham et al., 2016; Zakaria and
Aziz, 2018), as well as other tropical tree endophytes, such as from cacao branches (Rubini et al.,
2005), rubber leaves (Vaz et al., 2018) and tropical orchid roots (Bayman and Otero, 2006). The
most commonly found genera, Lasiodiplodia, Fusarium and Aspergillus, are all ubiquitous in both
endophytic and other contexts. The genus Lasiodiplodia is best known for the species Lasiodiplodia
theobromae, a prevalent endophyte in the global tropics (Salvatore and Andolfi, 2020), but also an
infamous pathogen of tropical fruit trees. For instance, L. theobromae has been found to cause crown
rot in commercial banana (Sangeetha, Anandan and Rani, 2012) and — among other Lasiodiplodia
strains — stem and fruit rot in papaya (Netto et al., 2014) and dieback in mango (Rodriguez-Galvez
et al., 2017). Goos, Cox and Stotzky (1961) similarly found L. theobromae (using the synonym
Botryodiplodia theobromae) to be pervasive in seeds of Musa spp., although they did not report
whether the colonised seeds or resulting plants had disease symptoms. They also found L. theobromae
exclusively in the seed coat and micropylar plug versus the endosperm or embryo and echoed our
above hypothesis that it is transferred from fruit to seed. This was also supported in Musa ornata,
for which Lasiodiplodia colonisation was observed in all cases apart from those where embryos were
removed from seeds under aseptic conditions (Burgos-Hernandez et al., 2014). The two prevalent
Lasiodiplodia OTUs in this study were classified as Lasiodiplodia citricola and Lasiodiplodia egyptica,
both of which were first described from diseased plants: Citrus spp. showing ‘branch dieback,
cankers and fruit rot’ (Abdollahzadeh et al., 2010) and mango suffering dieback (Ismail et al., 2012),
respectively. L. egyptica has also been implicated in stem-end rot of coconut (Rosado et al., 2016)
and L. citricola in disease of English walnut (Chen, Fichtner et al., 2013). Although we could find
no reports of these species as endophytes, their relatively recent description makes it likely that their
full extent of occurrence has not been revealed. Sequencing phylogenetically informative loci for
these endophytic Lasiodiplodia strains — e.g., EFla and beta-tubulin (TUB2) (Silva, Phillips et al.,
2019) — will be desirable in the future to confirm their identity with phylogenetic analysis.

Like Lasiodiplodia, multiple Fusarium strains are phytopathogenic (Aoki, O’Donnell and Geiser,
2014), and Fusarium oxysporum and Fusarium graminearum both feature in the top 10 most eco-
nomically /scientifically important fungal plant pathogens (Dean et al., 2012). This is certainly
relevant to commercial banana crops, which are under threat from Foc TR4, the causal agent of
Fusarium Wilt (Dita et al., 2018). Fungi in the genus Fusarium are also known to be common en-

dophytes in Musa species, however, having been previously isolated from either wild or commercial
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Musa in China, Thailand and Guatemala (zum Felde, Pocasangre and Sikora, 2003; Sikora et al.,
2008; Wang, Chen et al., 2019). The species complexes represented in this study — FIESC, FFSC and
‘FSSC’ — are all known to comprise both phytopathogens and endophytes (Kavroulakis et al., 2007;
Aoki, O’Donnell and Geiser, 2014; Niehaus et al., 2016; Bilal et al., 2018; Wang, Chen et al., 2019),
and additionally both the FIESC and ‘FSSC’ contain species that act as opportunistic human patho-
gens (Zhang, O’Donnell et al., 2006; O’Donnell, Sutton et al., 2009). Even within species, Fusarium
strains can differ greatly in their proclivity to cause disease in their plant host — in vitro expression of
secondary metabolites (including phytohormones and mycotoxins) in an orchid endophytic Fusarium
proliferatum strain was shown to be distinct from expression in a pathogenic F. proliferatum strain
(Niehaus et al., 2016). It has also been demonstrated that commercial banana roots can be protected
from nematodes by endophytic FOSC strains (zum Felde, Pocasangre and Sikora, 2003; Mendoza
and Sikora, 2009), the same species complex to which Foc TR4 belongs. We should highlight that
the taxonomy of Fusarium is highly contested (Summerell, 2019). Recent dismantling and splitting
of certain Fusarium species complexes into several distinct genera (Lombard et al., 2015), including
reassigning species in the ‘FSSC’ to the genus Neocosmospora (Sandoval-Denis, Lombard and Crous,
2019), has received pushback, the main opposing argument being that a broader generic concept
benefits practitioners dealing with human and plant pathogens (O’Donnell, Al-Hatmi et al., 2020).
Different perspectives on the limits of the generic concept of Fusarium (illustrated in Figure 2.5)

will no doubt continue to be debated, and are discussed in more detail in Chapter 3.

Unlike the former two genera, Aspergillus is not known predominantly for plant associated taxa, but
rather for globally distributed air and soilborne saprotrophs, with some species infamously acting
as opportunistic human pathogens (Bennett, 2010; Latgé and Chamilos, 2020). Nonetheless, As-
pergillus species are also frequently found as endophytes, and an endophytic Aspergillus fumigatus
strain isolated from Ozalis corniculata roots has been shown to promote growth in rice (Bilal et al.,
2018). Intriguingly, the most prevalent OTU for the genus in this study was classified as Aspergillus
caesiellus, which has been reported as a marine endophyte of seagrasses and sponges (Liu, Li et al.,
2010; Subrmaniyan, Ponnambalam and Thirunavukarassu, 2018). The second most prevalent OTU
was Aspergillus flavus, a ubiquitous soil fungus known for contaminating stored grains with aflatox-
ins, and also an agent of aforementioned opportunistic diseases in animals and humans (Amaike and
Keller, 2011). The range of plant—fungal interactions that are observed in these three genera em-
phasises the ongoing question we face for the endophytic lifestyle as a whole — how can we distinguish
mutualistic or commensal endophytes from latent pathogens? Greater exploration of the genomic
features and expression profiles of endophytes is required to tackle this issue, and seed banks provide
an excellent resource for targeting economically, environmentally and scientifically important plant

hosts from which to isolate strains for this purpose.

A relatively modest sampling effort was required to isolate the majority of common OTUs found
across Musa species (Figure 2.1B), in agreement with other microfungi community studies (e.g.,
Paulus et al., 2006; Tisthammer, Cobian and Amend, 2016; Vaz et al., 2018), but the vast majority
of OTUs were singleton or low-abundance, a known phenomenon in microbial diversity (Lynch and
Neufeld, 2015; Jia, Dini-Andreote and Falcao Salles, 2018). A disproportionate number of rare taxa
can obstruct community composition visualisation methods such as NMDS, and so low abundance
taxa are often filtered out in order to visualise structural patterns (e.g., Miller, Hopkins et al., 2016;
Huang, Bowman et al., 2018; U’Ren, Lutzoni, Miadlikowska, Zimmerman et al., 2019). This is dis-

tinct from the practise of removing rare/singleton OTUs from high throughput sequencing datasets
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in case of sequencing artefacts (e.g., Brown et al., 2015). Poos and Jackson (2012) discussed two ar-
guments for removal of rare taxa in multivariate analysis in the context of bioassessments: statistical
impact (‘rare species provide limited interpretative value and add noise’) and biological impact (‘rare
taxa do not provide meaningful information beyond that captured by more common species’). For
our comparison of endophyte communities between different host habitats, PERMANOVA analysis
found the effect size of habitat on community variance to be greater when excluding rare taxa (Table
2.1), but when comparing the significance of individual habitats with pairwise PERMANOVA the
inclusion of rare taxa revealed differences between habitats that were not found from the common
taxa alone (Figure 2.4B). This challenges the ‘biological impact’ argument above, however removal
of rare taxa remains a practical compromise to enable visualisation of at least a subset of the com-
munity structure. A valid question is whether the rare taxa that were detected are conditionally rare
(i.e., their abundance is based on abiotic conditions), or permanently rare. We would need repeated
samples over time to clarify this and, although outside the scope of this study, seed bank collections

are excellently positioned for addressing this in the future.

While the impact of ‘edge effect’” — change in community structure at the boundary of habitats,
whether natural or from e.g., encroaching human land use or bisecting roads — has been well doc-
umented for plant communities (Skole and Tucker, 1993; Harper et al., 2005; Kunert et al., 2015),
it is far less studied in fungi (Crockatt, 2012; Ruete, Snéll and Jonsson, 2016), and, to our know-
ledge, the concept has not been addressed in the context of endophytes. Our results comparing the
jungle buffer, jungle edge and roadside habitats suggest that there may indeed be some level of edge
effect manifested in the seed mycobiome of these Musa accessions, both in diversity and abundance
(Figures 2.4C,D). While community composition did not differ between these three habitats for the
most common taxa, when including rare taxa there was a significant difference between the jungle
buffer and roadside habitats (Figure 2.4B). Seeing a community difference between these habitats
when including rare and not just common taxa suggests that the rare endophytes may be more
sensitive to edge effects, which would be consistent with the concept of biotic homogenisation as
a result of ecosystem disruption (McKinney and Lockwood, 1999; Parra-Sanchez and Banks-Leite,
2020). This is also supported by the fact that the Shannon index, which is sensitive to rare species,
found a significant difference in diversity, while the Simpson index, which is sensitive to abundant
species, did not (Morris, Caruso et al., 2014). These results come with the caveat that the habitats
as defined in this study are interpreted from the MSB seed collection data, which were not recorded
with any particular study design in mind, and as such some entries are more complete than others
and there can be subjectivity in how to infer habitat from the collection notes. While the extensive
metadata attached to natural history collections can be incredibly powerful for studying patterns of
biodiversity (Andrew, Diez et al., 2018; Funk, 2018; Andrew, Biintgen et al., 2019; Pearce et al.,
2020), the application of that data must be done with care.

Fitting post-storage seed viability and germination rate data to the NMDS visualisation showed
jungle habitat accessions to be associated with highest seed viability and ravine habitat accessions
to be associated with lowest seed viability. As these assessments specifically measured post-storage
viability /germination, we relied on the assumption that the same collection standards and proced-
ures were always adhered to, as other factors have been shown to impact Musa seed viability such
as maturity of the seed at collection and the speed of drying before cold storage (Kallow et al.,
2020). Nonetheless, these results highlighted Fusarium and Lasiodiplodia strains, which would be

particularly interesting to trial in experimental inoculation studies, to verify whether they impact
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the survivability of Musa seeds in storage, or indeed the germination rates of fresh seeds. Endophytic
Fusarium strains have previously been found to promote germination and seedling growth of an In-
donesian peatland grass (Tamura et al., 2008) and germination of orchid seeds (Bayman and Otero,
2006). In addition to the aforementioned roles of L. theobromae in tropical fruit tree diseases, it has
also been implicated in seed rot, for instance of slash pine (Cilliers, Swart and Wingfield, 1993), and
to cause reduced germination rates in aridan and coconut seeds (Dugan et al., 2016). The role of
seedborne L. theobromae on germination may be more nuanced, however, as it has been found to
produce fatty acid esters, which can alternately inhibit and promote tobacco seed germination and
seedling growth (Uranga et al., 2016). Considering the pathogenic role of numerous Lasiodiplodia
species discussed above, it is interesting that this study saw Lasiodiplodia strains to be prevalent in
Musa accessions with comparatively high post-storage seed viability. A previous study of in wvitro
germination of both stored and fresh M. ornata seeds found Lasiodiplodia to persistently infect seeds,
with the implication that these seeds then decayed (Burgos-Hernéndez et al., 2014). Goos, Cox and
Stotzky (1961) reported a similar result for seeds of various Musa spp. in aseptic conditions, how-
ever they noted that germination was not significantly affected by Lasiodiplodia colonisation under
‘greenhouse conditions’. This raises the question as to whether the pathogenic potential of Lasiod-
iplodia strains in Musa seeds is influenced by the abiotic conditions and/or co-occurrence of other
fungi. Of course, without isolating specific strains and performing controlled pathogenicity tests,
it is impossible to answer this, as different fungal strains can vary in their ability to cause disease
regardless of secondary factors such as environment. It would also be interesting to look at the
endosymbiotic or ‘endohyphal’ bacteria associated with our strains, as these have been found, in
rare cases, to be capable of effecting (pre-storage) seed germination and viability in a neotropical
tree (Shaffer et al., 2018).

An interesting result was that the abundance of endophytes per Musa accession was greatest in
the ravine habitat (Figure 2.4B), the same habitat that was adversely correlated with post-storage
seed viability. Returning to the ambiguity of the endophytic lifestyle, this again raises the issue
that it is not the mere presence of endophytes, but the identity of specific strains that may have
implications for stored seeds. The difference in abundance and community composition in the ravine
habitats could partially be explained by altitude, although unfortunately there was not sufficient
altitude data for all accessions in the MSB records to test this. Previous studies on the effect of
altitude on endophyte communities have suggested an inconsistent relationship (Granath et al., 2007;
Hashizume, Sahashi and Fukuda, 2008; Zubek et al., 2009; Bonfim et al., 2016), no doubt partially
due to the large number of confounding factors associated with changing altitude, such as variation
in the host plant assemblages, as host availability is believed to be a main driver of endophyte
community composition (U'Ren, Lutzoni, Miadlikowska, Zimmerman et al., 2019). Host availability
may also have been a key factor as to why accessions in oil palm plantations and a botanical garden
had low endophyte abundance (Supplementary Figure S2.3). Although the sample size for these
habitats was too small to include them in the main analyses, these were the only managed habitats

with, presumably, the least natural co-occurring plant assemblages.

There are a number of considerations for seed banking in the context of endophytes that are im-
portant to raise for future discussion and research. Firstly, our results show that habitat of the host
plants from which seeds are collected could impact the associated endophyte communities, which
may potentially have downstream consequences for seed survival. Collecting seeds from individuals

in a range of habitats with different co-occurring plant species may be advisable to conserve endo-
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phytic diversity. As current seed bank protocol is to collect seeds pre-dispersal, before horizontal
transmission of fungi from soil to seed, what, if any, impact does this have on subsequent viability of
the seeds or health of the descendent plants? To our knowledge, only one study has made a direct
comparison of endophytic communities in pre and post-dispersal seeds for the same plant individual,
finding fewer endophytes in pre-dispersal seeds of a neotropical tree species, none of which were suc-
cessfully isolated in culture (Gallery, Dalling and Arnold, 2007). Studies of buried seeds have shown
that seeds acquire diverse endophytes through horizontal transmission from the soil (e.g., U’Ren,
Dalling et al., 2009; Sarmiento et al., 2017), but are also vulnerable to soilborne pathogens (Gallery,
Moore and Dalling, 2010). It could then be that the current protocol of storing pre-dispersal seeds
is preferable, as it limits the acquisition of potential pathogens while still allowing the possibility
for mutualistic endophytes to be vertically transmitted from the parent plant. The dynamics of
endophyte transmission are likely to be highly variable between different plant groups, however, and
more studies of seeds from different hosts, geographical areas and dispersal stages are needed to

identify the optimal collection procedure for healthy microbiomes of stored seeds.

2.6 Conclusions

This study has demonstrated that seed banks provide huge potential for research into fungal endo-
phyte communities. As well as being an untapped resource for new fungal diversity, the ability to
isolate live strains from almost 40,000 global plant taxa curated by the MSB — a third of which are
identified as having significant natural capital value (Liu, Breman et al., 2018) — provides far-reaching
opportunities for future study of the role of endophytes in plant health. For this reason, although
originally designed for conservation of plant genetic diversity, seed banks may have an equally im-
portant role in conserving the seed microbiome, and much more discussion and research is needed

on how the seed collection and storage procedure can best accommodate this.
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Supplementary Table S2.1: MSB serial numbers and metadata associated for the

rescue)

45 wild Musa accessions. (TTC=tetrazolium chloride, ER=embryo

Serial

number

Species

Collection

year

Collection location

Seed viability
(TTC) (%)

Germination rate

(ER) (%)

Contamination

(ER) (%)

Habitat

836375

836445

836467

836478

836489

836490

Musa balbisiana

Musa itinerans

Musa itinerans

Musa balbisiana

Musa balbisiana

Musa itinerans

2014

2014

2014

2014

2014

2014

Vietnam, Ha Tinh Province,
Ky Anh District,

Ky Hoa commune
N18°1’29.4”E106°16°51.48”

Vietnam, Ha Tinh Province,
Huong Son District,
Son Kim commune
N18°25’37.38"E105°12’53.95”

Vietnam, Nghé An Province,
Thanh Chuong District,
Thanh Thiy commune
N18°37'14.95”E105°12’36.68”

Vietnam, Nghé An Province,
Thanh Chuong District,
Thanh Thiy commune
N18°38’16.11’E105°14°15.78”

Vietnam, Nghé An Province,
Thanh Chuong District,
Thanh Thily commune
N18°38’29.8’E105°14’15.87”

Vietnam, Nghé An Province,
Thanh Chuong District,
Thanh Thily commune
N18°38’14.89”E105°14’50.83”

56

63

88

86

52

25

NA

63

10

70

70

Jungle buffer

Jungle buffer

Jungle buffer

Jungle buffer

Jungle buffer

Jungle buffer
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Supplementary Table S2.1 continued.

Serial .
Species
number

Collection

year

Seed viability
(TTC) (%)

Collection location

Germination rate

(ER) (%)

Contamination

(ER) (%)

Habitat

836504 Musa itinerans

836515 Musa itinerans

880079 Musa balbisiana var. bakeri

880116 Musa itinerans

880127 Musa balbisiana

880138 Musa itinerans

880149 Musa itinerans

2014

2014

2015

2015

2015

2015

2015

Vietnam, Nghé An Province,
Thanh Chuong District,
Thanh Thiy commune
N18°38’30.41"E105°15’42.39”

88

Vietnam, Nghé An Province,
Con Cuodng District, 60
Chau Khé commune

N19°1°48.73"E104°43’31.97”

Vietnam, Lai Chau Province,
Sin Hd District,,

Pha S6 Lin commune
N22°21’32.5"E103°16°37.4”

Vietnam, Lao Cai Province,
Sa Pa, Hoang Lién National Park 0
N22°14’41.7"E103°56°41.6”

Vietnam, Lao Cai Province,
Sa Pa, Hoang Lién National Park 0
N22°14’41.6"E103°57°30.6”

Vietnam, Lao Cai Province,
Sa Pa, Hoang Lién National Park 0
N22°15’13.5”E103°57°1.5”

Vietnam, Lao Cai Province,
Sa Pa, Hoang Lién National Park 0
N22°15’10.2"E103°56°35.5”

80

10

10

10

10

Jungle buffer

Jungle buffer

Ravines

Ravines

Ravines

Ravines

Ravines
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Supplementary Table S2.1 continued.

Serial

number

Species

Collection

year

Collection location

Seed viability
(TTC) (%)

Germination rate

(ER) (%)

Contamination

(ER) (%)

Habitat

880161

880172

880264

880323

880334

880345

880356

Musa balbisiana

Musa balbisiana

Musa itinerans

Musa itinerans

Musa itinerans

Musa balbisiana var. bakeri

Musa balbisiana

2015

2015

2015

2015

2015

2015

2015

Vietnam, Lao Cai Province,
Sa Pa, Hoang Lién National Park
N22°15’2.1"E103°56741.1”

Vietnam, Lao Cai Province,
Sa Pa, Hoang Lién National Park
N22°14’21.3’E103°57°2.24”

Vietnam, Lai Chau Province,
Tam Duodng District,

Ban Bo
N22°17’33.3"’E103°40’34.4”

Vietnam, Lao Cai Province,
Sa Pa, Hoang Lién National Park
N22°21’14.3"E103°46°43”

Vietnam, Lao Cai Province,
Sa Pa, Hoang Lién National Park
N22°21’23.17E103°47°16.1”

Vietnam, Lao Cai Province,
Sa Pa, Hoang Lién National Park
N22°21’23.77E103°47°11.6”

Vietnam, Lao Cai Province,
Sa Pa, Hoang Lién National Park
N22°21’14.67E103°46°40.5”

54

10

Ravines

Ravines

Ravines

Ravines

Ravines

Ravines

Ravines
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Supplementary Table S2.1 continued.

Serial .
Species
number

Collection

year

Collection location

Seed viability
(TTC) (%)

Germination rate

(ER) (%)

Contamination

(ER) (%)

Habitat

880367 Musa balbisiana

880585 Musa balbisiana var. bakeri

880600 Musa balbisiana var. bakeri

880622 Musa itinerans

880633 Musa itinerans

2015

2015

2015

2015

2015

Vietnam, Lao Cai Province,
Sa Pa, Hoang Lién National Park
N22°19’31.77E103°46°21.5”

Vietnam

Lai Chau Province

Sin Hd District
N22°6’53"E103°10°41.7”

Vietnam

Lai Chau Province

Phong Thé District,

La Nhi Thang commune
N22°27°41.9’E103°22°11.3”

Vietnam

Lai Chau Province
Phong Thé District,

Ma Li Pho commune
N22°36’8.9”E103°11’3.31”

Vietnam

Lai Chau Province

Phong Thd District,
Khdéng Lao commune
N22°32’56.6"E103°20°34.9”

12

60

23

45

75

80

30

78

Ravines

Jungle edge

Jungle edge

Jungle edge

Jungle edge

syureq 1SUNJ [RIUOPIOUL Se Syueq paag — g Iojdey))



16

Supplementary Table S2.1 continued.

Serial .
Species
number

Collection

year

Collection location

Seed viability
(TTC) (%)

Germination rate

(ER) (%)

Contamination

(ER) (%)

Habitat

880644 Musa itinerans

882671 Musa acuminata

882730 Musa acuminata

882741 Musa acuminata subsp. malaccensis

882785 Musa acuminata

882800 Musa acuminata subsp. malaccensis

2015

2015

2015

2015

2015

2015

Vietnam

Lai Chau Province

Phong Thd District,
Hoang Thén commune
N22°34’35.6"E103°17°42.5”

Malaysia

Peninsula Malaysia
Pahang
N3°42°44.1’E103°22.04”

Malaysia

Peninsula Malaysia
Pahang
N3°52’15.66"E102°11°46.02”

Malaysia

Peninsula Malaysia
Pahang
N3°53'47.94’E102°12’24.24”

Malaysia

Peninsula Malaysia
Negeri Sembilan
N2°29’59"E102°10°33.5”

Malaysia

Peninsula Malaysia
Negeri Sembilan
N2°48’31.2"E102°20°38.2”

51

36

46

83

48

64

30

70

56

33

Jungle edge

Roadside

Roadside

Roadside

Roadside

Roadside
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Supplementary Table S2.1 continued.

Serial .
Species
number

Collection

year

Collection location

Seed viability
(TTC) (%)

Germination rate

(ER) (%)

Contamination

(ER) (%)

Habitat

882811 Musa acuminata subsp. malaccensis

882833 Musa acuminata subsp. malaccensis

882877 Musa gracilis

882888 Musa acuminata subsp. malaccensis

882899 Musa acuminata subsp. malaccensis

928337 Musa acuminata

2015

2015

2015

2015

2015

2016

Malaysia

Peninsula Malaysia
Negeri Sembilan
N2°48’31.2"E102°20°38.2”

Malaysia

Peninsula Malaysia
Selangor
N2°56’56.7"E102°47°16.3”

Malaysia

Peninsula Malaysia
Pahang
N3°53’48.2"E102°12°24.5”

Malaysia

Peninsula Malaysia

Johor
N2°6’53.88"E102°40’38.82”

Malaysia

Peninsula Malaysia

Johor
N2°6’53.88"E102°40’38.82”

Malaysia

Peninsula Malaysia
Pahang
N3°20°51.5”E101°48’58.3”

71

73

51

32

36

20

50

100

40

Roadside

Roadside

Roadside

Oil palm plantation

Oil palm plantation

Jungle edge
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Supplementary Table S2.1 continued.

Serial .
Species
number

Collection

year

Collection location

Seed viability
(TTC) (%)

Germination rate

(ER) (%)

Contamination

(ER) (%)

Habitat

928360 Musa violascens

Musa acuminata

928429

928500 Musa acuminata subsp. microcarpa

928717 Musa balbisiana

928728 Musa balbisiana var. balbisiana

2016

2016

2016

2015

2016

Malaysia

Peninsula Malaysia
Pahang
N3°19’17.2”E101°51°29.8”

Malaysia

Peninsula Malaysia
Johor
N2°4’44.5"E103°22’19.7”

Malaysia

Peninsula Malyasia
Pahang
N4°18’23.6"E101°41°4.02”

Vietnam

Ha Giang Province
Hoang Su Phi District
Nam Dich commune

N22°39’9.71"E104°41°57.87”

Vietnam
Ha Giang Province
Hoang Su Phi District

Nam Dich commune

N22°34’13.09”E104°47°28.63”

13

18

50

40

58

40

20

Roadside

Oil palm plantation

Roadside

Jungle edge

Jungle edge
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Supplementary Table S2.1 continued.

Serial

number

Species

Collection

year

Collection location

Seed viability
(TTC) (%)

Germination rate

(ER) (%)

Contamination

(ER) (%)

Habitat

928739

928740

944548

Musa balbisiana

Musa balbisiana var. balbisiana

Musa velutina

2016

2016

2017

Vietnam

Ha Giang Province

Hoang Su Phi District
Nam Dich commune
N22°34’10"E104°47°30.547z

Vietnam

Ha Giang Province

Hoang Su Phi District

Nam Dich commune
N22°36’33.17’E104°45°43.36”

Royal Botanic Gardens, Kew

46

54

NA

10

20

NA

NA

Jungle edge

Jungle edge

Botanical garden
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Chapter 2 — Seed banks as incidental fungi banks

Supplementary Table S2.2: GenBank accession numbers for taxa used in the phylogenetic ana-
lysis. Accessions in bold were sequenced during this study.

Voucher Species EFla RPB1 RPB2

Albonectria rigidiuscula

NRRL 13412 JX171453  JX171567
(=Fusarium decemcellulare)
Bisi, ium delphinoid
NRRL 36160  Disifusarium delphinoides HM347134  JX171535 HM347219
(=Fusarium delphinoides)
Bisifusarium dimerum
NRRL 20691 EU926349 JX171478  JX171592
(=Fusarium dimerum)
Bisifusarium lunatum
NRRL 36168 . EU926291 JX171536  JX171648
(=Fusarium lunatum)
Bisifusarium nectrioides
NRRL 20689 EU926312 JX171477  JX171591
(=Fusarium nectrioides)
NRRL 20711 Disifusarium penzigii HM347132 JX171482  HM347217
(=Fusarium penzigii)
Cyanonectria buxi
NRRL 36148 JX171534  JX171647
(=Fusarium buzicola)
NRRL 13308  Fusarium acutatum AF160276
NRRL 22152  Fusarium albidum JX171492  JX171605
NRRL 20459  Fusarium albosuccineum JX171471  JX171585
NRRL 25385  Fusarium anguioides JX171511 JX171624
NRRL 32997 Fusarium arcuatisporum ‘FIESC 7a’ GQ505624 GQ505802
NRRL 6227 Fusarium armeniacum HM744692 JX171446  JX171560
NRRL 13818  Fusarium asiaticum AF212451 JX171459  JX171573
NRRL 54939  Fusarium avenaceum JX171551  JX171663
NRRL 25410  Fusarium aywerte JX171513  JX171626
NRRL 25539  Fusarium babinda JX171519  JX171632
NRRL 25174  Fusarium beomiforme JX171506  JX171619
NRRL 31008  Fusarium brachygibbosum JX171529  JX171642
NRRL 43638 Fusarium brevicaudatum ‘FIESC 6a’ GQ505665 GQ505843
NRRL 13371  Fusarium buharicum JX171449  JX171563
NRRL 13829  Fusarium cf. compactum JX171460  JX171574
NRRL 25331 Fusarium circinatum KM231943 JX171510  JX171623
NRRL 32871  Fusarium clavum ‘FIESC 5a’ GQ505619 GQ505797
NRRL 28577  Fusarium coffeatum ‘FIESC 28a’ GQ505603 GQ505781
NRRL 28387  Fusarium commune JX171525  JX171638
NRRL 36323  Fusarium compactum ‘FIESC 3a’ GQ505648 GQ505826
NRRL 13459 Fusarium concolor GQ505674 JX171455 JX171569
NRRL 3020 Fusarium croceum ‘FIESC 10a’ GQ505586 GQ505764
InaCC F983 Fusarium cugenangense LS479756 LS479559  LS479307
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Supplementary Table S2.2 continued.

Voucher Species EFla RPB1 RPB2
NRRL 25475  Fusarium culmorum AF212463 JX171515  JX171628
NRRL 53998  Fusarium cyanostomum HM626647 JX171546  JX171658
NRRL 29976  Fusarium domesticum EU926286 JX171528  JX171641
NRRL 36401  Fusarium duofalcatisporum ‘FIESC 2a’ GQ505651 GQ505829
FocMal43 Fusarium duoseptatum ‘Racel’ LS479653 LS479207
NRRL 20697  Fusarium equiseti GQ505594 JX171481  JX171595
NRRL 6548 Fusarium flagelliforme ‘FIESC 12a’ GQ505589 GQ505767
NRRL 25473  Fusarium flocciferum JX171514  JX171627
NRRL 28852  Fusarium fractiflezum AF160288

NRRL 13566  Fusarium fujikuroi AF160279 JX171456  JX171570
NRRL 45417  Fusarium gaditjirri JX171542  JX171654
NRRL 26131  Fusarium globosum AF160285 KF466396 KF466406
NRRL 43635  Fusarium gracilipes ‘FIESC 13a’ GQ505662 GQ505840
NRRL 31084  Fusarium graminearum HM744693 JX171531  JX171644
NRRL 20692  Fusarium graminum JX171479  JX171593
InaCC F820 Fusarium grosmichelii ‘Racel’ LS479810 LS479364
NRRL 32865 Fusarium guilinense ‘FIESC 21b’ GQ505614 GQ505792
NRRL 22945  Fusarium guttiforme JX171505  JX171618
NRRL 26417 Fusarium hainanense ‘FIESC 26a’ GQ505598 GQ505776
NRRL 20693  Fusarium heterosporum JX171480  JX171594
InaCC F866 Fusarium hezaseptatum ‘Racel’ L.S479805 LS479359
NRRL 29889  Fusarium hostae AY329034 JX171527  JX171640
NRRL 13379 Fusarium incarnatum ‘FIESC 23b’ GQ505591 GQ505769
NRRL 20433 Fusarium inflexum AF008479 JX171469  JX171583
NRRL 43637  Fusarium ipomoeae ‘FIESC la’ GQ505664 GQ505842
NRRL 32175 Fusarium irregulare ‘FIESC 15a’ GQ505609 GQ505787
NRRL 20423  Fusarium lacertarum GQ505593 JX171467  JX171581
NRRL 54940  Fusarium langsethiae JX171550  JX171662
NRRL 36372  Fusarium longifundum ‘FIESC 11a’ GQ505649 GQ505827
NRRL 13368  Fusarium longipes JX171448  JX171562
NRRL 31167  Fusarium luffae ‘FIESC 18a’ GQ505608 GQ505786
NRRL 54252  Fusarium lyarnte JX171549  JX171661
NRRL 25226  Fusarium mangiferae AF160281 JX171509  JX171622
NRRL 26231 Fusarium miscanthi JX171521  JX171634
NRRL 43639 Fusarium multiceps ‘FIESC 19a’ GQ505666 GQ505844
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Supplementary Table S2.2 continued.

Voucher Species EFla RPB1 RPB2
MUCL 52574  Fusarium musae FN552086

NRRL 22244  Fusarium nanum ‘FIESC 25a’ GQ505596 GQ505774
NRRL 54600  Fusarium nematophilum JX171552  JX171664
NRRL 25179  Fusarium nisikados JX171507  JX171620
NRRL 36452  Fusarium nurragi JX171538  JX171650
S(ii? 54006 Fusarium odoratissimum ‘TR4’ LS479644 LS479459  LS479198
CAV300 Fusarium ozysporum f. cubense ‘TR4’ FJ664932

NRRL 32864 Fusarium pernambucanum ‘FIESC 17a’ GQ505613 GQ505791
FocIndo25 Fusarium phialophorum ‘Racel’ L.S479650 LS479464  LS479204
NRRL 13714  Fusarium poae JX171458  JX171572
NRRL 22944  Fusarium proliferatum JX171504  JX171617
NRRL 28062  Fusarium pseudograminearum AF212468 JX171524  JX171637
ATCC76244 Fusarium purpurascens ‘Racel’ L.S479645 LS479199
NRRL 22901  Fusarium redolens JX171503  JX171616
NRRL 22134  Fusarium rusci JX171490  JX171603
NRRL 13999  Fusarium sacchari JX171466  JX171580
NRRL 22187  Fusarium sambucinum JX171493  JX171606
NRRL 20472  Fusarium sarcochroum JX171472  JX171586
NRRL 13402  Fusarium scirpi JX171452  JX171566
NRRL 36526  Fusarium setosum JX171539  JX171651
NRRL 26427  Fusarium sp. AF160286

NRRL 25309  Fusarium sp. AF160284

NRRL 25303  Fusarium sp. AF160283

NRRL 34002  Fusarium sp. ‘FIESC 22a’ GQ505626 GQ505804
NRRL 20722  Fusarium sp. ‘FIESC 27a’ GQ505595 GQ505773
NRRL 5537 Fusarium sp. ‘FIESC 8a’ GQ505588 GQ505766
NRRL 29134  Fusartum sp. ‘FIESC 9a’ GQ505605 GQ505783
836490-12 Fusarium sp. OTU1 MW319605

836445-03 Fusarium sp. OTU2 MW319595

880323-07 Fusarium sp. OTU3 MW319620

880334-09 Fusarium sp. OTU4 MW319629

880149-04 Fusarium sp. OTU5 MW319604

836490-20 Fusarium sp. OTU6 MW319587

836489-15 Fusarium sp. OTU7 MW319636

836445-18 Fusarium sp. OTU8 MW319589
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Supplementary Table S2.2 continued.

Voucher Species EFla RPB1 RPB2
880600-17 Fusarium sp. OTU9 MW319588
880138-05 Fusarium sp. OTU10 MW319601
NRRL 3229 Fusarium sporotrichioides HM744665 JX171444  JX171558
NRRL 20429  Fusarium stilboides JX171468  JX171582
NRRL 22016  Fusarium subglutinans HMO057336 JX171486  JX171599
NRRL 13384  Fusarium sublunatum JX171451  JX171565
NRRL 34004 Fusarium sulawesiense ‘FIESC 16a’ GQ505628 GQ505806
NRRL 34005 Fusarium tanahbumbuense ‘FIESC 24a’ GQ505629 GQ505807
InaCC F956 Fusartum tardichlamydosporum ‘Racel’”  LS479727 LS479532  LS479278
NRRL 22045  Fusarium thapsinum JX171487  JX171600
NRRL 54149  Fusarium torreyae JX171548  JX171660
NRRL 22748 Fusarium torulosum JX171502  JX171615
NRRL 25481  Fusarium tricinctum JX171516  JX171629
NRRL 22196 Fusarium venenatum JX171494  JX171607
NRRL 22566  Fusarium verrucosum JX171500  JX171613
NRRL 20956  Fusarium verticillioides JX171485  JX171598
NRRL 25486  Fusarium zylarioides JX171517  JX171630
Geejayessia atrofusca
NRRL 22316 ) JX171496  JX171609
(=Fusarium staphyleae)
Geejayessia zealandica
NRRL 22465 JX171498 JX171611
(=Fusarium zealandicum)
N brosi
NRRL 20438 cocosmospora ambrosia AF178332 JX171470  JX171584
(=Fusarium ambrosium)
Neocosmospora falciformis
NRRL 43529 EF452965 JX171541 JX171653
(=Fusarium falciforme)
Neocosmospora illudens
NRRL 22090 ) ) AF178326 JX171488  JX171601
(=Fusarium illudens)
NRRL 45880 1 cocosmospora pisi JX171543  JX171655
(=Fusarium solani f. sp. pisi)
Neocosmospora plagianthi
NRRL 22632 . . AF178354 JX171501 JX171614
(=Fusarium plagianthi)
NRRL 22436 1 cocosmospora vasinfecta AF178348 IX171497  JX171610
(=Fusarium neocosmosporiellum)
Neocosmospora phaseoli
NRRL 22276 ) EF408415 JX171495  JX171608
(=Fusarium phaseoli)
Neocosmospora phaseoli
NRRL 31041 JX171530  JX171643
(=Fusarium virguliforme)
NRRL 20485  Neonectria coccinea JX171474  JX171588
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Supplementary Table S2.2 continued.

Voucher Species EFla RPB1 RPB2

N tri
NRRL 22505  Conectria neomacrospora JX171499  JX171612
(=Cylindrocarpon cylindroides)

Rects, ; tri
NRRL 20846  Lrectifusarium ventricosum JX171484  JX171597

=Fusarium ventricosum,)

Supplementary Table S2.3: Summary of OTUs which were also found on the unsterilised seed
surface.

OTU Species Count

Otu22 Fusarium concentricum
Otub2 Capnodiales sp.

Otub Lasiodiplodia citricola
Otu8 Nectriaceae sp.

Otul76  Ascomycota sp.

Otud44d  Neofusicoccum parvum
Otu99  Xylariales sp.

Otuld  Aspergillus flavus

Otu27  Aspergillus niger
Otul96  Penicillium meleagrinum var. viridiflavum
Otu26 Capnodiales sp.

Otu62 Talaromyces ricevillensts
Otul66  Hypocreales sp.

Otu96  Ascomycota sp.

Otud6  Penicillium solitum

N L e el e i al al C A
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Supplementary Figure S2.1: Scree plot up to 10 dimensions for the NMDS analysis (top) and
stress plot for the chosen number of 6 dimensions (bottom).
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Habitat m— Roadside m— Jungle edge m— Jungle buffer m— Ravines

Common OTUs All OTUs (including rare)
Ravines — - ° n=12 _m . . =13
Jungle buffer ) n=8 _ L . n=8
Jungle edge ® [] ot M2 n=10
Roadside — =4 n=8
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

Distance from centroid

Supplementary Figure S2.2: Data dispersion for each habitat for both the common taxa used in
the NMDS and all taxa including rare OTUs, as assessed with betadisper. Sample size (number of
accessions) is shown to the right of the plots. Sample size is less for the roadside habitat in the ‘All
OTUSs’ category than in the diversity and abundance analyses (Figure 2.4C,D) because accessions
with no OTUs detected are removed by betadisper.

Qil palm plantation -m- Roadside -m- Jungle buffer
Habitat
-D]- Botanical garden -m- Jungle edge -D]- Ravines
. n=13
Ravines @ — — c
n=8
Jungle buffer — B bc
n=10
Jungle edge — — ab
n=10
Roadside - a
) n=1
Botanical garden I abc
n:
Oil palm plantation I]- a
0 10 20 30

Number of OTUs per Musa accession

Supplementary Figure S2.3: Abundance of OTUs per Musa accession for each habitat including
oil palm plantation and botanical garden. Groups with significant difference of means as calculated
by TukeyHSD are shown by letters on the right of the plots. Sample size (number of accessions) is
shown to the right of boxes.
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Chapter 3

Lifestyle transitions in fusarioid fungi
are frequent and lack clear genomic

signatures

Publication details

This chapter has been published as the following paper:

Hill, R., Buggs, R.J.A., Vu, D.T., Gaya, E. (2022). Lifestyle transitions in fusarioid
fungi are frequent and lack clear genomic signatures. Molecular Biology and Evolution
39(4):msac085. DOI: 10.1093/molbev/msac085.

R.H. designed the study, performed molecular lab work, implemented the analysis and wrote the
paper. E.G. and R.J.A.B. supervised the study, designed the analysis and wrote the paper. D.T.V.

provided the samples and read and approved the final manuscript.

3.1 Abstract

The fungal genus Fusarium (Ascomycota) includes well-known plant pathogens that are implicated
in diseases worldwide, and many of which have been genome sequenced. The genus also encom-
passes other diverse lifestyles, including species found ubiquitously as asymptomatic-plant inhab-
itants (endophytes). Here, we produced structurally annotated genome assemblies for five endo-
phytic Fusarium strains, including the first whole-genome data for Fusarium chuoi. Phylogenomic
reconstruction of Fusarium and closely related genera revealed multiple and frequent lifestyle trans-
itions, the major exception being a monophyletic clade of mutualist insect symbionts. Differential
codon usage bias and increased codon optimisation separated Fusarium semsu stricto from allied
genera. We performed computational prediction of candidate secreted effector proteins (CSEPs)
and carbohydrate-active enzymes (CAZymes) — both likely to be involved in the host—fungal inter-
action — and sought evidence that their frequencies could predict lifestyle. However, phylogenetic
distance described gene variance better than lifestyle did. There was no significant difference in

CSEP, CAZyme, or gene repertoires between phytopathogenic and endophytic strains, although we
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did find some evidence that gene copy number variation may be contributing to pathogenicity. Large
numbers of accessory CSEPs (i.e., present in more than one taxon but not all) and a comparatively
low number of strain-specific CSEPs suggested that there is limited specialisation among plant as-
sociated Fusarium species. We also found half of the core genes to be under positive selection
and identified specific CSEPs and CAZymes predicted to be positively selected on certain lineages.
Our results depict fusarioid fungi as prolific generalists and highlight the difficulty in predicting
pathogenic potential in the group.

3.2 Introduction

Fusarium (Hypocreales, Ascomycota) is a globally distributed genus of approximately 230 species
(https://wuw.fusarium.org/), many of which are implicated in devastating fungal diseases of
plants. For instance, throughout the first half of the 20*" century, Fusarium wilt of banana single-
handedly wiped out the main globally traded banana cultivar — equivalent to losses of at least US$2.3
billion in 2000 (Ploetz, 2005). A new Fusarium epidemic is now affecting the current dominant
banana cultivar (Ordonez et al., 2015). Moreover, on the much-cited list of the top 10 fungal plant
pathogens by Dean et al. (2012), two spots belong to Fusarium species. Beyond plant pathogenicity,
however, many species are also reported to exhibit an array of other fungal lifestyles (see Appendix
A.3), and Fusarium strains are also frequently isolated as endophytes from inside healthy plant
tissues (e.g., Parsa et al., 2016; Zakaria and Aziz, 2018; Rashmi, Kushveer and Sarma, 2019; Chapter
2). As outlined in Chapter 1.1, there is no single role that endophytes play in the plant host, as
the endophytic lifestyle represents a functional range between pathogenicity and mutualism, which
has been dubbed the ‘endophytic continuum’ (Schulz and Boyle, 2005). The need to categorise
pathogenic potential of Fusarium taxa is obvious considering the ubiquity of Fusarium endophytes
in our crops (e.g., Rubini et al., 2005; Leoni et al., 2013; Sandoval-Denis, Guarnaccia et al., 2018) and
the ramifications of pathogenic Fusarium strains for food security (e.g., Menzies, Koch and Seywerd,
1990; Kokkonen et al., 2010; Okello et al., 2020).

In >200 years since Fusarium was first described, the generic concept has been the source of lively
debate (Summerell, 2019). In recent years, many Fusarium species complexes have been reclassified
into distinct ‘fusarioid’ genera based on phenotypic and phylogenetic evidence — such as Albonec-
tria, Bisifusarium, Cyanonectria, Geejayessia, Neocosmospora and Rectifusarium (Schroers et al.,
2011; Lombard et al., 2015; Sandoval-Denis, Lombard and Crous, 2019) — resulting in a narrower
definition of the genus, Fusarium sensu stricto. This has been opposed in some quarters, with
the argument that retaining a broader definition of the genus (Fusarium sensu lato) is desirable to
facilitate communication between scientists and practitioners dealing with agriculturally and clinic-
ally important species that have historically been classified under Fusarium (O’Donnell, Al-Hatmi
et al., 2020; Geiser, Al-Hatmi et al., 2021). Crous, Lombard et al. (2021) countered that, in light
of ever-increasing species discovery and recognised chemical and morphological differences between
these clades, reclassification of certain species complexes into different genera is both biologically
and practically meaningful. However, both sides of the debate note that ecology is similar among
many of these taxa, and so questions regarding lifestyle warrant a perspective that includes allied

fusarioid genera.

An evolutionary genomics approach using genomes from diverse lifestyles of fusarioid fungi could

address this issue of detecting where strains fall on the pathogenic-mutualistic spectrum. A phylo-
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genomic framework could not only shed light on the timing and frequency of lifestyle transitions in
the group, but also inform to what extent genetic content is shared between taxa due to ancestry
versus lifestyle. In addition to comparing gene repertoires, detecting signatures of selection may also
help to uncover the genetic basis of recently evolved traits. Methods based on the ratio of nonsyn-
onymous to synonymous substitutions (dN/dS) and the phenomenon of codon usage bias — where
certain codons appear more frequently than others despite encoding the same amino acid — can be

used to investigate the extent of selection acting on gene content.

As outlined in Chapter 1.2, one genetic feature that can be particularly illuminating to compare
between lifestyles is genes that encode effector proteins. Fungal effectors (known as CSEPs when
computationally predicted) are small secreted proteins produced by fungi which mediate the plant—
fungal interaction. While best-studied in the context of pathogenicity (Stergiopoulos and de Wit,
2009; de Jonge, Bolton and Thomma, 2011), we now know that effectors are also essential for mutual-
istic or commensal fungi to form associations with plant hosts by evading the host immune response
(Rafiqi et al., 2012; Lo Presti et al., 2015; Plett and Martin, 2015). Effector repertoires have been
shown to differentiate host-specific strains (forma specialis) in the Fusarium ozysporum species com-
plex (FOSC) (van Dam, Fokkens et al., 2016), and could potentially further distinguish pathogenic
and endophytic FOSC strains (Czislowski, Zeil-Rolfe and Aitken, 2021). Another frequently studied
group of proteins involved in the plant—fungal interaction are CAZymes, many of which act as plant
cell wall degrading enzymes (PCWDESs) (Kubicek, Starr and Glass, 2014). CAZymes are often re-
ferred to as saprotrophic features (Lebreton et al., 2021), but are also abundant in plant pathogens
and endophytes (e.g., Zhao, Liu et al., 2013; Knapp et al., 2018; Mesny, Miyauchi et al., 2021),
and, although present in lower numbers in mycorrhizal fungi (Kohler et al., 2015; Peter et al., 2016;
Miyauchi, Kiss et al., 2020), certain CAZymes play key roles in the establishment and maintenance
of the symbiosis (Veneault-Fourrey, Commun et al., 2014; Doré et al., 2017; Marqués-Galvez et al.,
2021). Comparing CSEP and CAZyme repertoires is therefore highly relevant to exploring genetic

differences in plant associated lifestyles of fusarioid fungi.

Here, we performed whole genome sequencing (WGS), assembly and structural annotation of five
novel endophytic Fusarium strains (Table 3.1) including the first WGS data and annotated assem-
blies for the recently described species, Fusarium chuoi (see Appendix A.2; Crous, Osieck et al.,
2021). Using predicted genes from these and other publicly available fusarioid strains, we produced
a genome-scale phylogeny of Fusarium and allied genera with time calibration and compared CSEP
and CAZyme content to answer the following questions: 1) How are lifestyles distributed across the
phylogeny? 2) Can we distinguish plant pathogens and endophytes from genome sequences alone?

and 3) How is selection acting on different lifestyles?

3.3 Materials and methods

Whole genome sequencing

We selected five endophytic Fusarium strains for WGS which were representatives of species hypo-
theses that had previously been isolated and clustered into 99% similarity operational taxonomic
units in Chapter 2, with taxonomic identification confirmed where possible via morphological assess-
ment by the Westerdijk Institute (Table 3.1). For DNA extractions, a fragment of mycelium from
axenic cultures was transferred to 500 ml of 2% malt extract nutrient broth using a sterile needle

and grown at 25°C in ambient light conditions on an orbital shaker at 120 rpm for ~1 week. Mycelia
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were collected via vacuum filtration and frozen at -80°C before being pulverised with two sterile
stainless-steel beads in a 2 ml Eppendorf using a Mixer Mill MM 400 (Retsch, Germany).

DNA was extracted using the DNeasy Plant Mini Kit (Qiagen, CA, USA) according to the manu-
facturer’s protocol and eluted in 70 pl of TE buffer. Sufficient DNA concentration (more than 20
ng/ul) was confirmed with a Quantus™ Fluorometer (Promega, WI, USA) and purity (260/280 ab-
sorbance ratio of approximately 1.8) confirmed with a NanoDrop spectrophotometer (Thermo Fisher
Scientific, MA, USA). DNA extractions were sent to Macrogen (Macrogen Inc., South Korea) for
library preparation and sequencing: library preparation was performed using the TruSeq DNA PCR-
free Sample Preparation Kit with a 550 bp insert size and 151 bp paired-end reads were sequenced
using the NovaSeq 6000 platform (Illumina, San Diego, CA, USA).

Comparison of de novo assembly tools

Our bioinformatics analysis pipeline is summarised in Supplementary Figure S3.1. Reads were
trimmed using Trimmomatic v0.36 (Bolger, Lohse and Usadel, 2014) and quality checked using
FastQC v0.11.5 (Andrews, 2018). The performance of three de novo assembly tools was compared
— ABySS v2.0.2 (Simpson et al., 2009), MEGAHIT v1.2.9 (Li, Luo et al., 2016) and SPAdes v3.11.1
(Bankevich et al., 2012). In the case of ABySS, which requires the user to specify k-mer size, multiple
assemblies were run with varying k-mer sizes to converge on an optimal k-mer size according to N50,
which was calculated with the abyss-fac function. Alternatively, both MEGAHIT and SPAdes use
a multiple k-mer sizes strategy. For MEGAHIT assemblies were run with k-mer sizes from 51 to
131 in steps of 8, while for SPAdes the default recommended k-mer sizes for the read length were
used: 21, 33, 55, 77. Trimmed reads were mapped back onto contigs using BWA-MEM v0.7.17-
r1188 (Li, 2013) and the resulting BAM files then used for polishing with Pilon v1.23 (Walker et al.,
2014), which helps to corrects misassemblies and gaps. The flagstat option from SAMtools v1.9 (Li,
Handsaker et al., 2009) was used to produce read mapping statistics from the BAM files in order
to calculate sequencing coverage. Contigs shorter than 200 bp were removed using seqtk v1.2-r94
(https://github.com/1h3/seqtk) for compliance with NCBI assembly standards.

The ‘best’ assembly was chosen by assessing contiguity via QUAST v5.0.2 (Gurevich et al., 2013)
and completeness as measured by gene sets via BUSCO v3.0.1 (Siméao et al., 2015) using the
hypocreales  0db10.2019-11-20 lineage dataset of 4,494 single-copy orthologues. The difference in
assembly completeness between the three different assembly tools that were tested — ABySS, MEGA-
HIT and SPAdes — was generally minimal, with single-copy BUSCOs 10 differing by no more than
0.11% across tools for each strain (Supplementary Table S3.1), which can largely be attributed to the
high sequencing coverage. QUAST Nx plots, which show the smallest contig length at which x% of
the assembly is contained in contigs of at least that size, found that ABySS produced assemblies with
the best contiguity in four out of five cases (Supplementary Figure S3.2). Although no single tool
produced the highest completeness or best contiguity statistics for all strains, ABySS was selected as
the best-performing tool on-average for consistency’s sake during later biological comparison across
strains. Finally, BlobTools v1.1 (Laetsch and Blaxter, 2017) was used to screen the selected ABySS
assemblies and confirm the absence of contaminants using the BAM file of mapped reads and a blastn
hit file of assemblies against the NCBI nucleotide database created with BLAST 2.7.1+ (Camacho
et al., 2009) (Supplementary Figure S3.3). Mitochondrial contaminations flagged by NCBI during
the assembly submission process were trimmed using bedtools v2.28.0 (Quinlan and Hall, 2010).
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Table 3.1: Voucher and collection information for the Fusarium strains selected for WGS and assembly. T = ex-type material.

Name Sp.e cies hypothesis Voucher Species Collection location Host
(Figure 2.5) complex
Vietnam, Nghé An Province,
. . CBS 148465 Con Cuodng District Musa itinerans
Fi H1 FF ’
usarium chuoi R 836515-16 5C " Chau Khe commune (seed)
N19°148.73"E104°43’31.97”
Vietnam, Ha Tinh Province,
. CBS 148464T Huong Son District, Musa itinerans
F. chuoi RH3 836445-12-1 T 75C G Kim commune (seed)
N18°25’37.38"E105°12°53.95”
Vietnam, Lao Cai Province, Musa itinerans
F. annulatum RH5 880149-04 FFSC Sa Pa, Hoang Lién National Park (seed)
N22°15’10.27E103°56°35.5”
Vietnam, Nghé An Province,
Thanh Chuong District, Musa itinerans
F. sp. RHG 836490-20 FIESC Thanh Thity commune (seed)
N18°38’14.89"E105°14’50.83”
Vietnam, Nghé An Province,
F. proliferatum  RHT 836489-13 FFSC Thanh Chuong District, Musa balbisiana

Thanh Thiy commune
N18°38’29.8"E105°14715.87”

(seed)
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Structural annotation

A de novo repeat library was generated for the ABySS assembly for each strain with RepeatModeler
v2.0.1 (Smit and Hubley, 2015) and used as a custom library for softmasking with RepeatMasker
v4.0.9 (Smit, Hubley and Green, 2015). Masked assemblies were annotated following the MAKER
pipeline (Cantarel, Korf et al., 2008) using proteins and EST clusters downloaded from MycoCosm
(https://mycocosm. jgi.doe.gov/; Grigoriev et al., 2014; Mesny, Miyauchi et al., 2021) to inform
gene prediction: from F. ozysporum MPI-SDFR-AT-0094 (Fusoxyl) for F. chuoi RH1, F. chuoi RH3,
F. annulatum RH5 and F. proliferatum RH7 belonging to the Fusarium fujikuroi species complex
(FFSC); and F. equiseti MPI-CAGE-AA-0113 (Fuseql) for F. sp. RH6 belonging to the Fusarium
incarnatum-equiseti species complex (FIESC). The first evidence-based round of MAKER was used
to train SNAP v2006-07-28 (Korf, 2004) and the resulting parameters input into a second ab initio
MAKER round alongside the AUGUSTUS v3.2.3 (Stanke et al., 2006) pre-trained parameter set
for Fusarium. A second iteration of SNAP training and ab initio prediction was then performed.
Misannotations in the form of artefactually fused genes that were flagged by NCBI during the as-
sembly submission process were checked against existing annotations in NCBI’s Genome Data Viewer
(Rangwala et al., 2021), and then manually edited. For compliance with NCBI standards, Genome
Annotation Generator v2.0.1 (Geib et al., 2018) was used with the options -ris 10, —fix _terminal ns
and —fix_start_stop to remove introns shorter than 10 bp, remove terminal strings of Ns and ensure
start and stop codons were correctly annotated. See Supplementary Table S3.1 for a summary of

assembly quality statistics.

Phylogenomic analyses

Predicted genes from 57 additional publicly available strains of Fusarium and allied genera were
downloaded from NCBI (Appendix A.3) and orthogroups (referred to here as genes) were inferred
from amino acid sequences of the total 62 strains using OrthoFinder v2.4.0 (Emms and Kelly,
2019). We aligned 1,060 core (i.e., shared between all fusarioid taxa including the outgroup) single-
copy genes using MAFFT v7.310 with default settings (Katoh and Standley, 2013) and removed
ambiguously aligned regions using both BMGE v1.12 (Criscuolo and Gribaldo, 2010) and trimAl
vl.4.revl5 with the gappyout option (Capella-Gutiérrez, Silla-Martinez and Gabaldon, 2009) to

compare the impact of trimming tools on the resulting species trees.

For a concatenation-based approach, core single-copy gene alignments were concatenated with AMAS
v0.98 (Borowiec, 2016). We compared two tools for maximum likelihood (ML) species tree estim-
ation: IQ-TREE v2.1.2 (Minh et al., 2020) and RAXML-NG v1.0.1 (Kozlov et al., 2019), with
the concatenated alignment partitioned by gene in both cases. For IQ-TREE, the best-fit amino
acid substitution model for each partitioned gene was selected by the inbuilt tool ModelFinder
(Kalyaanamoorthy et al., 2017) using Bayesian information criterion values, and branch support was
computed via 1,000 ultrafast bootstrap replicates (Hoang et al., 2018). For RAxXML-NG, ModelTest-
NG v0.1.6 (Darriba et al., 2020) was used to select substitution models for each gene using Akaike
information criterion values, and branch support was computed via 100 Felsenstein’s bootstrap rep-
licates. Bootstrap convergence was confirmed with the —bsconverge option using the default 3%
cutoff for weighted Robinson-Foulds distances (Pattengale et al., 2009).

For a coalescent-based approach, ML gene trees were inferred from each core single-copy gene align-
ment with RAXML-NG using the best-fit model selected by ModelTest-NG during the concatenated
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analysis. The resulting ML gene trees were used for coalescent-based species tree reconstruction
using ASTRAL-IIT v5.7.3 (Zhang, Rabiee et al., 2018) with local posterior probability branch sup-
port estimation (Sayyari and Mirarab, 2016). ASTRAL-Pro v1.2 (Zhang, Scornavacca et al., 2020)
was additionally run with local posterior probability support estimation on the 20,343 gene trees
produced by OrthoFinder, which represented both single- and multi-copy ‘total’ genes. OrthoFinder
itself also produces a coalescent-based species tree topology by default using STAG (Emms and
Kelly, 2018), which used 3,449 core single- and multi-copy genes. All species tree topologies were
compared by computing the normalised Robinson-Foulds metric using the RF.dist function from the
phangorn v2.7.0 package (Schliep et al., 2017) in R v4.0.4 (R Core Team, 2020).

Molecular clock analyses

The species tree topology inferred by RAXML-NG was used to perform molecular clock analyses
with MCMCTree (Yang and Rannala, 2006) in PAML v4.9 (Yang, 2007) using the top 10 ‘clock-like’
core single-copy genes, as inferred by SortaDate based on root-to-tip variance (Smith, Brown and
Walker, 2018). Divergence times were estimated using the approximate likelihood method (dos Reis
and Yang, 2011) with the WAG amino acid substitution model (Whelan and Goldman, 2001). Due
to the sparse fossil record for the fungi at large, a previous fossil-calibrated study of the kingdom
including Fusarium species was used to inform secondary calibrations of the tree root at 0.9-1.35
(1 time unit being 100 My) and the node representing the split between F. graminearum and ‘F.’
solani at 0.5-0.9 (Lutzoni et al., 2018).

We used uniform node age priors by setting both the birth rate (A) and death rate (1) to 1 and
the sampling fraction (p) to 0. For the substitution rate (r) prior, the shape parameter (o) was
set to 1, and the scaling parameter (8) was estimated as 4.5 using the following equation: p =
(a0 X root-time) / tip-to-root, where the mean tip-to-root distance was calculated as 0.22 for both
ML species trees using the distRoot function from the package adephylo v1.1-11 (Jombart, Balloux
and Dray, 2010) in R, and the root-time being approximately 1 MY as described above. We set
the rate drift (6?) prior parameters of o and B to 1 and 10, respectively. Two MCMC chains
were run for both the independent-rates (IR) and autocorrelated-rates (AR) relaxed clock models,
with 20,000 generations, posterior sampling every 10 generations and a 10% burnin per chain. Chain
convergence was confirmed by plotting the posterior mean times for both chains for each clock model,
and infinite-sites plots were made to confirm that sufficient molecular data was used (Supplementary
Figure S3.4).

Computational prediction of CSEPs and CAZymes

CSEPs were identified from predicted genes using a framework inspired by Beckerson et al. (2019)

and summarised in Figure 3.1A, including the following steps:

1. The putative secretome was identified via prediction of signal peptides with SignalP v5.0b
(Almagro Armenteros, Tsirigos et al., 2019). Signal peptide prediction was additionally cross-
checked against TargetP v2.0 (Almagro Armenteros, Salvatore et al., 2019) and Phobius v1.01
(Kall, Krogh and Sonnhammer, 2004).

2. Genes were removed if their predicted cellular localisation contradicted secretion, indicated by:

(a) >1 transmembrane domain according to TMHMM v2.0c (Krogh et al., 2001) and Phobius;
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(b) endoplasmic reticulum retention according to ps_scan v1.86 (de Castro et al., 2006);
(¢) nuclear localisation according to NucPred v1.1 (Brameier, Krings and MacCallum, 2007);

(d) GPI-anchored according to PredGPI (Pierleoni, Martelli and Casadio, 2008), accessed
using the R package ragp (Dragicevi¢ et al., 2020).

3. The remaining genes were cross checked with machine learning-based effector prediction using
EffectorP 3.0 (Sperschneider and Dodds, 2021). CSEPs were predominantly less than 300
amino acids in length (Figure 3.1B), an oft-quoted cut-off for small secreted proteins in fungi
(Lo Presti et al., 2015).

A custom bash script, CSEPfilter, was written to perform the filtering of gene sets at each stage.
To match CSEPs to experimentally verified genes, sequences were searched against the PHI-base
database (downloaded 09/02/2022; Urban et al., 2020) using a blastp search with an e-value of 1e-25
from BLAST. For CSEPs with multiple successful hits, the hit with the top bitscore was used.

CAZymes were identified from predicted genes using run_dbCAN v3.0.2 (https://github.com/
linnabrown/run_dbcan) from the dbCAN2 CAZyme annotation server (Zhang, Yohe et al., 2018).

This process involves:

1. HMMER v3.3.2 (Mistry, Finn et al., 2013) search against the dbCAN HMM (hidden Markov

model) database;

2. DTAMOND v2.0.14 (Buchfink, Reuter and Drost, 2021) search against the CAZy pre-annotated
CAZyme sequence database (Drula et al., 2022);

3. eCAMI (Xu et al., 2020) search against a CAZyme short peptide library for classification and

motif identification.

Only genes which were predicted to be a CAZyme by all three methods were classified as such.
Accepted names were retrieved via an automated search of Enzyme Commission (EC) numbers
against the ExplorEnz website (McDonald, Boyce and Tipton, 2009) and webscraping of the results
using the R package rvest v1.0.2 (Wickham, 2020). CAZyme families known to act on the major
plant cell wall substrates of cellulose, cutin, hemicellulose, lignin and pectin were classified from the
literature (Glass et al., 2013; Levasseur et al., 2013; Zhao, Liu et al., 2013; Miyauchi, Kiss et al.,
2020; Hage and Rosso, 2021; Mesny, Miyauchi et al., 2021).

CSEPs and CAZymes were matched to gene orthogroups with a custom R script,
orthogroup parser.r, where a gene was defined as a CSEP/CAZyme if it was predicted to be so
in at least one taxon. We checked that genome assembly quality did not significantly influence
the number of predicted genes, CSEPs or CAZymes by confirming that there was no correlation
between assembly N50 (extracted from NCBI metadata for assemblies produced outside this study)
and number of genes/CSEPs/CAZymes using the cor.test function in R.

Comparative genomics of lifestyle

Lifestyles of all the strains used in this study were inferred from the host/substrate and other
relevant data (such as pathogenicity tests) sourced from the literature, NCBI BioSample metadata
and online culture collection metadata (Appendix A.3). If a strain was reported from a plant host but
without sufficient clarification of whether the plant was exhibiting disease symptoms or the fungus

was isolated from inside plant tissues, the strain was classified ambiguously as a ‘plant associate’.
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Figure 3.1: (A) Alluvial plot indicating the number of proteins retained at each step of the
computational CSEP prediction procedure, with different taxa indicated by alternating coloured
boxes. The range of number of proteins across all taxa at each step is shown to the left of boxes.
(B) The length of CSEPs following the prediction steps in comparison with all other proteins.

In addition to the lifestyle of the specific strains used in the analyses, other lifestyle reports were
collected from the literature with the help of the PlutoF platform (Abarenkov, Tedersoo et al., 2010)

in order to show the range of reported lifestyles for taxa.

The impact of strain lifestyle on CSEP, CAZyme and all gene content was explored using an ap-
proach developed by Mesny and Vannier (2020) which accounts for confounding phylogenetic signal.
This included principal component analysis (PCA) of phylogenetic distances from the dated species
tree using the PCA function from the Python package scikit-learn v0.23.2 50 — run in Python v3.7.9
(https://wuw.python.org/) — which was used for global permutational multivariate analysis of
variance (PERMANOVA) of gene/CSEP/CAZyme content with the adonis2 function from the R
package vegan v2.5-7 51 using the model ‘JaccardDistMatrix ~ PC1 + PC2 + Lifestyle’. Two prin-
cipal components were deemed sufficient to represent phylogenetic signal as together they explained
over 90% of the variance (see Supplementary Figure S3.5 for PCA plots and variance explained
for the first 6 principal components). Pairwise PERMANOVA was then performed using the pair-
wise.perm.manova function from RVAideMemoire v0.9-78 (Hervé, 2020) with Bonferroni multiple

test correction.

For statistical analyses to test the difference in number of genes; number of strain-specific genes; and
mean gene copy number between lifestyles, we first assessed the assumption of normality by making
Q-Q plots using the ggqgplot function from ggpubr v0.4.0 (Kassambara, 2020) to ascertain approx-
imate normality of residuals. We then assessed the assumption of homogeneity of variance using the
levene _test function from the package rstatix v0.7.0 (Kassambara, 2021), where a significant p value

(p < 0.05) means that the assumption is violated.
If we could assume homogeneity of variance (i.e., Levene’s p > 0.05), we used the rstatix function an-
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ova_ test to compute analysis of variance (ANOVA) using the model ‘value ~ PC1 + PC2 + lifestyle’,
as with the PERMANOVA, to once again account for phylogeny. If the ANOVA was significant (p <
0.05), a multiple comparison test between lifestyles was performed with the tukey hsd rstatix func-
tion using the model ‘value ~ lifestyle’. If we could not assume homogeneity of variance (i.e., Levene’s
p < 0.05), we used an aligned rank transform (ART) ANOVA with the aligned.rank.transform func-
tion from the ART v1.0 (Villacorta, 2015) R package, again using the model ‘value ~ PC1 + PC2
+ lifestyle’. If the ART ANOVA was significant, the games howell test rstatix function was used
for multiple comparison testing using the formula ‘value ~ lifestyle’, as is recommended for multiple

comparisons when classical ANOVA assumptions are violated (Sauder and DeMars, 2019).

Selection analyses

To assess whether core single-copy genes have evolved under positive selection we used HyPhy v2.5.30
(Kosakovsky Pond, Frost and Muse, 2005), which offers a suite of tools for assessing selective pressures
based on dN/dS — that is, the ratio of nucleotide substitutions which alter the transcribed amino acid
to those that do not. Notably, this approach assumes that synonymous substitutions are selectively

neutral.

To produce the codon alignments necessary to calculate dN/dS, nucleotide sequences correspond-
ing to the 1,060 core single-copy genes used in the phylogenomic analysis were retrieved from
MAKER outputs and — for previously published taxa — GBFF files, using a custom Python script,
pull nucleotides.py. Occasionally, the corresponding nucleotide sequences were the incorrect length,
and in these cases they were manually cross-checked with amino acid sequences and trimmed in
AliView v1.25 (Larsson, 2014). Nucleotide sequences were then used to convert amino acid align-
ments into codon alignments using PAL2NAL v14.0 (Suyama, Torrents and Bork, 2006) with the
-nogap option. Six genes were filtered out due to alignments not having sufficient gapless sites,

leaving 1,054 core single-copy genes for selection analyses.

Codon alignments and ML gene trees were run in BUSTED v3.1 (Murrell et al., 2015) to detect gene-
wide episodic positive selection (AN /dS > 1). To then identify specific lineages under episodic positive
selection for each gene, codon alignments were run with the ML species tree in aBSREL v2.2 (Smith,
Wertheim et al., 2015), which employs Holm-Bonferroni multiple testing p value correction. For
both methods, all ingroup lineages were selected as foreground branches for testing. The significant
difference in number of genes undergoing positive selection on external branches between different
lifestyles was statistically tested as described above, the ANOVA model being ‘value ~ PC1 + PC2
+ lifestyle’.

To assess whether the inferred positive selection of core CSEPs on external branches could be as-
sociated with lifestyle, we used Contrast-FEL to compare differences in relative selective pressures
between lifestyles (Kosakovsky Pond, Wisotsky et al., 2021). This method finds site-level differences
in dN/dS between two sets of branches, and so for each gene tree we labelled branches associated
with each lifestyle in turn as the ‘test’ set and all other lifestyles as the ‘background’ set. Only
external branches were labelled, as we cannot definitively know the lifestyle of common ancestors
associated with internodes in the tree. The labelled trees were then run with codon alignments in
Contrast-FEL to calculate sites with higher or lower selective pressure in the test set relative to the
background set. We used the most conservative statistic reported by Contrast-FEL to determine
differences in selective pressures, the multiple testing corrected q value (p > 0.05, false discovery

rate > 0.2), which has the highest precision but lowest recall (Kosakovsky Pond, Wisotsky et al.,
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2021). The significant difference in number of sites with a higher or lower relative selective pressure
between lifestyles was statistically tested using the same process as described above, using the model

‘sites ~ lifestyle’.

Codon bias analyses

In order to explore the level of translational selection on synonymous substitutions (i.e., bias towards
certain codons in more highly expressed genes), we also quantified codon optimisation of all core
single-copy genes to the ribosomal protein gene pool (S) with the get.s function from the tAI v0.2
package (dos Reis, Savva and Wernisch, 2004). This first required calculation of the codon adaptation
index (CAI; Sharp and Li, 1987), which compares codon usage in a given gene to a reference set of
highly expressed genes. For our reference set, known ribosomal protein genes were extracted from the
functionally annotated protein set of F. graminearum PHI (Cuomo et al., 2007) downloaded from
Mycocosm (Grigoriev et al., 2014) with the getfasta tool from bedtools v2.28.0 (Quinlan and Hall,
2010). These ribosomal protein genes were used as input for a blastp search against the predicted
genes of all taxa used in this study using BLAST 2.7.1+, and then matched to core single-copy
genes with a custom R script, codon_optimisation.r. A gene was defined as encoding a ribosomal
protein if it had a blast hit in at least 1 taxon. The codonTable function from the coRdon v1.1.3 R
package (Elek, Kuzman and Vlahovicek, 2021) was used to produce a table of codon counts for each
core single-copy gene for each taxon, from which CAI was calculated in reference to the identified
ribosomal protein genes using the CAI function from coRdon. The get.s function also requires the
effective number of codons (Nc), which was calculated from the codon count table using the ENC
function from coRdon, and GC content at the third codon position (GC3), which was calculated using
the GC function from seqinr v4.2-8 (Charif and Lobry, 2007). S values were calculated for CSEP,
CAZyme, non-CSEP/CAZyme and all core single-copy genes in turn. The significant difference in
S values between lifestyles and between gene types (i.e., CSEP, CAZyme or other) for each lifestyle
was statistically tested using the same process as described above, the ANOVA /ART ANOVA model
being ‘S ~ PC1 + PC2 + lifestyle’ and TukeyHSD/Games Howell test model being ‘S ~ lifestyle’.

To assess the relationship between S values and the number of reported lifestyles or ‘lifestyle range’
of taxa, we calculated Pearson’s correlation on uncorrected data using the cor.test function in R, and
used phylogenetic generalised least squares (PGLS) regression to assess correlation while correcting
for phylogenetic signal in the data with the R package nlme v 3.1-152 (Pinheiro et al., 2021). For
PGLS, which specifies that trait covariance between pairs of taxa decreases with time since diver-
gence, we tested Brownian, Pagel and Blomberg phylogenetic correlation structures for the dated
species tree, implemented in the R package ape v5.6-1 (Paradis and Schliep, 2019), and selected
Brownian as the best model fit based on Akaike information criterion values. For number of re-
ported lifestyles, only taxa identified to species level were included, and for species with multiple
representative strains the mean S value was used. To visualise the relationship between S values and
phylogeny, we used the ordisurf function from the R package vegan v2.5-7 (Oksanen et al., 2019) to fit
S values to the PCA of phylogenetic distances produced in comparative analyses above (recreated in
R with the vegan prcomp function). The significant difference in overall S values between Fusarium
s. str. and allied genera was tested using the t.test function in R (having confirmed normality of

residuals and homogeneity of variance with a Q-Q plot and Levene’s test as above).

The uco function from seqinr v4.2-8 was used to calculate codon usage bias in terms of relative

synonymous codon usage (RSCU) — the ratio of observed codon usage to expected codon usage — for
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all codons across each taxon, excluding non-redundant codons encoding methionine and tryptophan
and stop codons. RSCU values were then normalised using the scale function and used to produce
a Fuclidean distance matrix with the dist function, which was used for hierarchical clustering of
taxa with the hclust function using the average agglomeration method. We compared the topology
produced by hierarchical clustering with the RAxML-NG species tree topology by again computing
the normalised Robinson-Foulds metric using the RF.dist function from phangorn. We calculated
the p value by computing the metric for 1,000 random trees with the same number of taxa against
the species tree topology to determine the number of simulations for which the metric was lower

(i.e., topologically closer) than that from the hierarchical clustering.

All results were plotted in R v4.0.4 using the following packages: ape v5.6-1 (Paradis and Schliep,
2019), cowplot v1.1.1 (Wilke, 2020), deeptime v0.0.6.0 (Gearty, 2021), dendextend v1.15.2 (Galili,
2015), dplyr v1.0.6 (Wickham and Seidel, 2020), eulerr v6.1.0 (Larsson, 2020), ggplot2 v3.3.3 (Wick-
ham, 2016), ggalluvial v0.12.3 (Brunson, 2020), ggforce v0.3.2.9000 (Pedersen, 2021), ggnewscale
v0.4.6 (Campitelli, 2020), ggplotify v0.0.7 (Yu, 2021), ggpubr v0.4.0 (Kassambara, 2020), ggrepel
v0.9.1 (Slowikowski, 2020), ggthemes v4.2.4 (Arnold, 2021), ggtree v2.4.2 (Yu et al., 2017), json-
lite v1.7.2 (Ooms, 2014), matrixStats v0.61.0 (Bengtsson, 2021), MCMCtreeR v1.1 (Puttick and
Title, 2019), metR v0.9.2 (Campitelli, 2021), multcompView v0.1-8 (Graves et al., 2019), pBrack-
ets v1.0.1 (Schulz, 2021), phytools v0.7-80 (Revell, 2012), plyr v1.8.6 (Wickham, 2011), reshape2
v1.4.4 (Wickham, 2007), scales v1.1.1 (Wickham and Seidel, 2020), stringi v1.6.2 (Gagolewski and
Tartanus, 2021), stringr v1.4.0 (Wickham, 2019) and tidyr v1.1.3 (Wickham and Girlich, 2022). R
scripts were written using RStudio v1.3.1093 (RStudio Team, 2015). This research utilised Queen
Mary’s Apocrita HPC facility, supported by QMUL Research-IT (Butcher, King and Zalewski, 2017).

Scripts of all analyses are available at https://github.com/Rowena-h/FusariumLifestyles.

3.4 Results

Both single- and multi-copy genes inferred the same backbone for Fusarium

s. str.

To infer the genome-scale phylogeny of Fusarium, we used both concatenation and coalescent-based
approaches, using single-copy genes with and without multi-copy genes also included. Including
multi-copy genes had a greater impact on topology than tree building approach (i.e., concatenation
versus coalescent) (Figure 3.2A). This was seen chiefly from a change in divergence order of al-
lied genera — Neocosmospora (=Fusarium solani species complex (FSSC)), Geejayessia (=Fusarium
staphylae species complex (FSTSC)) and Albonectria (=Fusarium decemcellulare species complex
(FDESC)) — when including multi-copy genes (Figure 3.2B). All methods, however, produced the
same divergence order for Fusarium s. str species concepts. Disregarding differences in the naming
of species, our estimations of Fusarium s. str from 1,060 loci were in broad agreement with the most

recent phylogenetic analyses by Crous, Lombard et al. (2021) and Geiser, Al-Hatmi et al. (2021).

We additionally compared the impact of alignment trimming tools — trimAl versus BMGE — on
species tree topology. The RAXML-NG species tree was identical for both trimming tools, but
trimming tool impacted topology for IQ-TREE and ASTRAL-III, with discordance in the ambrosia
clade of Neocosmospora (Supplementary Figure S3.6). The gene trees trimmed with trimAl were

selected for downstream analyses based on its reported accuracy relative to BMGE in the literature

73


https://github.com/Rowena-h/FusariumLifestyles

Chapter 3 — Lifestyle transitions in fusarioid fungi

A

RAXML-NG IQTREE ASTRAL-IIl ASTRAL-Pro

——
FFSC

STAG

0.1 0.1 0.1
FOSC
ENSC
FBRSC
FCoOsC

FSAMSC
FIESC
FHSC
FTSC

RAXML-NG

0.1 0.08

IQ-TREE

£

FFSC

FOSC
ENSC
FBRSC
FCOSC

FSAMSC

ASTRAL-III

FFSC

FOSC
FENSC

ASTRAL-Pro

BRSC
0SsC

FSAMSC

FSAMSC

FIESC

ETSC

FHSC
SC

FFSC

FOSC
ENSC
FBRSC
FCOSC

FSAMSC

AN VAN

IQTREE  ASTRAL-Ill ASTRAL-Pro
o
o
M

Coalescent |
mmmm Concatenated
Multi-copy Neo Neo Neo
0.03 Single-copy Alb Alb Ib

Gee
L L L utgroup

Gee
outgroup

Figure 3.2: (A) Pairwise comparison of normalised Robinson-Foulds distances between topologies
from all species tree estimation methods, with grid cells coloured from most similar topology (lighter)
to most dissimilar (darker). (B) Summary of species trees with red branches indicating topological
discordance between methods. Labels indicate Fusarium species complex (see Abbreviations) or
allied genus (Neo=Neocosmospora, Alb=Albonectria, Gee=Geejayessia).

(Tan et al., 2015; Steenwyk, Buida et al., 2020). The RAXxML-NG species tree was selected for
downstream analyses as its topology was identical for both trimming tools while having branch

length units as substitutions per site as opposed to coalescent units.

Dated genome-scale phylogeny of Fusarium and allied genera

For divergence time estimation of the RAXML-NG species tree, we used both the IR and AR relaxed
clock models, implemented in MCMCTree. Testing best-fit of clock models in MCMCTree (see dos
Reis, Gunnell et al., 2018) is not possible using amino acid data, and so our assessment of divergence
time estimation from the two clock models was restricted to comparisons against previous studies.
The IR model generally shifted nodes towards more recent divergence times in comparison to the
AR model (Supplementary Figure S3.7). The crown age of Fusarium s. lat. was estimated to fall
in the late Cretaceous by both the IR (71 Ma) and AR (84 Ma) models, although the latter was
closer to the estimate by O’Donnell, Rooney et al. (2013) (83 Ma). The crown age of Fusarium s.
str. estimated in the Eocene (49 Ma) by the same study was much closer to our result from the IR
model (51 Ma) compared with the AR model (69 Ma, late Cretaceous). The middle Miocene crown
age of the ambrosia clade in Neocosmospora from previous estimates by Kasson et al. (2013) (13 Ma)
and O’Donnell, Sink et al. (2015) (9 Ma) were also in closer agreement with the IR model (7 Ma)
compared with the AR model (25 Ma). The crown age of Xyleborini beetle hosts estimated by Jordal
and Cognato (2012) (21 Ma) corresponded more closely with the IR estimate of the divergence of
the ambrosia clade from non-insect mutualists (15 Ma) compared with the AR estimate (41 Ma).
The dating of the diversification of various formae speciales in the FOSC by our IR model was also
a better fit with their crop hosts having been domesticated within the last ~10,000 years (Meyer,
Duval and Jensen, 2012).

Gene, CSEP and CAZyme repertoires were broadly shared across life-

styles, but plant pathogens included copy number outliers

There was no significant difference in number of genes, CSEPs or CAZymes across lifestyles (Sup-
plementary Table S3.2). Most genes, CSEPs and CAZymes were either core (present in all fusarioid
taxa) or accessory (present in more than one taxon but not all), with very few being strain-specific, in-

deed strain-specific CAZymes being almost non-existent (Figure 3.3A). The number of strain-specific
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genes or CSEPs was not significantly different across lifestyles (Supplementary Figure S3.8A, Sup-
plementary Table S3.2). Global PERMANOVA showed that gene, CSEP and CAZyme content were
better described by phylogenetic relatedness (35-42% variance) than lifestyle (9% variance) (Fig-
ure 3.3B, Supplementary Table S3.3). Nonetheless, pairwise PERMANOVA identified the insect
mutualist lifestyle as the most genetically distinct, with insect mutualist taxa having significantly
different gene, CSEP and CAZyme repertoires compared with all other lifestyles other than my-
coparasite. While most other lifestyles were genetically similar, endophytes and saprotrophs were
also found to be significantly different in terms of CSEPs. In a similar pattern to the number of
strain-specific genes, mean gene, CSEP and CAZyme copy number were not found to be significantly
different between lifestyles (Supplementary Figure S3.8B, Supplementary Table S3.2), but there were
extreme outliers in copy number amongst plant pathogens (Figure 3.3C). The greatest copy number
outlier by a considerable margin was predicted to be both a CSEP and CAZyme belonging to F.
oxysporum f. sp. conglutinans, annotated as a glycosyltransferase in the GT4 family: o,a-trehalose

phosphorylase (configuration-retaining) (EC 2.4.1.231).

Almost half of core single-copy genes were under positive selection

While gene, CSEP and CAZyme repertoires may have been broadly shared, we were interested in
whether genes were evolving in a lifestyle-directed manner. Of the 1,054 core single-copy genes
used in the selection analyses, 469 (44%) were found to be under episodic positive selection by
both BUSTED and aBSREL (Figure 3.4A). This included 11 of 31 (35%) core CSEPs and 6 of 11
(55%) core CAZymes. The branch at the root of the more conservative generic concept, Fusarium
s. str., was a particular ‘hotspot’ of positive selection, with 52 core single-copy genes positively
selected according to BUSTED and aBSREL (Supplementary Figure S3.9). A few external branches
also had a notably high number of positively selected core genes: insect mutualist N. oligoseptata;
saprotrophic F. culmorum in the Fusarium sambucinum species complex (FSAMSC); and plant
pathogenic F. ozysporum f. sp. lycopersici in the FOSC. There was no significant difference in the
number of positively selected genes on external branches between lifestyles according to analysis of
variance (ANOVA, p=0.7; Supplementary Table S3.2).

Although a minority of all CSEPs (11%) could be assigned known gene names using the PHI-base
database, two core CSEPs with signatures of selection could be classified as known genes: 5680 as
FGSG_ 00806 and 6786 as FgPR-IL-2 (Figure 3.4A). Based on PHI-base records of gene knockouts
in F. graminearum inoculated on wheat, both FGSG 00806 and FGPR-IL-2 had the mutant phen-
otype of unaffected pathogenicity (Supplementary Figure S3.10). Of the six core CAZymes which
had undergone positive selection, four are known to act on plant cell wall substrates (Supplementary
Figure S3.11): glycoside hydrolase GH35 (B-galactosidase) on hemicellulose and pectin and GH51
(non-reducing end o-l-arabinofuranosidase) on cellulose, hemicellulose and pectin; carbohydrate es-
terase CE12 (rhamnogalacturonan acetylesterase) on pectin; and an enzyme of auxiliary activities

AA3 2 (5-oxoaverantin cyclase) on lignin.

Most CSEPs and CAZymes reported as positively selected by both BUSTED and aBSREL were also
found to contain sites with a higher relative selective pressure in certain lifestyles by Contrast-FEL
(Figure 3.4B). In most cases only one site per gene was found to have a difference in relative selective
pressure. The insect mutualist lifestyle had significantly more sites per gene under higher selective
pressure compared with most other lifestyles (Figure 3.4B). We should emphasise that Contrast-FEL

does not inform whether positive or negative selection is occurring on a branch set, only that there
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gene, CSEP and CAZyme content were significantly different between lifestyles according to pairwise
PERMANOVA. Coloured boxes indicate significant p values (<0.05). Global PERMANOVA results
are reported in the bottom right of plots (see also Supplementary Table S3.3). (C) Scatterplot
showing variation in gene copy number across all genes, CSEPs and CAZymes for different lifestyles.
Points are jittered to reduce overlap. Sample size (the number of strains) is reported under x-axis
labels.
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Figure 3.4: Results of dN/dS analyses on 1,054 core single-copy genes. (A) The Euler diagrams
show the number of genes, CSEPs and CAZymes found to be under positive selection by both
aBSREL and BUSTED. For the 469 cases where there was consensus between the two methods, the
number of positively selected genes for each lineage according to aBSREL are shown by coloured
branches on the species tree. The colour scale was pseudo log transformed for easier visualisation.
For the exact number of positively selected genes on every branch, see Supplementary Figure S3.9.
Branches on which CSEPs (bold) and CAZymes (italic) were positively selected are labelled with
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Figure 3.5: Boxplots showing codon optimisation (S) of core single-copy genes across lifestyles.
Sample size (the number of strains) is reported under x-axis labels. (A) Difference in overall S
values between lifestyles, with significant difference of means as calculated by TukeyHSD shown
by letters at the top of the plot (see Supplementary Tables S3.2 and S3.4 for full statistical test
results). (B) Difference in S values between CSEPs, CAZymes, and other genes for each lifestyle, with
significant difference of means between the gene type as calculated by the Games Howell test shown
by bars across significantly different categories (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; see
Supplementary Tables S3.2 and S3.4 for full statistical test results).

is a relative increase or decrease in dN/dS, and thus higher or lower selective pressure, compared
with other branches. We reasoned that if a CSEP or CAZyme with higher relative selective pressure
for a lifestyle was also found to be positively selected on an external lineage of that lifestyle, then it
could suggest that the selective pressure is imposed by lifestyle. This was the case for 4 of the 9 core
CSEPs and 1 of the 3 core CAZymes identified as positively selected on external lineages: CSEPs
6447 (F. sp. 6, endophyte); 5996 (F. culmorum, saprotroph); 6862 (N. ambrosia, insect mutualist);
and 7076 (Geejayessia zealandica, plant associate); and CAZyme 7215 of lignin degrading subfamily
AA3 2 (N. oligoseptata, insect mutualist).

Codon optimisation was higher in Fusarium s. str.

As dN/dS methods are biased by the erroneous assumption that all synonymous substitutions are
neutral (Hershberg and Petrov, 2008; Rahman et al., 2021), we also explored whether translational
selection (i.e., bias towards certain codons in more highly expressed genes) may be acting on syn-
onymous substitutions by assessing the extent of codon optimisation (S) across fusarioid taxa (dos
Reis, Savva and Wernisch, 2004). Codon optimisation of 1,054 core single-copy genes was generally
high for all taxa (between 0.4 and 0.6, on a scale from -1 to 1), but it was significantly lower in insect
mutualists compared with endophytes, plant pathogens and saprotrophs (Figure 3.5A, Supplement-
ary Table S3.4). S values were found to be significantly higher in CSEPs and CAZymes than other
core single-copy genes for all lifestyles (excluding mycoparasite, which could not be tested due to
small sample size); furthermore, codon optimisation of CAZymes was also significantly higher than
CSEPs for insect mutualists and plant pathogens (Figure 3.5B, Supplementary Table S3.4). CSEPs

and CAZymes also encompassed greater extremes of codon optimisation than other core genes.

As high levels of codon optimisation has been linked to host generalism in fungi (Badet et al.,
2017) and codon usage bias to wide habitat range in prokaryotes (Botzman and Margalit, 2011), we
speculated that higher codon optimisation may be associated with lifestyle generalism — that is, taxa
being capable of exhibiting multiple lifestyles. When no data correction was performed, there was

a medium strength positive correlation between the number of reported lifestyles or ‘lifestyle range’
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Figure 3.6: (A) PCA of phylogenetic distances between taxa, with points representing centroids
for species complexes/allied genera, differentiated by shape and colour, as indicated by the tree
legend. The percentage of variance explained by each principal component is shown on axis labels.
Contours indicate the fit of codon optimisation (S values), of both core CSEPs and other core genes,
to the ordination; the fit of CAZyme codon optimisation is not shown as it was not significant
(p=0.2). The inset boxplot shows the significant difference (t-test, p=6e-11) in overall S values
between Fusarium and allied genera. (B) Hierarchical clustering of taxa according to normalised
RSCU. Heatmap columns represent codons (excluding Trp, Met, and stop codons) with cells coloured
by normalised RSCU, where positive values represent higher than expected codon usage and negative
values represent lower than expected codon usage.

and S values (Pearson’s R=0.3, p=0.01), but the statistical significance of this correlation did not
hold when accounting for phylogenetic relationships with PGLS analysis (p=0.06) (Supplementary
Figure S3.12).

There was significantly higher codon optimisation in species complexes belonging to Fusarium s. str.
compared with allied genera (t-test, p=6e-11; Figure 3.6A inset). Codon optimisation for CSEPs
was shown to be strongly correlated with phylogeny as shown by the fit of S values to a PCA of
phylogenetic distances (Figure 3.6A). This was not the case for CAZymes, however, for which the
fit of codon optimisation to the PCA was not significant (p=0.2). Hierarchical clustering of taxa
by normalised RSCU was also reasonably concordant with the species tree, with a Robinson-Foulds
distance of 0.4 (p=0; Figure 3.6B), indicating that codon usage bias, for CSEPs if not CAZymes, is
likely to be influenced by shared ancestry more than lifestyle.

3.5 Discussion

In this study, we inferred a phylogeny of Fusarium and allied genera using the greatest number of loci
to date, with almost all branches significantly supported (Figure 3.3A). This adds to numerous recent
efforts to produce high quality fungal phylogenies from genome-scale data (e.g., Spatafora et al.,
2016; Steenwyk, Shen et al., 2019; Varga et al., 2019; Li, Steenwyk et al., 2021). Trimming method
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and inclusion/exclusion of multi-copy genes had some impact on species tree topology (Figure 3.2;
Supplementary Figure S3.6), but the Fusarium s. str. backbone was consistent across all approaches
and in general agreement with the most recently published phylogeny of the group (Crous, Lombard
et al., 2021). Discordance was concentrated in the ambrosia clade in Neocosmospora, perhaps due
to the occurrence of interspecific hybridization in this lineage (Kasson et al., 2013) or horizontal
gene transfer via the exchange of strains by beetles (Huler and Cognato, 2010). The objectives
of this study were not concerned with the taxonomic debates surrounding the Fusarium generic
concept, but our results did show that the divergence between Fusarium s. str. and other fusarioid
taxa was associated with positive selection on a considerable number of core genes (Figure 3.4A);
an upwards shift in translational selection (Figure 3.6A); and distinct patterns in codon usage bias
(Figure 3.6B). While these results obviously do not directly contribute to characterisation of the
taxa involved, they might be seen as a symptom of a ‘larger and more abrupt’ divergence than that
between species within the same genus (Booth, 1978), contrary to Fusarium s. lat. (O’Donnell,
Al-Hatmi et al., 2020; Geiser, Al-Hatmi et al., 2021).

We generally found the IR molecular clock model to produce dating estimates that were more
concordant with estimates from other studies assessing divergence times of fusarioid fungi (e.g.,
Kasson et al., 2013; O’Donnell, Rooney et al., 2013; O’Donnell, Sink et al., 2015), which was
largely to be expected considering that these studies also used IR models (but different secondary
calibrations). The IR model estimated the divergence of obligate insect mutualists to correspond
more closely to the crown age of their insect hosts, as estimated with insect fossil calibrations (Jordal
and Cognato, 2012). By contrast, the AR model appeared to produce less congruent ages for recently
diverged lineages, such as the highly specialised FOSC strains diverging before their host plants are
likely to have existed. AR models have generally been thought appropriate for plants and animals
considering the correlation between substitution rate and life-history traits (Lartillot, Phillips and
Ronquist, 2016), and it has furthermore been suggested that AR is the norm across all kingdoms of life
(Tao et al., 2019). On the other hand, Taylor and Berbee (2006) found no lineage-specific correlation
of substitution rates across the kingdom Fungi. Similarly, Linder, Britton and Sennblad (2011) did
not find strong evidence for rate autocorrelation across plant and simian datasets, instead finding
the IR model to have more explanatory power. The AR model is not immune to bias (Lartillot and
Delsuc, 2012), and has been shown to produce older estimates for simulated datasets across dating
tools, including MCMCTree (Miura et al., 2020). The presence of short-term rate fluctuations in
mammals suggests that mixed relaxed clock models accounting for both autocorrelation and jumps
in rate variation are needed (Ho, 2009; Lartillot, Phillips and Ronquist, 2016).

Sources of error in divergence time estimation are manifold, as evidenced by the large confidence
intervals in our analysis (Supplementary Figure S3.7). Beyond the difficulty surrounding choice and
implementation of molecular clock models, a major source of error is the use of secondary calibrations
— a necessity due to the general lack of fungal fossil data (Beimforde et al., 2014) — which can impact
the precision and accuracy of divergence time estimates (Shaul and Graur, 2002; Graur and Martin,
2004; Sauquet et al., 2012; Schenk, 2016). For this reason, we incorporated the error from node
ages estimated using primary fossil calibrations (Lutzoni et al., 2018) using confidence intervals to
provide upper and lower bounds, as recommended when using secondary calibrations (Graur and
Martin, 2004; Forest, 2009; Hipsley and Miiller, 2014). An alternative approach is to expand taxon
sampling until fossil data can be incorporated, although secondary calibrations have been shown to

produce divergence time estimates with similar accuracy to those from distant primary calibrations,
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albeit with lower precision (Powell, Waskin and Battistuzzi, 2020). Our motivation for divergence
time estimation was not to test specific time-dependent hypotheses, but rather to calibrate branch
lengths for more realistic measures of phylogenetic distance in subsequent comparative analyses. As
with any divergence time analysis, major uncertainties are still associated with the divergence times

of fusarioid fungi.

All taxa had a similar number of genes, CSEPs and CAZymes, very few of which were strain-specific
(Figure 3.3A). It has previously been suggested that the number of species-specific secreted proteins
(and by extension, we assume, effectors) is generally higher in fungal lifestyles which associate with
plants without killing or decaying them, such as mutualistic symbionts and biotrophic pathogens,
compared with saprotrophs and necrotrophic pathogens (Kim et al., 2016), the reasoning being
that the former have to negotiate the plant—fungal interaction for an extended period. In the genus
Colletotrichum, however, a reduction in the number of species-specific CSEPs was observed alongside
the transition from phytopathogenicity to beneficial endophytism (Hacquard et al., 2016), showing
that CSEPs and their impact on the plant—fungal interaction can be highly lineage-specific. We
saw no significant difference in the number of strain-specific CSEPs (or genes) between any lifestyles
(Supplementary Figure S3.8). This, combined with the fact that plant pathogens are often also
reported as endophytes and vice versa (Figure 3.3A), and that plant pathogen and endophyte strains
were not significantly different in terms of gene and CSEP content (Figure 3.3B), suggests that
fusarioid taxa have a shared genetic capacity for phytopathogenicity and/or endophytism. Having
a high proportion of species-specific CSEPs has also been associated with the connected factor of
host specialisation (Spanu et al., 2010), which, considering we report very low numbers of strain-
specific genes, may also explain the status of many Fusarium taxa as host generalists. Our results
were also similar to those comparing pathogenic and non-pathogenic taxa in another genus of broad

generalists, Aspergillus (Mead et al., 2021).

We did not identify common genetic signatures for the endophytic lifestyle in terms of gene, CSEP or
CAZyme content, reinforcing the current understanding that there is no universal ‘toolkit’ associated
with the endophytic lifestyle (Hacquard et al., 2016; Knapp et al., 2018). This contrasts with other
well-defined lifestyles such as that of mycorrhizal fungi, for which specific genetic features have been
associated with lifestyle in both ascomycetes and basidiomycetes (Martin, Kohler et al., 2010; Delaux
et al., 2013; Kohler et al., 2015; Peter et al., 2016; Miyauchi, Kiss et al., 2020; Rich et al., 2021). One
observed hallmark of the transition to mycorrhizal symbiosis is the loss of genes encoding PCWDEs
(Kohler et al., 2015; Peter et al., 2016; Miyauchi, Kiss et al., 2020), but, as we found here, these
are retained in various endophytic taxa (Zuccaro, Lahrmann and Langen, 2014; Lahrmann et al.,
2015; Hacquard et al., 2016; Franco et al., 2021; Mesny, Miyauchi et al., 2021). As PCWDEs
have often been treated predominantly as features of saprotrophy, this has fed into the hypothesis
that many endophytes are latent saprotrophs, but in a broad comparison of CAZymes across the
Dikarya, Zhao, Liu et al. (2013) demonstrated that plant pathogens have on average more CAZymes
belonging to typical PCWDE families than saprotrophs. As there was no significant difference
in total number or repertoire of CAZymes between plant pathogens, endophytes and saprotrophs,
it indicates that fusarioid fungi retain the same machinery for plant cell wall degradation and/or
remodelling, regardless of lifestyle. We did, however, find a significant difference in CSEP content
between saprotrophs and endophytes (Figure 3.3B), which could suggest that fusarioid endophytes
are more likely to be latent pathogens than saprotrophs.

The major exception to the apparent lifestyle flexibility among fusarioid fungi is the insect mutualist
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lifestyle, which formed a monophyletic group (the ambrosia clade) in Neocosmospora (Figure 3.3A).
The insect mutualist lifestyle was also the most distinct in terms of gene and CSEP content, being
significantly different from all other lifestyles apart from the mycoparasitic lifestyle (Figure 3.3B), but
the very small sample size for the latter will have impacted the test’s power in that case (Alekseyenko,
2016). The transition to symbiotic mutualism in Neocosmospora was not associated with a reduction
in total number of genes, CSEPs or CAZymes, in agreement with results from other ectosymbiotic
insect mutualists (Biedermann and Vega, 2020). As the representative strains used in this study are
all known to cause disease on the trees they colonise with their beetle partner (Freeman et al., 2013;
O’Donnell, Libeskind-Hadas et al., 2016; Na et al., 2018; Aoki, Smith et al., 2019), it follows that
they would have retained many of the genetic mechanisms from their (presumably) plant associated
ancestors. Some strains have been found to cause disease in vitro in the absence of their beetle
partners (e.g., Eskalen et al., 2012; Na et al., 2018), however, to our knowledge, fusarioid ambrosia

fungi have never been reported as free-living in the wild.

Although we did not identify significant differences in the genetic repertoires between fusarioid endo-
phytes and plant pathogens, we did find some evidence that copy number variation — genes or regions
that are either duplicated or deleted in reference to other taxa — may be contributing to lifestyle.
There was no significant difference in mean gene copy number between lifestyles, but plant pathogens
included extreme outliers in gene copy number compared with other lifestyles (Figure 3.3C). Extens-
ive gene duplication has been suggested as a key strategy for pathogenicity in basidiomycete rusts
(Pendleton et al., 2014), and copy number of the pectin degrading CAZyme subfamily PL1 7 across
41 root-colonising fungi was shown to correlate with pathogenicity in Arabidopsis (Mesny, Miyauchi
et al., 2021). Gene duplication is regarded as the primary resource for the evolution of functional
novelties, and the persistence of gene duplicates is indicative of neofunctionalisation and/or sub-
functionalisation, as a functionally redundant gene copy will be rapidly lost due to the absence of
selective pressure to retain it (Lynch and Conery, 2000; He and Zhang, 2005). The most common
functional innovations of gene copies in fungi are regulatory changes (Wapinski et al., 2007). Indeed,
copy number variation is known to be correlated with differential gene expression (Stranger et al.,
2007; Steenwyk and Rokas, 2018; Shao et al., 2019), and has been shown to contribute to phenotypic
or pathological differences in fungi (Steenwyk, Soghigian et al., 2016; Zhao and Gibbons, 2018).

This aligns with mounting evidence that a major factor impacting lifestyle of closely related phyto-
pathogens and endophytes is not gene repertoire itself, but expression profiles. Returning to Col-
letotrichum, Hacquard et al. (2016) found that a pathogenic taxon had a different pattern of gene
expression during host colonisation, including upregulation of CSEPs, compared with a closely re-
lated and genetically similar beneficial endophyte. The authors noted that this also makes the
beneficial endophyte genetically capable of reverting to pathogenicity (and, presumably, the closely
related pathogens capable of inhabiting plants as endophytes). The aforementioned CAZyme sub-
family PL1 7, which we found between 2 and 4 copies of in all fusarioid taxa (Supplementary Figure
S3.11), was also more highly expressed in the pathogenic Colletotrichum taxon. The importance of
expression has already been seen in Fusarium, where expression of secondary metabolites differed
between endophytic and pathogenic strains of the same species, F. annulatum (as F. proliferatum,
FFSC), despite generally sharing secondary metabolite gene clusters (Niehaus et al., 2016). Gener-
ating in planta expression profiles for both pathogenic and non-pathogenic strains across the group

could reveal whether there is convergence in expression patterns for certain lifestyles.

Regulation of certain genes located on accessory chromosomes has also been seen to direct plant
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infection phenotypes in an endophytic versus pathogenic FOSC strain (Guo et al., 2021). Accessory
chromosomes — chromosomes that are not essential for survival, but potentially confer functional
advantages (Bertazzoni et al., 2018) — are likely another important factor impacting lifestyle in
Fusarium. The first acc. chromosomes in fungi were discovered in the fusarioid species Neocosmo-
spora haematococca (as Nectria haematococca) (Coleman et al., 2009), with further reports in at least
nine other fusarioid strains (Bertazzoni et al., 2018). They have mostly been studied in the FOSC,
in which horizontal transfer of acc. chromosomes can confer pathogenicity (Ma, van der Does et al.,
2010; Li, Fokkens et al., 2020). Not only are acc. chromosomes deemed to be a key innovation for
rapid adaptation by plant pathogens (Croll and McDonald, 2012) they have also been implicated
in adaptation of FOSC strains to human pathogenicity (Zhang, Yang et al., 2020). Exploring the
extent of acc. chromosomes broadly across fusarioid fungi, as well as phenomena impacting gen-
omic architecture such as transposable elements (Muszewska et al., 2019), may shed light on the

mechanisms underlying lifestyle flexibility in the group (Ma, Geiser et al., 2013).

As effectors are highly diverged and often lineage-specific, if not strain-specific, only a small propor-
tion of the CSEPs predicted here could be matched to experimentally verified genes from PHI-base.
Of these, the majority were genes known to impact virulence to some degree or not at all in the
hosts they have been tested on (Supplementary Figure S3.10), although the knockout mutant phen-
otype for a certain gene will not necessarily be the same for different fungal strains or on different
hosts. PHI-base is also explicitly dedicated to pathogen-host genes, and similar high quality, curated
resources are needed for genes involved in non-pathogenic fungal-host interactions. Nonetheless,
our results give us a broad perspective on CSEP distributions across fusarioid fungi. Some CSEPs
exhibited phylogenetic patterns (such as lower copy number in Fusarium s. lat. compared with
Fusarium s. str. for MoCDIP4, which was first discovered in Magnaporthe oryzae (Chen, Fichtner
et al., 2013) and since reported in F. oxysporum f. sp. pisi (Achari et al., 2021)), but most had
scattered distributions across the group (Supplementary Figure S3.10), which may be the result of
frequent horizontal gene transfer (e.g., van Dam and Rep, 2017; Peck et al., 2021).

A slightly lower proportion of core CSEPs were found to be positively selected than non-CSEPs
according to dN/dS calculations (Figure 3.4A). This may be seen as surprising, as effectors that
promote virulence are assumed to be under strong selective pressure during the evolutionary arms
race between fungus and host (de Jonge, Bolton and Thomma, 2011; Lo Presti et al., 2015). For
instance, CSEPs have been found to more frequently be under positive selection compared with non-
CSEPs in phytopathogenic Microbotryum species (Beckerson et al., 2019). High rates of selection on
CSEPs are not only a hallmark of pathogenicity, however, as these have also been observed for oblig-
ate, host-specific Epichloé endophytes (Schirrmann et al., 2018); the arbuscular mycorrhizal fungus
Rhizophagus irregularis (Schmitz, Pawlowska and Harrison, 2019); and the saprotroph Verticillium
tricorpus (Seidl, Faino et al., 2015), emphasizing the broader roles played by effectors in host—fungal
interactions. Our results could be explained by the fact that we focused on core genes, and so the
CSEPs in questions are presumably contributing to integral host—fungal interactions that would be
under similar selective pressure as other core functions, rather than specialised CSEPs more likely
to be under strong selective pressure from the host. We should also note that detection of positive
selection with dN/dS methods is biased against shorter genes (Derbyshire, Harper and Lopez-Ruiz,
2021), which CSEPs by definition are, and so this may have impacted our results.

We identified five cases where positive selection of core CSEPs and CAZymes may be connected to

lifestyle by comparing aBSREL analysis of positive selection on external branches to Contrast-FEL
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analysis of relative selection pressures between lifestyles. Interestingly, there were no core CSEPs with
higher selective pressure in plant pathogens relative to other lifestyles, which could be interpreted
as evidence that the ancestral state of the group is phytopathogenic rather than endophytic, but
the unbalanced sample sizes for the different lifestyles will have influenced the Contrast-FEL results.
Once again, the insect mutualist lifestyle was shown to be distinct, with a greater number of sites
per gene undergoing higher selective pressure relative to other lifestyles (Figure 3.4B). This may be
associated with the fact that these ambrosia taxa have evolved via insect farming, in what could be
interpreted as some level of ‘artificial selection’ (Mueller et al., 2005). We were only able to tentatively
link the positive selection of one core CAZyme to lifestyle: 5-oxoaverantin cyclase in the AA3 2
subfamily, which was positively selected for in the insect mutualist N. oligoseptata (Figure 3.4A).
Other members of the same subfamily are implicated in lignin degradation (Levasseur et al., 2013;
Miyauchi, Navarro et al., 2017), but 5-oxoaverantin cyclase was first identified as an intermediate
in aflatoxin biosynthesis in Aspergillus parasiticus (Sakuno, Yabe and Nakajima, 2003). Another
insect-fungus mutualism between the navel orangeworm and A. flavus has shown that aflatoxin
tolerance is a key adaptation of the insect to its fungal diet (Niu et al., 2009; Ampt et al., 2016), and
as fusarioid fungi are known to produce an array of mycotoxins (Desjardins and Proctor, 2007), it
would be interesting to determine whether there is a similar dynamic in the evolution of the ambrosia

mutualism.

Conventional dN/dS methods to detect selection such as aBSREL and BUSTED make the assump-
tion that synonymous substitutions are always selectively neutral, but we now know that selection
does occur on synonymous mutations (Ohta, 1996; Chen, Lee et al., 2004; Hershberg and Petrov,
2008). Subsequently dN/dS methods have been shown to overestimate the frequency of positive
selection and underestimate the strength of negative selection in bacteria, even when selection on
synonymous sites is weak (Rahman et al., 2021). Furthermore, using dN/dS>1 as a signifier of pos-
itive selection has been declared arbitrary (Tamuri and Dos Reis, 2021). As flexible dN/dS methods
accounting for selection on synonymous substitutions have yet to be integrated into the widely used
tools for detecting positive selection, this remains a caveat of our dN/dS analyses. Additionally,
even a low incidence of sequence inaccuracies can results in false-positive signals of selection (Mallick
et al., 2009), so ideally candidate genes should be resequenced to detect errors and confirm whether
sites are truly under selection. A further limitation of the selection analyses is that they were re-
stricted to core genes due to the requirement of a robust species tree to estimate dN/dS across
lineages, which necessarily excludes a large proportion of the gene content (Derbyshire, Harper and
Lopez-Ruiz, 2021). Further exploration of selection dynamics in the extensive accessory content

would undoubtedly shed more light on the evolution of the group.

When exploring the issue of selection on synonymous substitutions, we showed that codon optim-
isation of the core single-copy genes — that is, the extent of translational selection on codon usage
— was higher in CSEPs and CAZymes than other genes (Figure 3.5B), as was previously found in
the F. ozysporum f. sp. cepae pangenome (Armitage et al., 2018). Insect mutualists had a much
larger difference in codon optimisation between CSEPs and CAZymes (Figure 3.5B). One possible
explanation for this result is that these taxa may have less translational selective pressure on CSEPs
that are required for plant invasion — being farmed by insects which excavate and weaken the plant
hosts — but retain higher translational selective pressure on CAZymes that are required for assim-
ilation of nutrients, which ultimately maintains the insect-fungus mutualism. Following this broad

perspective on codon optimisation, further functional annotation could allow the use of a ‘reverse
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ecology framework’ to explore whether genes with the highest codon optimisation correspond with
lifestyle (LaBella et al., 2021).

We also found that correlation between lifestyle range and codon optimisation was not significant
after correcting for phylogenetic relationships (Supplementary Figure S3.12), contrary to expectation
from previous studies (Botzman and Margalit, 2011; Badet et al., 2017). Our approach to assess
lifestyle range was limited by the availability of published reports of fusarioid taxa, and so we will
undoubtedly have underestimated the number of lifestyles exhibited by some species. Furthermore,
fusarioid species are often hard to distinguish, and lifestyle reports may therefore be misattributed.
To mitigate against this issue, we only included studies that used appropriate genetic markers to
distinguish taxa — not, for instance, solely using internal transcribed spacer (ITS) (Geiser, Jiménez-
Gasco et al., 2004) — and crosschecked phylogenetic analyses for misclassifications. Despite this, we
may have inadvertently included lifestyle reports for species that were incorrectly classified in the
original study. A comprehensive meta-analysis is needed to better understand the extent of lifestyle

and host range for fusarioid taxa.

A major caveat of our comparative analyses is that we were forced to attribute a single lifestyle
to the strains being used, despite the current understanding, which our own results support, that
these lifestyles are not necessarily mutually exclusive (Selosse, Schneider-Maunoury and Martos,
2018). Furthermore, treating lifestyles as categorical traits does not accurately reflect the range of
outcomes we know can exist within even one lifestyle, such as different pathogenic strains within the
same species varying in ‘aggressiveness’ (e.g., Holtz et al., 2011; Chen, Zhou et al., 2014; Sigic et al.,
2018). These both remain central issues with current approaches to fungal lifestyle comparison at
large (e.g., Knapp et al., 2018; Miyauchi, Kiss et al., 2020; Franco et al., 2021; Mesny, Miyauchi
et al., 2021). New methods that can effectively incorporate multiple lifestyle hypotheses, or treat
lifestyles as points on a continuous spectrum, are sorely needed to encapsulate the nuance of these

highly context-dependent interactions.

3.6 Conclusions

We found an apparent shared genetic capacity for phytopathogenicity and endophytism in Fusarium,
which suggests that, while strains may be reported as plant pathogens or endophytes, their lifestyle is
potentially transient. Were fusarioid taxa to make the transition to obligate, mutualistic endophyt-
ism, we might expect to see genetic hallmarks more akin to those seen in the transition to obligate
symbiosis in mycorrhizal lifestyles (e.g., Delaux et al., 2013). Despite multiple reports of certain
endophytic Fusarium strains being beneficial to certain plant hosts (e.g., Kavroulakis et al., 2007;
Mendoza and Sikora, 2009; Bilal et al., 2018), large uncertainties remain as to the stability of these
interactions. Our results depict fusarioid fungi as prolific generalists and highlight the difficulty in
predicting pathogenic potential in the group. Considering the importance of plant immune response,
biotic and abiotic conditions to the plant—fungal interaction, such endophytes may not be the ‘silver

bullet’ for biocontrol that they are sometimes touted to be.
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Supplementary Table S3.1: Assembly and annotation statistics for the five Fusarium strains.

QUAST BUSCO MAKER
Completeness
Coverage # contigs Largest Total size GC N5O L50 (single-copy 4 genes
>500bp  contig (bp) (bp) (%)
BUSCOs)
- ABySS k124 286 x 111 4,298,088 45254299 46.81 1,615,464 10 4,484 (99.78%) 13,380
= E MEGAHIT 290 x 1,874 553,685 44,681,473  47.2 115,300 117 4,481 (99.71%) .
= SPAdes 288 % 457 1,232,307 45,027,201  46.98 386,992 38 4,480 (99.69%) -
5 ABySS k90 304 % 981 1,147,506 44,348,592 47.75 214,555 56 4,485 (99.80%) 14,313
£ % MEGAHIT 296 x 525 1,641,087 45,474,718 46.86 308,265 43 4,484 (99.78%) -
= SPAdes 300 % 956 1,149,846 44,908,739 47.28 222,386 60 4,486 (99.82%) -
g ABySS k121 317x 70 3,875,036 43,829,649  48.3 1,803,139 9 4,478 (99.64%) 12,880
é § MEGAHIT 327x 64 2,611,815 43,875,029 48.29 1,638,693 11 4,480 (99.69%) -
L: SPAdes 325x 136 2,843,665 43,842,946 48.31 1,163,461 14 4,479 (99.67%) .
ABySS k128 298 x 110 4,722,096 39,424,294 47.66 1,717,955 7 4,476 (99.60%) 11,533
5 % MEGAHIT 340 % 940 1,573,830 39,142,705 47.79 224,512 49 4,478 (99.64%) -
SPAdes 332x 176 1,999,176 39,279,569 477 1,117,341 14 4,478 (99.64%) -
é ABySS k127 322x 107 4,142,881 44,857,950 48.05 1,615,920 10 4,481 (99.71%) 13,009
% E MEGAHIT 286 x 609 1,463,918 44,731,912 48.09 324,653 43 4,481 (99.71%) -
5 SPAdes 282 140 3,454,284 44,751,997 48.07 1,124,917 14 4,481 (99.71%) §
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Supplementary Table S3.2: Statistical test results for Levene’s test for homogeneity of residual variance and ANOVA, or ART ANOVA (*) if Levene’s
test was significant (p < 0.05).

Levene’s test ANOVA / ART ANOVA (*)
Formula dfl df2  statistic P Formula Effect Df F P
PC1 1 1.32 0.3
All genes ~ lifestyle 5 55 0.9 0.5 All genes ~ PC1 + PC2 + lifestyle PC2 1 14.47 4E-04
lifestyle 5 2.29 0.06
PC1 1 1.5 0.2
7 genes . .
. CSEPs ~ lifestyle 5 55 1.52 0.2 CSEPs ~ PC1 + PC2 + lifestyle PC2 1 7.26 09
(Figure 3.3A) .
lifestyle 5 2.13 0.08
PC1 1 0.37 0.5
CAZymes ~ lifestyle 5 55 1.71 0.2 CAZymes ~ PC1 + PC2 + lifestyle PC2 1 6.75 0.01
lifestyle 5 2.15 0.07
PC1 1 3.88 0.05
All genes ~ lifestyle 5 55 1.13 0.4 All genes ~ PC1 + PC2 + lifestyle PC2 1 0.5 0.5
# strain specific genes lifestyle 5 1.1 0.4
(Supp. Figure 4A) PC1 1 7.73 07
CSEPs ~ lifestyle 5 55 0.67 0.6 CSEPs ~ PC1 + PC2 + lifestyle PC2 1 2.25 0.1
lifestyle 5 1.51 0.2
PC1 1 0 1
All genes ~ lifestyle 5 55 2.02 0.09 All genes ~ PC1 + PC2 + lifestyle PC2 1 3.14 0.08
lifestyle 5 1.76 0.1
Mean gene PC1 1 0 1
copy number CSEPs ~ lifestyle 5 55 1.64 0.2 CSEP ~ PC1 + PC2 + lifestyle PC2 1 2.53 0.1
(Supp. Figure 3.5B) lifestyle 5 1.25 0.3
PC1 1 0.02 0.9
CAZymes ~ lifestyle 5 55 1.75 0.1 CAZymes ~ PC1 + PC2 + lifestyle PC2 1 2.18 0.1
lifestyle 5 1.61 0.2
# positively selected PC1 1 1.08 0.3
genes on external num ~ lifestyle 5 52 1.5  0.206 num ~ PC1 + PC2 + lifestyle PC2 1 0.05 0.8

branches lifestyle 5 0.63 0.7
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Supplementary Table S3.2 continued.

Levene’s test ANOVA / ART ANOVA (*)

Formula dfl  df2  statistic P Formula Effect Df F P

Sites with different . . . . . . .
. . (Higher) sites ~ lifestyle 5 867 14.94 4E-14 (Higher) sites ~ lifestyle * lifestyle 5 9.77 4E-09

relative evolutionary rate . . . . .
. (Lower) sites ~ lifestyle 5 142 1.64 0.2 (Lower) sites ~ lifestyle lifestyle 5 1.61 0.2

(Figure 3.4B)

Codon optimisation PC1 1 21.84 2E-05
between lifestyles S ~ lifestyle 5 55 1.97 0.1 S ~ PC1 + PC2 + lifestyle PC2 1 45.37  1E-08
(Figure 3.5A) lifestyle 5 2.95 0.02
(Endophyte) (Endophyte) PC1 1 0.64 0.4
S ~ gene type 2 30 4.21 0.02 S ~ PC1 + PC2 + gene type * PC2 1 0.02 0.9
gene type 2 35.81 2E-08
(Insect mutualist) (Insect mutualist) PC1 1 0.29 0.6
S ~ gene type 2 18 1.9 0.2 S ~ PC1 + PC2 + gene type PC2 1 0.29 0.6
gene type 2 308.38 2E-13
Codon optimisation (Plant associate) (Plant associate) PC1 1 2.73 0.1
between gene types S ~ gene type 2 24 1.83 0.2 S ~ PC1 + PC2 + gene type PC2 1 2.03 0.2
(Figure 3.5B) gene type 2 12.39 2E-04
(Plant pathogen) (Plant pathogen) PC1 1 14.21  3E-04
S ~ gene type 2 75 5.79  0.005 S ~ PC1 + PC2 + gene type * PC2 1 24.25 5E-06
gene type 2 80.18 4E-19
(Saprotroph) (Saprotroph) PC1 1 0.26 0.6
S ~ gene type 2 15 1.28 0.3 S ~ PC1 + PC2 + gene type PC2 1 0.46 0.5
gene type 2 55.57 4E-07
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Supplementary Table S3.3: Statistical test results for PERMANOVA.

Formula

Effect Df SumOfSqs R2 F p

PC1 1 1.04 0.2 18.88 1.00E-04

PC2 1 0.8 0.15 14.54 1.00E-04

All genes  JaccardDistMatrix ~ PC1 + PC2 + lifestyle lifestyle 5 0.45 0.09 1.62 0.0063
Residual 53 291 0.56
Total 60 5.19 1

PC1 1 2.57 021 19.49 1.00E-04

PC2 1 1.63 0.13 12.39 1.00E-04

CSEPs JaccardDistMatrix ~ PC1 + PC2 + lifestyle lifestyle 5 1.13 0.09 1.71 0.002
Residual 53 6.99 0.57
Total 60 12.32 1

PC1 1 0.87 0.26 27.85 1.00E-04

PC2 1 0.52 0.16 16.59 1.00E-04

CAZymes JaccardDistMatrix ~ PC1 + PC2 + lifestyle lifestyle 5 0.3 0.09 191 0.0039
Residual 53 1.66 0.5
Total 60 3.35 1
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Supplementary Table S3.4: Statistical test results for pairwise multiple comparisons using Tukey HSD or, if Levene’s test was significant (see Supple-
mentary Table S3.2), Games Howell test (*).

Formula groupl group2 estimate  conflow  conf.high p.adj

endophyte insect mutualist 2.86 0.81 4.91 0.001

endophyte mycoparasite -0.7 -1.62 0.23 0.3

endophyte plant associate -0.18 -1.21 0.86 1

endophyte plant pathogen 0.57 -1.19 2.32 0.9

endophyte saprotroph -0.06 -1.15 1.03 1

insect mutualist  mycoparasite -3.55 -5.42 -1.69 2E-06

. . . . . insect mutualist  plant associate -3.03 -4.96 -1.11  1E-04
Sites with different relative (Higher) . .

evolutionary rate (Figure 3.4B) sites ~ lifestyle * Tnsect mutual%st plant pathogen -2.29 -4.67 0.09 0.07

insect mutualist  saprotroph -2.92 -4.87 -0.96 4E-04

mycoparasite plant associate 0.52 -0.04 1.08 0.09

mycoparasite plant pathogen 1.26 -0.28 2.8 0.2

mycoparasite saprotroph 0.64 -0.03 1.31 0.07

plant associate plant pathogen 0.75 -0.86 2.35 0.8

plant associate saprotroph 0.12 -0.69 0.93 1

plant pathogen saprotroph -0.63 -2.27 1.02 0.9

endophyte insect mutualist -0.06 -0.1 -0.03 8E-05

endophyte mycoparasite 0.01 -0.05 0.07 1

endophyte plant associate -0.03 -0.07 0 0.1

endophyte plant pathogen -0.01 -0.04 0.02 1

endophyte saprotroph 0.01 -0.03 0.05 1

insect mutualist ~mycoparasite 0.07 0.01 0.13 0.02

Codon optimisation insect mutualist  plant associate 0.03 -0.01 0.07 0.1

between lifestyles S ~lifestyle insect mutualist  plant pathogen 0.06 0.02 0.09 T7E-05

(Figure 3.5A) insect mutualist  saprotroph 0.07 0.03 0.12 6E-05

mycoparasite plant associate -0.04 -0.1 0.02 0.5

mycoparasite plant pathogen -0.01 -0.07 0.04 1

mycoparasite saprotroph 0.01 -0.06 0.07 1

plant associate plant pathogen 0.02 -0.01 0.05 0.2

plant associate saprotroph 0.04 0 0.08 0.05

plant pathogen saprotroph 0.02 -0.02 0.05 0.7
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Supplementary Table S3.4 continued.

Formula groupl group2 estimate conf.low  conf.high p.adj
(Endophyte) S.CSEP S.CAZyme 0.07 -0.03 0.16 0.2
S ~gene type * S.CSEP S.other -0.21 -0.26 -0.16  3E-07
S.CAZyme S.other -0.27 -0.36 -0.19 1E-05
(Insect mutualist) S.CSEP S.CAZyme 0.22 0.18 0.25 2E-12
S ~gene type * S.CSEP S.other -0.07 -0.1 -0.04 6E-05
Cod —— S.CAZyme S.other -0.28 -0.31 -0.25 4E-14
odon optimisation
P . (Plant associate) S.CSEP S.CAZyme 0 -0.12 0.11 1
between different
S ~gene type * S.CSEP S.other -0.19 -0.31 -0.08 9E-04
gene types
. S.CAZyme S.other -0.19 -0.31 -0.08  0.001
(Figure 3.5B)
(Plant pathogen) S.CSEP S.CAZyme 0.07 0.01 0.13 0.03
S ~gene type * S.CSEP S.other -0.23 -0.28 -0.18  4E-11
S.CAZyme S.other -0.3 -0.34 -0.26 3E-14
(Saprotroph) S.CSEP S.CAZyme 0.06 -0.02 0.13 0.1
S ~gene type * S.CSEP S.other -0.24 -0.31 -0.16  1E-06
S.CAZyme S.other -0.29 -0.36 -0.22  8E-08
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Supplementary Figure S3.1: Schematic summarising the bioinformatics analysis pipeline developed in Chapter 3, available at https://github.com/
Rowena-h/FusariumLifestyles. Boxes outlined in pink indicate custom scripts written for this work.
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Supplementary Figure S3.2: Nx plots (the smallest contig length at which x% of the assembly
is contained in contigs of at least that size) produced by QUAST for each of the strains sequenced
in this chapter: (A) F. chuoi RH1 (B) F. chuoi RH3 (C) F. annulatum RH5 (D) F. sp. RH6 (E)
F. proliferatum RHT.
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Supplementary Figure S3.3: BlobPlots showing the taxonomic classification of reads based on
coverage and GC content: (A) F. chuoi RH1 (B) F. chuoi RH3 (C) F. annulatum RH5 (D) F. sp.
RH6 (E) F. proliferatum RHT.
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Supplementary Figure S3.4: Convergence of posterior means (left) and infinite-sites plot (right)
for both MCMCTree chains for the AR clock model (A) and the IR clock model (B).
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Supplementary Figure S3.5: PCA of phylogenetic distances between taxa for the first 6 principal components, with points representing species com-
plexes/allied genera, differentiated by shape and colour, as indicated by the tree legend. The percentage of variance explained by each principal component
is shown on axis labels.
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Supplementary Figure S3.8: Boxplots showing the number of strain-specific genes (A) and mean
gene copy number (B) for different lifestyles. Sample size (the number of strains) is reported under
x axis labels. There were no significant differences according to ANOVA (see Supplementary Table
S3.2).
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Chapter 3 — Lifestyle transitions in fusarioid fungi
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Chapter 4

Tapping the CABI collections for
fungal endophytes: first genome
assemblies for three genera and five

species in the Ascomycota

4.1 Abstract

The Ascomycota form the largest phylum in the fungal kingdom and show a wide diversity of life-
styles, some involving beneficial or harmful associations with plants. Historically, whole genome
sequencing (WGS) efforts have been biased towards pathogens, but improving genomic resources of
commensal and mutualistic ascomycetes is fundamental if we are to fully understand plant—fungal
interactions. Here, using a combination of short- and long-read technologies, we have sequenced and
assembled genomes for 15 endophytic ascomycete strains from CABI’s culture collections to provide
valuable new resources for exploring the pathogenic—mutualistic spectrum in different lineages across
the Ascomycota. We used phylogenetic analysis to refine the classification of taxa, which revealed
that 7 of our 15 genome assemblies are the first for the genus and/or species. We also demonstrated
that cytometric genome size estimates — more commonly made for plants than fungi — can act as a
valuable metric for assessing assembly ‘completeness’, which can easily be overestimated when using
BUSCOs alone. In producing these new genome resources, we emphasise the value of mining exist-
ing culture collections to produce data that can help to address major research questions relating to

plant—fungal interactions.

4.2 Introduction

There is an ever mounting quantity of genomic data available for fungi and, as of October 2022,
over 6,500 fungal strains had genome assemblies deposited in NCBI and MycoCosm (Chapter 1.3).
Most of these genome sequencing efforts have been skewed towards pathogens and, of those, plant

pathogens (Aylward et al., 2017), but recent and ongoing initiatives are rapidly increasing the num-
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ber of genome assemblies available for non-pathogenic strains, such as commensal or mutualistic
plant associated fungi (https://jgi.doe.gov/our-projects/csp-plans/; Figure 1.2). Improving
genomic resources for non-pathogenic relatives of phytopathogens is key to understanding functional
differences between different forms of plant associated lifestyles, and will allow us to explore how and
why plant—fungal interactions evolve. This is particularly important for fungal endophytes, asympto-
matic plant inhabitants which predominantly belong to the phylum Ascomycota (Rodriguez, White
Jr et al., 2009; Hardoim et al., 2015). Factors controlling whether a fungus exhibits endophytism
versus pathogenicity are not yet well defined. Case-study comparisons between closely related patho-
gens and endophytes — such as the one performed in Chapter 3 for the genus Fusarium, among others
(Hacquard et al., 2016; Niehaus et al., 2016; Stauber, Prospero and Croll, 2020) — have started to
reveal lineage-specific patterns or mechanisms that may contribute to lifestyle. However, we have
no indication of whether they will hold true for all ascomycete endophytes, which are spread across
the entire phylum (Huang, Bowman et al., 2018; U’'Ren, Lutzoni, Miadlikowska, Zimmerman et al.,
2019). If we are to better understand endophytism, and therefore improve the chance of predicting
the pathogenic potential of fungal strains, comparisons across a broader taxonomic scale are needed.
This is only achievable through the generation of new, high-quality genome assemblies for endophyte

strains.

As described in Chapter 1.5, collections are a powerful resource for addressing all manner of research
questions. It has already been demonstrated in Chapter 2 that plant collections such as Kew’s
Millennium Seed Bank (MSB) can act as a treasure trove for novel fungal endophyte diversity, but
what of living fungal collections? The CABI collection (Egham, UK) is one of the world’s largest
fungal culture collections, boasting 28,000 strains spanning 100 years and 142 countries (Smith, Ryan
and Caine, 2022). Access to such a wide pool of living fungal strains enables efficient data acquisition
on an ambitious scale, such as helping to deliver the goal of sequencing all known species of fungi
in Britain and Ireland for The Darwin Tree of Life Project (DTOL) (Smith, Kermode et al., 2020;
The Darwin Tree of Life Project Consortium, 2022). Producing genomic data that links to viable
fungal strains preserved in collections provides essential foundational data for future experimental
and comparative research, and so increases the usefulness of accessions. Here, we capitalised on
endophytic strains deposited in CABI’s collection to successfully sequence, assemble and annotate
genomes for 15 taxa across 8 families, 5 orders and 11 genera. For stringent quality assessment
of these new genome assemblies, we additionally produced cytometric genome size estimates where

possible, as recommended in Chapter 1.4.

For new genomic resources to be of use to the science community, it is of major importance to
ensure accurate identification and classification of taxa. In addition to ensuring taxon names are in
agreement with the current nomenclature, improving the accuracy of classifications using up-to-date
molecular data is also vital. Phylogenetics has become an essential step in fungal classification,
not least when dealing with cultured microfungi where morphological features are often particularly
challenging to study and can be less informative, or not informative at all, for distinguishing species
or even genera (Crous and Groenewald, 2005; Shivas and Cai, 2012). For the strains used here, the
names from CABI’s records predate the routine use of molecular data in identification, and would
have been borne from morphological assessment alone (Smith, Kermode et al., 2020). Considering
a third were recorded as belonging to Phoma — a genus which has been dismantled into numerous
different genera after molecular data revealed it to be highly polyphyletic (de Gruyter et al., 2009;
Aveskamp, de Gruyter, Woudenberg et al., 2010; Chen, Jiang et al., 2015; Hou et al., 2020) — incor-
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porating phylogenetic analysis was essential to refine the classification of the strains sequenced here.
This also revealed our assemblies to be the first for three ascomycete genera — Collariella, Neodidy-
melliopsis and Neocucurbitaria — and five species — Ascochyta clinopodiicola, Didymella pomorum,
Didymosphaeria variabile, Neocosmospora piperis and Neocucurbitaria cava. Four more taxa — Didy-
mella sp. IMI 355093, Gnomoniopsis sp. IMI 355080, cf. Kalmusia sp. IMI 367209 and Neurospora
sp. IMI 360204 — require additional assessment to determine whether they are new or previously
described species but, based on existing data, they also likely represent the first genome assemblies

for their to-be-assigned species.

4.3 Materials and Methods

Extraction and sequencing of genomic DNA

The 15 endophyte strains used in this study were obtained from the CABI culture collection (Table
4.1), which uses the code ‘IMI’ as a prefix for its unique accessions as a relic of the now defunct Im-
perial Mycological Institute (https://cabi.org/about-cabi/our-history/. All steps involving
handling of fungal material were done under sterile conditions. Strains were taken out of cryop-
reservation and incubated on 2% malt extract agar at 25°C for 1-2 weeks. A fragment of mycelium
was transferred to flasks of 200 ml glucose yeast medium (GYM). Flasks were placed on an orbital
shaker for 1 week at 25°C and shaken at 150 rpm. Mycelium was recovered via vacuum filtration,
transferred to an empty petri dish and freeze dried overnight. The lyophilised material was crushed
using a mortar and pestle for DNA extraction, which was done using the Qiagen DNeasy Plant
Mini Kit (Qiagen, Redwood City, CA, United States) following the manufacturer’s instructions.
DNA concentration was quantified with a Quantus™ Fluorometer (Promega, Wisconsin, USA) and
purity (260/280 absorbance ratio of approximately 1.8) was assessed with a NanoDrop spectropho-
tometer (Thermo Fisher Scientific, Massachusetts, USA). To ascertain that DNA had successfully
been extracted from the intended strain rather than a contaminant, 0.5 pl of DNA extraction was
used for amplification and Sanger sequencing of the internal transcribed spacer (ITS) barcode, as
described in Chapter 2.3. ITS sequences were searched against the UNITE database (Nilsson et al.,
2019; https://unite.ut.ee/) and the NCBI nucleotide database (https://ncbi.nlm.nih.gov/)
via corresponding web blastn services to identify the most similar species hypothesis (SH) for each
strain. We additionally corroborated the similarity-based results by placing the ITS sequences in
the 6-loci Pezizomycotina v2.1 reference tree (Carbone, White, Miadlikowska, Arnold, Miller, Kauff
et al., 2017) of Tree-Based Alignment Selector toolkit (T-BAS) v2.3 (Carbone, White, Miadlikowska,
Arnold, Miller, Magain et al., 2019) with default settings.
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Table 4.1:

Endophyte strains selected from CABI’s collections for WGS and assembly.

IMI CABI name Updated name Taxonomy Host Origin

355080  Phomopsis Gnomoniopsis sp. Gnomoniaceae, Diaporthales, Sordariomycetes Quercus ilex Lugano, Switzerland
355082  Phomopsis Gnomoniopsis smithogilvyi  Gnomoniaceae, Diaporthales, Sordariomycetes Quercus ilex Lugano, Switzerland
355084  Colletotrichum acutatum Colletotrichum fioriniae Glomerellaceae, Glomerellales, Sordariomycetes Quercus ilex Lugano, Switzerland
355091  Phoma sorghina Didymella pomorum Didymellaceae, Pleosporales, Dothideomycetes Opuntia sp. Queensland, Australia
355093  Phoma Didymella sp. Didymellaceae, Pleosporales, Dothideomycetes Opuntia sp. Queensland, Australia
356814  Phoma leveilles Neocucurbitaria cava Cucurbitariaceae, Pleosporales, Dothideomycetes Quercus ilex Mallorca, Spain
356815  Leptosphaeria coniothyrium  Didymosphaeria variabile Didymosphaeriaceae, Pleosporales, Dothideomycetes — Quercus ilex Mallorca, Spain
359910 Phoma Ascochyta clinopodiicola Didymellaceae, Pleosporales, Dothideomycetes Dryas octopetala Switzerland

360193  Microsphaeropsis Didymella glomerata Didymellaceae, Pleosporales, Dothideomycetes Gynozis oleifolia Ecuador

360204  Gelasinospora Neurospora sp. Sordariaceae, Sordariales, Sordariomycetes Gynozis oleifolia Ecuador

364377  Phoma nebulosa Neodidymelliopsis sp. Didymellaceae, Pleosporales, Dothideomycetes Persea americanal Trinidad and Tobago
366226  Colletotrichum crassipes Colletotrichum tropicale Glomerellaceae, Glomerellales, Sordariomycetes Manilkara bidentata  Puerto Rico

366227  Colletotrichum crassipes Collariella sp. Chaetomiaceae, Sordariales, Sordariomycetes Manilkara bidentata  USA?2

366586  Fusarium solani Neocosmospora piperis Nectriaceae, Hypocreales, Sordariomycetes Manilkara bidentata  Puerto Rico

367209  Leptosphaeria coniothyrium  cf. Kalmusia sp. Didymosphaeriaceae, Pleosporales, Dothideomycetes  Manilkara bidentata  Puerto Rico

solated as endophyte of leaves imported by leafcutter ants into their nests.
2Suspected input error based on adjacent IMI records.
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For short-read Ilumina sequencing, DNA extractions were sent to Macrogen (Macrogen Inc., South
Korea) for library preparation and sequencing: library preparation was performed using the Nextera
XT DNA Library Preparation Kit and 151 bp paired-end reads were sequenced using the NovaSeq
6000 platform (Illumina, San Diego, CA, USA). If we were able to extract >1 pg of DNA, strains
were also processed for long-read nanopore sequencing. For each strain, the appropriate volume
for 1 pg of DNA was diluted with sterile, nuclease-free water to obtain the required 47 nl of DNA
for the library preparation method described here. Half of the DNA solution (23.5 pl) was then
sheared to a fragment size of ~20 Kbp by centrifuging in a g-TUBE (Covaris, Inc., Woburn, MA,
USA) at 4,200 rpm for 1 minute. Sequencing libraries were prepared from the mixture of sheared
and unsheared DNA using the SQK-LSK109 Ligation Sequencing Kit (Oxford Nanopore Techno-
logies Inc., Oxford, UK) following the manufacturer’s Genomic DNA by Ligation protocol (version
GDE 9063 v109 revAE 14Aug2019). The Short Fragment Buffer was used during the clean-up
step to purify all fragments equally. DNA repair and end-prep was performed using the NEBNext
FFPE DNA Repair and Ultra IT End Repair/dA-Tailing modules (New England BioLabs, Ipswich,
MA, USA). The library was loaded into a FLO-MIN106 flow cell and sequenced with a MinION
device (Oxford Nanopore Technologies Inc.) for ~48 hours using the MinKNOW application (Ox-
ford Nanopore Technologies Inc.). Fast basecalling was performed after sequencing using guppy

v4.5.3 (Oxford Nanopore Technologies Inc.).

Flow cytometry

Where possible, cultures were additionally sampled for flow cytometry 10-56 days after subculturing
depending on the growth rate of the sample. Two different fungal strains were used as internal
calibration standards to estimate the genome sizes of the endophyte strains. The first internal fungal
standard was a strain of Coprinellus micaceus which had been isolated and cultured from a collection
made by R. Wright on 05/10/2020 at Royal Botanic Gardens Kew, UK (culture code: FTOL 0141).
The genome size of C. micaceus was estimated directly by co-running a sample with Arabidopsis
thaliana (L.) Heynh., 1842 (ecotype col-0 NASC) with an estimated genome size of 172.44 Mbp/1C.
The sample was prepared for flow cytometry following the One-Step Protocol using LBO1 buffer,
as outlined by Pellicer, Powell and Leitch (2020): C. micaceus mycelium was co-chopped with 1
cm? fresh A. thaliana leaf tissue in a petri dish with 1 ml of LBO1 buffer (DoleZel, Binarova and
Lucretti, 1989). A further 1 ml of LB01 was added to the sample and the contents gently mixed.
The sample was then passed through a 30 pm nylon filter, stained with 100 pl propidium iodide (1
mg/ml) and incubated on ice for 10 minutes before running through a Sysmex CyFlow Space flow
cytometer (Sysmex Partec GmbH, Gérlitz, Germany) fitted with a 100 mW green solid state laser
(532 nm, Cobolt Samba, Solna, Sweden). Each isolate was run through the flow cytometer three
times to ensure reproducibility of results, with at least 1,000 nuclei analysed each time. Once the
genome size of C. micaceus had been estimated (62.62 Mbp/1C) it was then used to calibrate a
second internal standard, Coprinopsis piacea (52.83 Mbp/1C), which was isolated and cultured from
a collection that had been made by R. Wright on 17/12/2020 at Royal Botanic Gardens Kew, UK
(culture code: FTOL 0189). Preparation of each endophyte sample for flow cytometry was then
completed following the same process as above, except using one of the two internal fungal standards

instead of A. thaliana.

We used the Partec FloMax v2.4d software (Sysmex Partec GmbH) to produce histograms showing

the relative fluorescence of nuclei (Supplementary Figure S4.1). FlowMax gating tools were used
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to generate linear regressions to gate nuclei and quantify the number of nuclei and coefficient of
variation (CV) of each peak. A polygonal region was drawn around the nuclei in the side scatter
cytogram to improve the quality of the peaks by ensuring only intact nuclei were analysed. The
measurement of DNA content for each isolate was considered reliable only if the CV value of the Gy
peak was below the accepted limit of 10% for fungi (Bourne et al., 2014). The holoploid 1C genome

size of each strain was estimated using the following formula:

Mean G fluorescence peak of sample x 1C nuclear DNA content of reference standard

Mean Gy fluorescence peak of reference standard

Genome size in Mbp was calculated using the conversion factor 1 pg = 978 Mbp (Dolezel, Bartos
et al., 2003).

De novo genome assembly

Our bioinformatics analysis pipeline is summarised in Supplementary Figure S4.2. For strains which
only had short-read data, the same assembly pipeline was used as in Chapter 3.3, comparing ABySS
v2.0.2 (Simpson et al., 2009), MEGAHIT v1.2.9 (Li, Luo et al., 2016) and SPAdes v3.11.1 (Bankevich
et al., 2012). If we were also able to obtain long-read sequence data for strains, hybrid assembly was
performed with comparison across three tools: Flye v2.6 (Kolmogorov et al., 2019), Raven v1.6.1
(Vaser and Siki¢, 2021) and hybridSPAdes v3.11.1 (Antipov et al., 2016). The former two methods
involved assembly using only the raw long-reads, before mapping the short-reads onto the resulting
contigs using BWA-MEM v0.7.17-r1188 (Li, 2013) in order to polish with Pilon v1.2.4 (Walker et
al., 2014). In contrast, hybridSPAdes used both long and short-reads to construct contigs, before
similarly polishing with the short-reads using BWA-MEM and Pilon. For Flye, which requires an
estimate of total genome size, cytometric genome size estimates described above were used where

possible, otherwise the average genome size for the order from the analysis in Chapter 1.3 was used.

Quality assessment and contaminant removal

To select the ‘best’ assembly across the different assembly tools, contiguity was assessed using
QUAST v5.0.2 (Gurevich et al., 2013) and completeness was assessed with BUSCO v3.0.1 (Simé&o
et al., 2015) using the ascomycota 0db10.2020-09-10 lineage dataset of 1,706 single-copy ortho-
logues. BlobTools v1.1 (Laetsch and Blaxter, 2017) was used to check for possible contamination
in the best assemblies. To create hit files, contigs were searched against the UniRef90 database
(Suzek et al. (2015); downloaded on 9" August 2022) using DIAMOND v2.0.15.153 (Buchfink,
Reuter and Drost, 2021) and against the NCBI nucleotide database (downloaded on 17" August
2022) using BLAST+ v2.11.1 (Camacho et al., 2009). To create BAM files of mapped reads, long-
reads were mapped back onto hybrid assemblies using minimap2 v2.5 (Li, 2018), while short-reads
were mapped back onto short-read assemblies using BWA-MEM v0.7.17-r1188 (Li, 2013). Hit and
BAM files were then used by BlobTools to create order-level BlobPlots. Contigs that were not
assigned to orders in the correct class — as expected from the original identification by CABI and
barcoding — and contigs with a coverage of less than 10x were removed from assemblies using seqtk
v1.2-194 (https://github.com/1h3/seqtk). Mitochondrial and adapter contamination flagged by
NCBI during the assembly submission process was trimmed using bedtools v2.28.0 (Quinlan and
Hall, 2010). QUAST and BUSCO were then run again on the contamination-filtered assemblies to

produce final quality statistics. Mean short-read coverage was calculated by once again mapping
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short-reads onto contaminant-filtered assemblies with BWA-MEM and using the stats option from
SAMtools v1.9 (Li, Handsaker et al., 2009) to get the number of mapped bases, which was then
divided by the total assembly length. The same approach was used for long-read coverage of hy-
brid assemblies, excepting the use of minimap2 in place of BWA-MEM. Assembly contiguity was
visualised as snail plots using BlobToolKit v3.4.0 (Challis et al., 2020).

Assembly annotation

A de movo repeat library was generated for the selected assembly for each strain with RepeatModeler
v2.0.1 (Smit and Hubley, 2015) and used as a custom library for softmasking with RepeatMasker
v4.0.9 (Smit, Hubley and Green, 2015). Masked assemblies were structurally annotated using the
Funannotate v1.8.12 pipeline (Palmer and Stajich, 2020). We used the funannotate sort command to
sort and relabel contigs in preparation for annotation. Proteins and EST clusters of closely related
taxa were downloaded from MycoCosm (https://mycocosm. jgi.doe.gov/; Grigoriev et al., 2014)
to inform gene prediction: Gnomoniopsis castanea Behrend (Gnocasl) for IMI 355080 and IMI
355082 (unpublished); Colletotrichum somersetensis CBS 131599 (Colsol) for IMI 355084 and IMI
366226 (Baroncelli, Cobo-Diaz et al., 2022); Didymella exigua CBS 182.55 (Didex1) for IMI 355091,
IMI 355093, IMI 359910, IMI 360193 and IMI 364377 (Haridas et al., 2020); Pyrenochaeta sp. MPI-
SDFR-AT-0127 (Pyrlyl) for IMI 356814 (Mesny, Miyauchi et al., 2021); Bimuria novae-zelandiae
CBS 107.79 (Bimnzl) for IMI 356815 and IMI 367209 (Haridas et al., 2020); Neurospora crassa 73
trp-3 (Neucr _trp3 1) for IMI 360204 (Baker et al., 2015); Chaetomium globosum MPI-SDFR-AT-
0079 (Chagll) for IMI 366227 (Mesny, Miyauchi et al., 2021); and Fusarium solani FSSC 5 MPI-
SDFR-AT-0091 (Fussol) for IMI 366586 (Mesny, Miyauchi et al., 2021). We used the funannotate
predict command to train and run three ab initio gene predictors — AUGUSTUS v3.3.2 (Stanke
et al., 2006), GlimmerHMM (Majoros, Pertea and Salzberg, 2004) and SNAP v2006-07-28 (Korf,
2004) — and output consensus gene models according to EVidenceModeler v1.1.1 (Haas et al., 2008).

Functional prediction of the gene models was performed with InterProScan v5.57-90.0 (Jones et al.,
2014) using the applications CDD v3.18 (Lu et al., 2020), Coils v2.2.1 (Lupas, 1997), Gene3D v4.3.0
(Lees et al., 2012), Hamap v2021 04 (Pedruzzi et al., 2015), MobiDBLite v2.0 (Necci et al., 2017),
PANTHER v15.0 (Mi et al., 2019), Pfam v35.0 (Mistry, Chuguransky et al., 2021), Phobius v1.01
(Kall, Krogh and Sonnhammer, 2004), PIRSF v3.10 (Wu et al., 2004), PRINTS v42.0 (Attwood et
al., 2012), SFLD v4 (Akiva et al., 2014), SignalP v4.1 (Nielsen, 2017), SMART v7.1 (Letunic, Doerks
and Bork, 2012), SUPERFAMILY v1.75 (Gough et al., 2001), TIGRFAM v15.0 (Haft et al., 2001)
and with mapping to gene ontology terms. Gene models were additionally functionally annotated
using eggNOG-mapper v2.1.9-4dfcbd5 (Cantalapiedra et al., 2021) — based on the eggNOG orthology
database v5.0.2 (Huerta-Cepas et al., 2019) with sequence searches using DIAMOND v2.0.15 — and
using antiSMASH v6.1.1 (Blin et al., 2021). The funannotate annotate command was then used to
map the InterProScan and eggNOG results onto the assembly annotations, with additional searches
against UniProt v2022 02 (Bateman et al., 2021), MEROPS v12 (Rawlings, Barrett and Bateman,
2012), dbCAN v10.0 (Yin et al., 2012) and BUSCO dikarya gene models. Misannotations that were
flagged by NCBI during the assembly submission process were checked and manually edited.

Phylogenetic analysis

Using our results from UNITE, NCBI and T-BAS (Supplementary Figure S4.3) to guide taxon

sampling, we searched the literature for existing phylogenies and available genetic marker sequences
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Figure 4.1: Summary of the genetic markers used for each lineage in the phylogenetic analyses.

for the different lineages to which our samples potentially belonged (Nygren et al., 2011; Wang, Hou-
braken et al., 2016; Wang, Han et al., 2022; Chen, Hou et al., 2017; Wanasinghe, Phookamsak et al.,
2017; Crous, Schumacher et al., 2019; Crous, Lombard et al., 2021; Jaklitsch et al., 2018; Valenzuela-
Lopez, Cano-Lira, Guarro et al., 2018; Hyde, Tennakoon et al., 2019; Hou et al., 2020; Scarpari et al.,
2020; Vieira et al., 2020; Jiang et al., 2021; Karacsony et al., 2021; Liu, Ma et al., 2022; Wanasinghe
and Mortimer, 2022). Various combinations of 13 genetic markers were selected for the different
lineages (Figure 4.1), sequences for which were retrieved from GenBank — accession numbers for all
taxa used in the phylogenetic analysis can be seen in Supplementary Table S4.1. A new script, Ge-
nePull (https://github.com/Rowena-h/MiscGenomicsTools/tree/main/GenePull), was created

to extract sequences for each of the selected markers from our own genome assemblies.

We aligned each gene separately for the different lineages using MAFFT v7.480 (Katoh and Standley,
2013) and manually checked the gene alignments before trimming using trimAl v1.4.revl5 (Capella-
Gutiérrez, Silla-Martinez and Gabaldon, 2009) with the -gappyout option. As multiple nuclear
ribosomal large subunit (LSU) copies were extracted from the Didymoshaeriaceae assemblies, all of
the copies were included in the Didymoshaeriaceae LSU alignment. A gene tree was estimated for
the LSU alignment using RAXML-NG v1.0.1 (Kozlov et al., 2019) and the GTR+GAMMA model of
evolution. After confirming that all copies clustered together on the LSU gene tree (Supplementary
Figure S4.4), the longest sequence was selected as a representative to be included in the concatenated
dataset alongside other single-copy markers. Trimmed single-copy gene alignments were concatenated
using AMAS v0.98 (Borowiec, 2016) and the concatenated alignment for each lineage was run in
RAXML-NG with genes partitioned and the GTR4+GAMMA model of evolution.

All results were plotted in R v4.1.1 using the following packages: ape v5.5 (Paradis and Schliep,
2019), ggplot2 v3.3.5 (Wickham, 2016), ggpubr v0.4.0 (Kassambara, 2020), ggtree v3.0.4 (Yu et al.,
2017) and tidyverse v1.3.2 (Wickham, Averick et al., 2019). R scripts were written using RStudio
v2021.09.1+372 (RStudio Team, 2015). This research utilised Queen Mary’s Apocrita HPC facil-
ity, supported by QMUL Research-IT (Butcher, King and Zalewski, 2017). Scripts of all analyses
are available at https://github.com/Rowena-h/EndophyteGenomes. New WGS data and annot-
ated genome assemblies reported here are available on GenBank under the BioProject accession
PRJNAT786750.
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4.4 Results

SPAdes was the optimal short-read assembly tool, but optimal hybrid as-

sembly tool varied between Flye and Raven

For the eight short-read assemblies, SPAdes consistently produced assemblies with the best conti-
guity and completeness statistics compared to ABySS and MEGAHIT (Supplementary Figure S4.5,
Supplementary Table S4.2). For the seven hybrid assemblies, however, hybridSPAdes resulted in
markedly worse contiguity than either Flye or Raven — in the most extreme case the assembly for
IMI 366227 had an N50 value ~50 times smaller than the next best assembler (Supplementary Table
S4.2). Despite comparatively poor contiguity, hybridSPAdes still produced assemblies with a similar
level of completeness according to BUSCOs. There was little difference in the performance of Flye

and Raven, although Raven produced the ‘best’ assembly for five out of seven strains (Table 4.2).

Despite originating from axenic cultures, we still detected some contaminant contigs that were re-
moved from the assemblies. The majority of contaminants (defined here as any contigs assigned to a
different taxonomic class according to BlobTools) belonged to other ascomycete fungi, although there
was also some bacterial contamination found (Supplementary Figure S4.6). These contigs generally
represented a small proportion of the assemblies, however, in two cases a considerable proportion
of the assembly was filtered out: 19% for IMI 360204 and 12% for IMI 355082 (Table 4.2). Hybrid
assemblies were less fragmented, with the largest fragments constituting between ~6-20% of the total
assembly length (versus <3% for short-read assemblies) and N50/N90 values at least one order of

magnitude greater than the short-read assemblies (Figure 4.2A,B).

Flow cytometry revealed some assemblies to be less complete than BUS-

COs would suggest

Genome size measurements were successfully obtained for five of the strains using flow cytometry
(Table 4.3). For these strains we were able to compare total assembly length against cytometric
genome size estimates, which revealed that most assemblies were notably smaller than the ‘true’
genome size (Figure 4.2C). This was despite assemblies having a high percentage of single-copy
BUSCOs, meaning that completeness according to BUSCOS was much higher than completeness
according to cytometric genome size estimates (Figure 4.2D). The exception was strain IMI 355093
(Didymella sp.), for which the total assembly length and the cytometric genome size measurement
were very similar and thus the assembly was estimated to be highly complete according to cytometric

measurements as well as BUSCOs (Figure 4.2D).
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Table 4.2: Statistics for the ‘best’ short-read or hybrid assembly for each of the 15 endophyte strains after contaminant filtering.

QUAST BUSCO Funannotate
IMI Tool Coverage Coverage Contamination # contigs Largest Total GC (%) N50  Completeness (%) 4 genes

(SR) (LR) (bp removed) >500bp  contig (bp) length (bp)
355080  SPAdes 112x - 2,983,631 (7.3%) 694 423,323 38,082,340 51.69 127,272 93.14 10,907
355091  SPAdes 252 - 1,038,387 (2.9%) 524 908,435 34,416,163 53.52 218,427 98.94 11,427
< 359910 SPAdes 139x - 885,076 (2.6%) 1,199 259,290 33,614,440 52.55 73,892 97.48 10,203
g 360193  SPAdes 253 x - 793,957 (2.3%) 724 641,373 34,727,068 53.46 179,824 98.42 10,766
E 360204 SPAdes 122x - 8,191,841 (18.5%) 3,250 166,179 36,929,578 52.64 25,999 95.25 10,020
” 364377  SPAdes 186 % - 465,400 (1.5%) 1,103 382,275 30,047,231 51.51 74,885 98.01 9,755
366226  SPAdes 86 - 655,070 (1.2%) 1,685 305,111 54,633,813 53.59 63,560 96.42 13,995
366586  SPAdes 116 % - 942,977 (2.2%) 1,248 470,694 41,415,286 52.32 91,570 96.31 12,790
355082  Flye 113x 44x 4,904,540 (12.2%) 9 7,084,357 35,292,834 50.70 6,429,383 86.64 10,375
355084  Flye 193 % 20 32,782 (0.1%) 45 7,342,820 49,445,812 51.93 2,983,733 98.07 12,178
~ 355093  Raven 300 138x 0 (0.0%) 27 1,884,042 31,528,740 52.85 1,301,886 98.65 9,918
;a 356814 Raven 160 % 165x 0 (0.0%) 24 2,991,912 34,846,001 50.24 1,616,366 98.30 11,048
= 356815 Raven 212x 216x 0 (0.0%) 11 5345287 39,450,705 51.25 4,705,368 98.12 12,728
366227 Raven 316x 39 278,263 (0.9%) 49 2,828,572 29,308,369 55.80 1,760,284 87.92 8,224
367209 Raven 208 % 27x 24,662 (0.1%) 30 4,380,344 42,784,582 49.69 2,200,773 98.18 13,561

sojAydopue [e3uny I0J sUOIIdL[[0d [V o3 Surddey, — § widey)
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Table 4.3: Flow cytometry genome size estimation results. * = Coprinopsis piacea, T = Coprinellus
micaceous. Cytometric completeness = ( genome size (Mbp/1C) / assembly length (Mbp) ) x 100.

Mean G; peak Mean CV

Genome size  Genome size Cytometric

IMI Sample  Standard  Sample  Standard (pg/1C) (Mbp/1C)  completeness (%)
355093 150.09 242.92% 7.26 3.59%* 0.033 32.03 98.44
356814  241.55 341.961 5.03 3.42f 0.045 44.21 77.08
359910 233.33 346.14F 4.98 5.201 0.043 42.19 77.92
360204 324.06 412411 4.16 5.07t 0.050 49.18 75.09
364377 175.70 412.417 6.29 5.55% 0.040 39.55 75.95

Phylogenetic analyses classified strains as belonging to 11 genera, with 9

strains resolved to species-level

The endophyte strains were divided equally amongst the classes Dothideomycetes and Sordariomy-
cetes. Of the former, all taxa fell in the order Pleosporales, with the majority belonging to so-called
‘phomar-like’ genera. Five strains were placed in the family Didymellaceae, three of these being
Didymella spp.: IMI 355091 and IMI 360193 were resolved with significant bootstrap support as
the species D. pomorum and D. glomerata, respectively (Figure 4.3A). IMI 355093 was confidently
placed in a clade with D. longicolla, D. dimorpha and D. boeremae. The final two Didymellaceae
taxa were IMI 359910 — resolved as Ascochyta clinopodiicola (Figure 4.3B) — and IMI 364377 — a
Neodidymelliopsis species which clustered, albeit with poor support, alongside Neod. sambuci and

an unidentifed Neod. species (Figure 4.3C).

The second most common pleosporalean family amongst the strains studied here was the Didymo-
sphaeriaceae. IMI 356815 was resolved with significant support as Didymosphaeria variable (Figure
4.3D). The placement of IMI 367209 within the Didymosphaeriaceae was more ambiguous, as it
fell within a poorly support clade alongside Kalmusia erioi and Kalmusia cordylines, but the genus
Kalmusia was not resolved monophyletically (Figure 4.3D), and so the strain has been conservatively
dubbed here as ‘cf. Kalmusia sp.”. The placement of multi-copy LSU genes for the Didymosphaeri-
aceae corroborated the phylogenetic placement that was found by the concatenated species tree
analyses (Supplementary Figure S4.4). The final pleosporalean taxon was IMI 356814, which was

significantly resolved as Neocucurbitaria cava in the family Cucurbitaceae (Figure 4.3E).

Of the sordariomycete taxa, two were found to belong to the genus Gnomoniopsis (Gnomoniaceae,
Diaporthales): IMI 355082 was confidently resolved as G. smithogilvyi, whilst IMI 355080 formed a
distinct lineage sister to G. paraclavulata, which were together sister to G. clavulata (Figure 4.3F).
Two strains were placed in the genus Colletotrichum (Glomerellaceae, Glomerellales): TMI 366226
was significantly resolved as Colle. tropicale in the Colle. gloeosporioides species complex, whilst IMI
355084 was significantly resolved as Colle. fioriniae in the Colle. acutatum species complex (Figure
4.3G). IMI 366227 was confidently placed in the genus Collariella (Chaetomiaceae, Sordariales),
most closely related to Colla. pachypodioides and Colla. carteri (Figure 4.3H).

IMI 360204 was confidently placed in the genus Neurospora (Sordariaceae, Sordariales), although
within a poorly resolved clade including Neu. retispora, Neu. santi-florii and Neu. novoguineensis
(Figure 4.3I). Finally, IMI 366586 was resolved with significant support as Neocosmospora piperis
(Nectriaceae, Hypocreales) (Figure 4.37).

From all the reassessed strains, three were assigned names with accuracy to genus-level in CABI’s
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Figure 4.2: Snail plots summarising assembly contiguity for (A) short-read and (B) hybrid assem-
blies. The distribution of fragment lengths is shown in dark grey with the plot radius scaled to the
longest fragment of the assembly, shown in red. The pale grey spiral shows the cumulative fragment
count on a log scale. The orange and cream arcs show the N50 and N90 fragment lengths, respect-
ively. The outside blue bands show the distribution of GC/AT content. (C) Total genome size as
indicated by total assembly length versus cytometric genome size estimation. (D) Genome assembly
completeness as measured by gene set (BUSCOs) versus cytometric genome size estimation.

records: IMI 355084 and IMI 366226 had both been identified as the correct genus, Colletotrichum,
although not the correct species, and IMI 366586 was classified as Fusarium solani, a species complex
which is now synonymous with Neocosmospora (Crous, Lombard et al., 2021). Otherwise, the names
mostly corresponded to a similar — although outdated — taxonomy, with the exception of IMI 366227
being assigned in CABI’s records to the Glomerellaceae (Glomerellales) instead of the Chaetomiaceae
(Sordariales) (Table 4.1).

4.5 Discussion

Here, we have reported the first genome assembly for 15 fungal endophyte strains, 8 being short-read
and 7 hybrid. Unsurprisingly, incorporating long-reads resulted in much less fragmented assem-
blies, some likely approaching chromosome-level (Figure 4.2A,B) — detection of telomere motifs and
cytological karyotyping of the strains will be required to assess exactly how close. We could see
no conclusive reason to explain why some strains had higher contiguity when assembled with Flye
versus Raven, or vice versa, however the two strains for which Flye outperformed Raven had two of
the lowest long-read sequencing coverage statistics. It is interesting that the only tool to use both
long- and short-reads in the assembly process itself, hybridSPAdes, produced far more fragmented
assemblies compared to both other tools that only assemble long-reads and merely use short-reads to
polish. This may speak to the fact that SPAdes predates long-read assembly, and so cannot compete
with tools built specifically to tackle long-reads.

In agreement with Figure 1.2 in Chapter 1.4, we found that a high-level of assembly completeness
according to BUSCOs is not necessarily corroborated when calculating completeness using a cyto-
metric genome size measurement (Figure 4.2D). We can assume that our hybrid assembly of IMI
355093 (Didymella sp.) is highly complete as the cytometric genome size estimate and total assembly
length were very similar (Figure 4.2C). Our cytometric estimates will hopefully provide a benchmark
against which future attempts to refine these assemblies can be measured. As outlined in Chapter
1.4, the genome size disparity is likely due to the difficulty of assembling non-coding repeat regions,

which will have downstream consequences on functional and evolutionary inferences.

Our ability to refine classifications using phylogenetic analyses varied depending on the number of
sequenced taxa and the availability of suitable marker sequences for each lineage. Better-studied
genera, such as Colletotrichum and Neocosmospora, have both extensive taxon sampling and a wide
pool of genetic data available, and so we were more easily able to resolve strains to species-level
(Figure 4.3G,J). Others presented more of a challenge — sequencing more strains of Neodidymelliopsis
sambuci, for instance, may help to clarify if IMI 364377 belongs to the same species (Figure 4.3B).
More genes is not necessarily the key to better classification, as seen for Neurospora, where we used
the most genes of any of the lineages (Figure 4.1), and yet failed to significantly resolve the clade
in which IMI 360204 was placed (Figure 4.3I). Our results were similar to Garcia et al. (2004), who
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Figure 4.3: Maximum likelihood (ML) phylogenies produced using RAXML to refine classification
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Figure 4.3: continued. (D) Didymosphaeriaceae. V¥
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Figure 4.3: continued. (E) Neocu. = Neocucurbitaria (F) G. = Gnomoniopsis. ¥
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Figure 4.3: continued. (G) Colle. = Colletotrichum. Diamonds indicate collapsed species com-
plexes. ¥
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Figure 4.3: continued. (H) Colla. = Collariella (I) Neu. = Neurospora. ¥
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Figure 4.3: continued. (J) Neoco. = Neocosmospora.
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also found New. retispora, Neu. santi-florii and Neu. novoguineensis to cluster together. This could
partially be attributed to the need for taxonomic concepts to be revised, as is evidently the case
for Kalmusia (Figure 4.3D). But it also emphasises that the performance of genes as phylogenetic
markers depends on lineage, and that there is an unavoidable trade-off between including as many
taxa as possible, and using the ideal genes for that lineage. Nonetheless, phylogenetic analyses
refined the original classifications from CABI’s records, with all but one assigned confidently to
genus-level and nine to species-level. Of course, our results will benefit from validation through
updated morphological assessment of the cultures — most importantly for the strains which we were
not able to clarify to species-level — however the value of these genome assemblies has already been

increased considerably with the revised names presented here.

Most of the genera or species represented here have already been reported in an endophytic context.
Colletotrichum fioriniaea is a host-generalist phytopathogen and endophyte, globally distributed but
most commonly found in temperate regions (Martin and Peter, 2021; Talhinhas and Baroncelli, 2021),
which corresponds with the Swiss origin of IMI 355084 (Table 4.1). Interestingly, Colle. fioriniaea
is also an entomopathogen of the elongate hemlock scale insect Fiorinia externa (Marcelino et al.,
2008) — it is not uncommon for endophytic taxa to also be reported as insect pathogens, which
has spurred the wider discussion on the potential use of entomopathogenic endophytes in biocontrol
(Vidal and Jaber, 2015; Vega, 2018). Colle. tropicale was described from an endophytic strain
isolated from Theobroma cacao in Panama (Rojas et al., 2010), again in line with the origin of IMI
366226 in Puerto Rico (Table 4.1). It has also been reported as an endophyte of tropical grass species
in Thailand (Manamgoda et al., 2013) and pathogen of Passiflora edulis amongst other Brazilian
crops (Silva, Silva et al., 2021).

Similarly to Colletotrichum species, Gnomoniopsis smithogilvyi (syn. Gnomoniopsis castanea) is
known as both pathogen and endophyte, but with greater host specificity: it’s found primarily on
chestnuts (Castanea spp.) (Crous, Summerell et al., 2012), as well as oak (Quercus, as reported in
this chapter), pine (Pinus) and ash (Frazinus) across Europe, Asia and Australasia (Lione et al.,
2019). Once again, G. smithogilvyi is also an entomopathogen of chestnut gall wasps (Dryocos-
mus kuriphilus), although any biocontrol possibility is undermined by the fact that the fungus is
pathogenic on both insect and plant host (Vannini et al., 2017; Fernandez, Bezos and Diez, 2018).

The genus Kalmusia is also known for both endophytic and phytopathogenic taxa (Gutierrez et
al., 2022; Karacsony et al., 2021). Our phylogenetic analyses of the Didymosphaeriaceae found
the genus to be polyphyletic, which echoed results from Zhang, Zhang et al. (2014). The type
species of the genus, K. ebuli, was not in the group of Kalmusia taxa which IMI 367209 clustered
with (Figure 4.3D), making it likely that in the future IMI 367209 and closely related ‘Kalmusia’
spp. will be reclassified to another genus. As in our results, Wanasinghe and Mortimer (2022)
found Pseudodidymocyrtis lobariellae to cluster together with ‘Kalmusia’ spp., and the authors
also commented on close morphological resemblance, noting that further work is needed on the
delimitation between the two genera. P. lobariellae was described as a lichenicolous fungus isolated
from Lobariella pallida (Flakus et al., 2019), but it has apparently also been isolated as an endophyte
from Tazus chinensis, although the authors do not give details on how it was isolated from the host
or how it was identified to be P. lobariellae (Cao et al., 2022). It is established that endolichenic
and endophytic taxa can be closely related (Arnold, Miadlikowska et al., 2009; U’Ren, Lutzoni,
Miadlikowska, Zimmerman et al., 2019), but further investigation into the identity and lifestyle(s)
of IMI 367209 is certainly warranted.
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As with many phoma-like species, Didymella pomorum and D. glomerata are primarily considered
plant pathogens (e.g. Moral et al., 2018; Havenga et al., 2019; Song et al., 2021; Ilyukhin, 2022),
however there are also reports of D. glomerata and other Didymella species as endophytes (e.g.
Alidadi et al., 2019; Stranska et al., 2022). Both D. pomorum and D. glomerata have also been
found to grow on inorganic substrates such as asbestos, cement and plaster (Aveskamp, de Gruyter
and Crous, 2008). Didymosphaeria variabile (syn. Paraconiothyrium variabile) was described based
on isolates from bark and ‘necrotic’ wood of Prunus spp. (Damm et al., 2008), and has been
reported to cause leaf spot of Phoeniz theophrasti (Ligoxigakis et al., 2013). However, an explicitly
endophytic strain isolated from Cephalotazus harringtonia has been shown to be antagonistic against
the common phytopathogen Fusarium oxysporum (Combeés et al., 2012), to the extent of reducing
F. oxysporum lethality in Arabidopsis by 85% (Bérenstrauch et al., 2020). Didymosphaeria variable
has also been found to produce the secondary metabolite taxol, which is used as an anti-cancer drug

(Somjaipeng et al., 2015).

Neurospora (syn. Gelasinospora) species are globally distributed soilborne fungi, thought primarily
to be saprotrophs (Garcia et al., 2004; Allison et al., 2018), although endophytic strains have been
isolated too (e.g. Wang, Li et al., 2017). Famously, Neu. crassa is a model organism with a
rich history of use in scientific research (Davis and Perkins, 2002), and it has also been shown to
be a naturally occurring endophyte and pathogen of Pinus sylvestris (Kuo et al., 2014). Perhaps
surprisingly we could find little mention of the species most closely related to IMI 360204 — Neuw.
retispora, Neu. santi-florit and Neu. mnovoguineensis — outside of a purely taxonomic context,

suggesting that lifestyles of Neurospora species beyond Neu. crassa are not well studied.

Other taxa sequenced here represent novel reports of endophytism. Ascochyta clinopodiicola was
first isolated in Italy from a dead stem of Clinopodium nepeta (Hyde, Chaiwan et al., 2018), and
the genus is predominantly known for pathogens of grain legumes (Tivoli and Banniza, 2007), so it
is intriguing that IMI 359910 was isolated as an endophyte of a wild alpine flower, Dryas octopetala
(Table 4.1). Neocosmospora piperis (syn. F. solani f. sp. piperis; Nectria haematococca f. sp.
piperis) is a pathogen of Piper nigrum, which was described from a strain isolated in Brazil (Sandoval-
Denis, Lombard and Crous, 2019). Although Neoco. piperis has not previously been reported as an
endophyte, the genus Neocosmospora is known for many species capable of both pathogenicity and
endophytism, as highlighted in previous chapters (Figure 2.5, Appendix A.3). The isolation of IMI

366586 in Puerto Rico is also geographically concordant with the known range of Neoco. piperis.

As with many other phoma-like genera, Neodidymelliopsis was circumscribed relatively recently, and
is known for saprotrophic and potentially pathogenic species reported from Europe, Canada and
Israel (Chen, Jiang et al., 2015; Hyde, Chaiwan et al., 2018; Hyde, Tennakoon et al., 2019). This
makes the report of IMI 364377 as an endophyte of Persea americana from Trinidad and Tobago both
geographically and ecologically novel (Table 4.1). Neocucurbitaria is a similarly recently established
genus, and for which there are already diverse lifestyle reports including presumed saprotrophs
(Wanasinghe, Phookamsak et al., 2017), opportunistic human pathogens (Garcia-Hermoso et al.,
2019; Valenzuela-Lopez, Cano-Lira, Stchigel et al., 2019) and numerous aquatic species (Magania-
Duenas, Stchigel and Cano-Lira, 2021). Neocucurbitaria cava specifically has previously been isolated
from both plant material and soil in Europe (Valenzuela-Lopez, Cano-Lira, Guarro et al., 2018), as
was the case for IMI 356814 isolated in Spain from Quercus (Table 4.1).

The genus Collariella is unique amongst the other taxa here in that it is the only one that is not

known as plant associated, instead comprised of species isolated from substrates such as dung, soil,
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dust and air (Wang, Houbraken et al., 2016). As the taxonomy of Collariella contradicts the name
that IMI 366227 was assigned in CABI’s records — Colletotrichum crassipes (Table 4.1) — it raises the
question as to whether we sequenced an airborne contaminant. As discussed above, Colletotrichum
species are indeed frequently reported as endophytes. However, the assembly for Collariella sp. IMI
366227 showed very little contamination (Supplementary Figure S4.6N), suggesting that the strain
was successfully sequenced from axenic culture. We cannot rule out a contamination at the point
of original isolation and deposition in CABI’s collection, however under that circumstance we would
presumably still expect a mixed culture when taken out of cryopreservation, unlike the axenic one
found here. Based on the broadscale associations that are outlined for other fungi above, it is not

implausible that Collariella taxa are also capable of exhibiting endophytic lifestyles.

4.6 Conclusions

Here we report the first genome assemblies, to our knowledge, for the genera Collariella, Neodidy-
melliopsis and Neocucurbitaria, and the species Ascochyta clinopodiicola, Didymella pomorum, Didy-
mosphaeria variabile, Neocosmospora piperis and Neocucurbitaria cava. Didymella sp. IMI 355093,
Gnomoniopsis sp. IMI 355080, cf. Kalmusia sp. IMI 367209 and Neurospora sp. IMI 360204 require
morphological assessment to determine whether they are new or previously described species, but
based on existing data they also likely represent the first genome assemblies for their to-be-assigned
species. As well as providing the first genomic resources for taxa, these endophyte assemblies enable
future work comparing endophytic and phytopathogenic strains widely across the Ascomycota. We
also highlight that genome size statistics from assemblies can differ markedly from cytometric gen-
ome size estimates in spite of high BUSCO completeness, emphasising that using BUSCOs alone to
assess assembly completeness can result in an false impression of high assembly quality. Our results
demonstrate the value of mining existing culture collections to produce much-needed genomic data

for neglected lineages of plant associated fungi.
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Supplementary Table S4.1:
informed by Hou et al. (2020).

GenBank accession numbers for taxa used in the phylogenetic analyses.

T — ex-type, BT = ex-epitype. Ascochyta sampling

Name Voucher RPB2 TUB2
Ascochyta astragalina CBS 113797 = UPSC 2222 MTO018257  KT389776
A. benningiorum CBS 1449577 = JW 196005 MN824606 MNR824755
A. benningiorum JW 196013 MN824608 MN824757
A. benningiorum JW 196023 MN824607  MN824756
A. clinopodiicola CBS 123524 MT005693
A. clinopodiicola CBS 123527 MT005694
A. clinopodiicola CBS 123526 MT005692
A. clinopodiicola CBS 127776 MT005695
A. coronillae-emeri MFLUCC 13-0820T MH069679 MH069686
~ A. fabae CBS 524.77 MT018241 GU237526
E,g_, A. herbicola CBS 629.97 = PD 76/1017 KP330421 GU237614
+ A koolunga CBS 189.91 MN983286 MNO983711
g A. koolunga DAR 785357 EU874849
E" A. lentis CBS 231.79 = DAOM 170658 MT018248 MT005689
: A. medicaginicola CBS 112.53T MTO018251  GU237628
s A. nigripycnidia CBS 116.96T = PD 95/7930 MTO018253 GU237637
§ A. phacae CBS 184.55T MT018255 KT389769
% A. pilosella CBS 583.97T MT018258 MT005696
A A. pisi CBS 1227857 = PD 78/517 MT018244 GU237532
A. rabiei CBS 237.37T MTO018256  KT389773
A. rosae MFLUCC 15-0063T KY514409
A. sp. CBS 136887 MNO983295 KX033387
A. syringae CBS 126.82 MN983308 MN983728
A. viciae CBS 451.68 KT389562  KT389778
A. viciae-pannonicae CBS 254.92 MTO018250 KT389779
A. viciae-villosae CBS 255.92 MT018249 MT005690
Phoma herbarum CBS 615.75 = IMI 199779 = PD KP330420 FJ427133
Phomatodes aubrietiae CBS 627.97T = PD 70/714 KT389665  GU237585
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Supplementary Table S4.1 continued. Collariella sampling informed by Wang, Houbraken et al. (2016) and Wang, Han et al. (2022).

1€1

Name Voucher RPB2 TUB2
Achaetomium globosum CBS 332.67T KX976793 KX976911
Melanocarpus albomyces CBS 638.947T KX976886 KX977021
Owatospora brasiliensis CBS 130174 KX976895 KX977030
Collariella bostrychodes CBS 163.73 KX976837 KX976983
Colla. bostrychodes CBS 586.83 KX976838 KX976984
Colla. bostrychodes DTO 319-C4 KX976985
Colla. bostrychodes DTO 324-H3 = DTO 324-H6 KX976839 KX976986
Colla. bostrychodes CBS 121706 KX976987
Colla. caustiformis CBS 792.83T KX976840 KX976988
Colla. carteri CBS 128.85T KX976841 KX976989
Colla. gracilis CBS 146.60T KX976842 KX976990
E Colla. gracilis CBS 249.75 KX976843 KX976991
2 Colla. quadrangulata CBS 142.58 KX976844 KX976992
0 Colla. quadrangulata CBS 152.59 KX976845 KX976993
ED Colla. robusta CBS 551.837T KX976846 KX976994
B Colla. robusta CBS 508.84 KX976847 KX976995
3 Colla. virescens CBS 148.68T KX976848 KX976996
E Colla. virescens CBS 547.75 KX976849 KX976997
-g Colla. anguipilia CBS 632.83 MZ342989 MZ343028
8 Colla. quadrum CGMCC:3.17920 = LC5782 KY575873 KU746770
Colla. quadrum CGMCC:3.17919 = LC5781 KY575872 KU746769
Colla. quadrum CGMCC:3.17918 = LC5693 KY575871 KU746768
Colla. quadrum CGMCC:3.17917 = LC5446 KY575870 KU746767
Colla. hexagonospora CBS 171.84 MZ342977 MZ343016
Colla. pachypodioides CBS 164.52 MZ342975 MZ343014
Colla. carteri SCUA-Saf-026 MW671060 MW6E71081
Colla. carteri HGUP191086 MZ724096
Colla. carteri D32 MG890121
Colla. cartert ChL-A48 MG890023
Colla. sp. SCUA-Agh-20H MN520427  MN520423
Colla. sp. SCUA-Agh-20H-2 MN520426 MN520422
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Supplementary Table S4.1 continued. Colletotrichum sampling informed by Vieira et al. (2020) and Liu, Ma et al. (2022).

Name Voucher GAPDH HIS3 TUB2
Colletotrichum abscissum COAD 1877T KP843129 KP843138 KP843135
Colle. acerbum CBS 128530 = ICMP 12921 = PRJ 1199.3T JQ948790 JQ949450 JQ950110
Colle. acidae MFLUCC 17-2659T MHO003691 MHO003700
Colle. acutatum CBS 127545 = CPC 13947 JQ948714 JQ949374 JQ950034
Colle. acutatum CBS 112996 = ATCC 56816 = STE-U 52927 JQ948677 JQO005818 JQO005860
Colle. aenigma ICMP 18608T JX010044 JX010389
Colle. aeschynomenes ICMP 176737 = ATCC 201874 JX009930 JX010392
Colle. alatae CBS 304.67T = ICMP 17919 JX009990 JX010383
Colle. alienum ICMP 120717 JX010028 JX010411
Colle. americae-borealis CBS 1362327 KM105579  KM105364 KM105504
. Colle. annellatum CBS 129826 = CH17T JQO005309 JQO005483 JQO005656
93 Colle. anthrisci CBS 1253347 GU228237  GU228041 GU228139
< Colle. antirrhinicola CBS 1021897 KM105531 KM105320 KM105460
g Colle. aotearoa ICMP 185371 JX010005 JX010420
20 Colle. arecicola CGMCC 3.19667T MK935455 MK935498
& Colle. artocarpicola MFLUCC 18-1167T MN435568 MN435567
g Colle. arzii CBS 1325117 KF687843 KF687858  KF687881
_'S Colle. asianum ICMP 185807 = CBS 130418 JX010053 JX010406
-§ Colle. australe CBS 116478 = HKUCC 26167 JQ948786 JQ949446 JQ950106
§ Colle. australianum VPRI 430757 MG572127 MGbH72149
g Colle. beeveri CBS 128527 = ICMP 18594T JQO005258 JQO005432 JQO005605
Colle. bidentis COAD 10207 = CPC 21930 KF178506 KF178554  KF178602
Colle. bletillum CGMCC 3.15117T KC843506 JX625207
Colle. boninense CBS 123755 = MAFF 3059727 JQO005240 JQO005414 JQO005588
Colle. brasiliense CBS 128501 = ICMP 18607 = PAS127T JQO005322 JQO005496 JQO005669
Colle. brassicicola CBS 101059 = LYN 163317 JQO005259 JQO005433 JQO005606
Colle. brevisporum CBS 129957 MG600822  MG600908 MG601029
Colle. brisbanense CBS 292.67 = DPI 117117 JQ948621 JQ949282 JQ949942
Colle. bryoniicola CBS 109849T KM105532 KM105321 KM105461
Colle. cacao CBS 1192977 MG600832  MG600916  MG601039
Colle. cairnsense RIP 636427 = CBS 140847 KU923704  KU923722  KU923688
Colle. camelliae CGMCC 3.14925 = LC13647T KJ954782 MZ673847  KJ955230

sojAydopue [e3uny I0J sUOIIdL[[0d [V o3 Surddey, — § widey)



€¢1

Supplementary Table S4.1 continued. Colletotrichum sampling informed by Vieira et al. (2020) and Liu, Ma et al. (2022).

Name Voucher GAPDH HIS3 TUB2
Colle. catinaense CBS 142417 = CPC 27978 KY856224  KY856307 KY856482
Colle. catinaense CBS 142416 = CPC 28019 KY856223 KY856306 KY856481
Colle. cattleyicola CBS 170.497T MG600819  MG600905 MG601025
Colle. cereale CBS 129663 = KS20BIG JQO005858
Colle. changpingense CGMCC 3.17582T = SA0016 = MFLUCC 15-0022 MZ664048 MZ673952
Colle. chiangmaiense MFLUCC 18-0945T MW548592
Colle. chrysanthemi IMI 364540 = CPC 189307 JQ948603 JQ949264 JQ949924
Colle. chrysophilum CMM42687T KX094183 KX094285
Colle. circinans CBS 221.817T GU228247  GU228051  GU228149
Colle. clidemiae ICMP 18658T JX009989 JX010438
Colle. clivicola CBS 1253757 MG600795  MG600892  MG601000
G Colle. cobbittiense BRIP 662197 MH094133  MH094136 MH094137
3 Colle. coelogynes CBS 1325047T MG600776  MG600882  MG600980
o Colle. colombiense CBS 129818 = G27T JQ005261 JQ005435 JQO005608
ED Colle. conoides CGMCC 3.17615 = CAUG17 = LC6226T KP890162 KP890174
E Colle. constrictum CBS 128504 = ICMP 129417 JQO005325 JQ005499 JQO005672
g Colle. corchorum-capsularis FAFU 03 KT439361 KT439341
_g Colle. cordylinicola MFLUCC 0905517 = ICMP 18579 JX009975 JX010440
§ Colle. cosmi CBS 853.73 = PD 73/856T JQ948604 JQ949265 JQ949925
§ Colle. costaricense CBS 330.757T JQ948510 JQY49171 JQ949831
ﬁ: Colle. curcucmae IMI 288937T GU228285 GU228187
QO  Colle. cuscutae IMI 304802 = CPC 18873T JQ948525 JQ949186 JQ949846
Colle. cymbidicola IMI 3479237 JQO005253 JQO005427 JQO005600
Colle. dacrycarpi CBS 130241 = ICMP 191077 JQO005323 JQO005497 JQO005670
Colle. dematium CBS 125.25T GU228211 GU228015 GU228113
Colle. destructivum CBS 1362287 KM105561  KM105347 KM105487
Colle. destructivum CBS 136852 KM105562 KM105348 KM105488
Colle. dracaenophilum CBS 1181997 JX546707 JX546756 JX519247
Colle. endophyticum MFLUCC 13-0418 = LC0324T KC832854 MZ673839  MZ673954
Colle. eremochloae CBS 129661T = C05 JX519245
Colle. falcatum CGMCC 3.14187 = CBS 1479457 JQO005856
Colle. fioriniae CBS 293.67,DPI 13120 JQ948640 JQ949301 JQ949961
Colle. fioriniae CBS 128517 = ARSEF 10222 = ERL 1257 = EHS 58T JQ948622 JQ949283 JQ949943
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Supplementary Table S4.1 continued. Colletotrichum sampling informed by Vieira et al. (2020) and Liu, Ma et al. (2022).

Name Voucher GAPDH HIS3 TUB2
Colle. fioriniae CBS 129948 JQ948674 JQ949335 JQ949995
Colle. fioriniae CBS 119293 JQ948644 JQ949305 JQ949965
Colle. fructi CBS 346.37 / CCT 48067 GU228236 GU228040 GU228138
Colle. fructicola 1087 KX094174 KX094279
Colle. fructicola 3589 KX094175 KX094280
Colle. fuscum CBS 1337017 KM105524 KM105314 KM105454
Colle. fusiforme MFLUCC 12-0437T KT290255 KT290256
Colle. gigasporum CBS 101881 KF687841 KF687861  KF687886
Colle. gloeosporioides IMI 356878T = ICMP 17821 = CBS 112999 JX010056 JQO005413 JX010445
Colle. godetiae CBS 133.44T JQO48733  JQ949393  JQ950053
Colle. graminicola CBS 1308367 M1001 JQO005851
6‘ Colle. grevilleae CBS 132879 = CPC 15481 KC297010 KC297056  KC297102
3 Colle. grossum CGMCC3.17614 = CAUGT = LC6227T KP890159 KP890171
o Colle. guajave IMI 3508397 JQ948600 JQ949261 JQ949921
ED Colle. guizhouensis CGMCC 3.15112T KC843507 JX625185
E Colle. hebeiense MFLUCC13-0726T KF377495 KF288975
g Colle. hederiicola CBS 142418 = CPC 268447 KY856270  KY856361 KY856528
_g Colle. henanense LC3030 = CGMCC 3.17354 = LF238 T KJ954810 MZ673835 KJ955257
§ Colle. higginsianum IMI 349061 = CPC 193797 KM105535 KM105324 KM105464
3 Colle. hippeastri CBS 125376 = CSSG1T JQO05318  JQO05492  JQO05665
ﬁ: Colle. horii NBRC 7478T = ICMP 10492 = MTCC 10841 GQ329681 JX010450
QO  Colle. hystricis CBS 142411 = CPC 281537 KY856274  KY856365 KY856532
Colle. incanum ATCC 646827 KC110807 KC110816
Colle. indonesiense CBS 127551 = CPC 14986T JQI948618 JQ949279 JQ949939
Colle. jiangziense CGMCC 3.17361T = 1L.C3266 = LF488 KJ954850 0K236389
Colle. johnstonii CBS 128532 = ICMP 12926 = PRJ 1139.3T JQ948775 JQ949435 JQ950095
Colle. kahawae IMI 319418T = ICMP 17816 JX010012 MZ673838 JX010444
Colle. karstii CBS 111998 JQO005299 JQO005473 JQO005646
Colle. kinghornii CBS 198.35T JQ948785 JQ949445 JQ950105
Colle. laticiphilum CBS 112989 = IMI 383015 = STE-U 53037 JQ948619 JQ949280 JQ949940
Colle. lentis CBS 127604 = DAOM 235316 = CT217T KM105597 JQO005808 JQO005850
Colle. lilii CBS 109214 GU228202 GU228104
Colle. limetticola CBS 114.147T JQ948523 JQ949184 JQ949844
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Supplementary Table S4.1 continued. Colletotrichum sampling informed by Vieira et al. (2020) and Liu, Ma et al. (2022).

Name Voucher GAPDH HIS3 TUB2
Colle. limonicola CBS 142410 = CPC 31141 KY856296  KY856388 KY856554
Colle. lindemuthianum CBS 144.317T JX546712 JQO005821 JQO005863
Colle. lineola CBS 1253377 GU228221 GU228025 GU228123
Colle. lini CBS 172.517T KM105581 JQO005807 JQO005849
Colle. liriopes CBS 1194447 GU228196 GU228098
Colle. lobatum IMI 797367 MG600828  MG600912  MG601035
Colle. lupini CBS 109225 = BBA 708847 JQ948485 JQ949146 JQ949806
Colle. magnum CBS 519.97T MG600829  MG600913  MG601036
Colle. makassarense CBS 1436647 MH728820 MH846563
Colle. malvarum CBS 521.97T = LARS 720 = Lav-4 KF178504 KF178553 KF178601
Colle. melonis CBS 159.847T JQ948524 JQ949185 JQ949845
6‘ Colle. merremiae CBS 1249557 MG600825  MG600910  MG601032
3 Colle. musae CMM4422 KX094189 KX094298
o) Colle. musae CMM4423 KX094195 KX094294
S Colle. musae CMM4445 KX094188 KX094293
E Colle. musicola CBS 1328857 MG600798  MG600895 MG601003
g Colle. navitas CBS 1250867 JQ005853
_g Colle. novae-zelandiae CBS 128505 = ICMP 12944T JQO005315 JQ005489 JQ005662
§ Colle. nupharicola CBS 470.96T = ICMP 18187 JX009972 JX010398
§ Colle. nymphaeae CBS 515.787T JQ948527 JQ949188 JQ949848
ﬁ: Colle. ocimi CBS 298.94T KM105577  KM105362 KM105502
QO  Colle. oncidii CBS 1298287 JQO005256 JQ005430 JQO005603
Colle. orbiculare CBS 570.97T = LARS 73 KF178490 KF178539  KF178587
Colle. orchidearum CBS 1351317 MG600800  MG600897  MG601005
Colle. panamense CBS 1253867 MG600826  MG600911  MG601033
Colle. pandanicola MFLUCC 17-05717T MG646934 MG646926
Colle. paranaense CBS 134729 = Col 19 = CPC 20901T KC205026 KC205004  KC205060
Colle. parsonsiae CBS 128525 = ICMP 18590T JQO005320 JQO005494 JQO05667
Colle. paxtonii IMI 165753 = CPC 18868 T JQ948615 JQ949276 JQ949936
Colle. perseae CBS 1413657 = GA100 KX620242 KX620341
Colle. petchii CBS 378.94T JQO005310 JQO005484 JQO005657
Colle. phormii CBS 118194 = AR 35467 JQO48777 JQ949437 JQ950097
Colle. phyllanthsi CBS 175.67 = MACS 2717 JQO005308 JQO005482 JQO005655
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Supplementary Table S4.1 continued. Colletotrichum sampling informed by Vieira et al. (2020) and Liu, Ma et al. (2022).

Name Voucher GAPDH HIS3 TUB2
Colle. piperis CPC 211957 MG600820  MG600906 MG601027
Colle. pisicola CBS 724.97 = LARS 60T KM105522 KM105312 KM105452
Colle. plurivorum CBS 1254747T MG600781  MG600887 MG600985
Colle. proteae CBS 1328827 = CPC 14859 KC297009 KC297045  KC297101
Colle. pseudomajus CBS 571.887T KF687826 KF687864  KF687883
Colle. pseudotheobromicola MFLUCC 18-1602T MH853675 MH853684
Colle. psidii CBS 145.29T = ICMP 19120 JX009967 JX010443
Colle. pyricola CBS 128531 = ICMP 12924 = PRJ 977.1T JQY48776 JQ949436 JQ950096
Colle. queenslandicum CMM3233 MF110849 MF111058
Colle. queenslandicum CMM3241 MF110848 MF111059
Colle. queenslandicum CMM3236 MF110850 MF111060
6‘ Colle. radicis CBS 529.93T KF687825 KF687847  KF687869
3 Colle. rheziae Coll1026 = BPI 884112 = CBS 1331347 MZ664046  MZ673834  JX145179
o Colle. rhombiforme CBS 129953 = PT250 = RB0117T JQ948788 JQ949448 JQ950108
ED Colle. riograndense ICMP 200837 KM655298 KM655300
E Colle. salicis CBS 607.94T JQ948791 JQ949451 JQ950111
g Colle. salsolae ICMP 190517 JX009916 JX010403
_g Colle. scowvillei CBS 126529 = PD 94/921-3 = BBA 703497 JQ948597 JQ949258 JQ949918
§ Colle. siamense CBS133123 KX094186 KX094289
§ Colle. sidae CBS 504.97T KF178497 KF178545  KF178593
ﬁ: Colle. stmmondsii BRIP 28519 = CBS 1221227 JQ948606 JQ949267 JQ949927
QO  Colle. sloanei IMI 364297 = CPC 18929T JQ948617 JQ949278 JQ949938
Colle. sojae ATCC 622577 MG600810  MG600899 MG601016
Colle. spaethianum CBS 167.49T GU228199 GU228101
Colle. spinaceae CBS 128.57 GU228239 GU228043 GU228141
Colle. spinosum CBS 515.97T = LARS 465 = DAR 48942 KF178498 KF178547  KF178595
Colle. sublineola CBS 131301T = $3.001 JQO005855
Colle. tabacum N150 = CPC 18945T KM105557 KM105344 KM105484
Colle. tainanense CBS 1436667 MHT728823 MH846558
Colle. tamarilloi CBS 129814 = T.A.6T JQ948514 JQ949175 JQ949835
Colle. tebeestii CBS 522.97T = LARS 733 = 83-43 KF178505 KF178546  KF178594
Colle. temperatum CBS 1331227 = Coll883 = BPI 884100 MZ664045 MZ673833 JX145211
Colle. theobromicola CMM4242 KX094173 KX094278
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Supplementary Table S4.1 continued. Colletotrichum sampling informed by Vieira et al. (2020) and Liu, Ma et al. (2022).

Name Voucher GAPDH HIS3 TUB2
Colle. theobromicola CMM3214 MF110847 MF111049
Colle. theobromicola CMM3221 MF110855 MF111048
Colle. tofieldiae CBS 495.85 GU228193 GU228095
Colle. torulosum CBS 128544 = ICMP 185867 JQO005251 JQO005425 JQO005598
Colle. trifolii CBS 158.837T KF178502 KF178551  KF178599
__ Colle. tropicale CMM4243 KU213601 KU213604
g Colle. tropicale CMM2999 MF110846 MF111088
< Colle. tropicicola CBS 127555 MG600778  MG600884 MG600982
% Colle. truncatum CBS 151.35T GU228254 GU228156
20 Colle. utrechtense CBS 1302437 KM105554  KM105341 KM105481
& Colle. verruculosum IMI 455257 GU228198 GU228100
g Colle. vietnamense CBS 1254787 KF687832 KF687855  KF687877
.'S Colle. vignae CBS 501.97 = LARS 56T KM105534 KM105323 KM105463
§ Colle. viniferum GZAAS 5.08601T — ygl JN412798
§ Colle. vittalense CBS 181.827T MG600796  MG600893  MG601001
g Colle. walleri CBS 125472 = BMT(HL)19T JQ948605 JQ949266 JQ949926
Colle. wuziense CGMCC 3.178947T KU252045 KU252200
Colle. zanthorrhoeae BRIP 45094T = ICMP 17903 = CBS 127831 JX009927 JX010448
Colle. zishuangbannaense MFLUCC 19-0107T MW537586
Colle. yulongense CFCC 50818T MK108986 MK108987
Colle. yunnanense CBS 132135 JX546706 JX546755 JX519248
Monilochaetes infuscans CBS 869.96 JX546612 JQO005822 JQO005864
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Supplementary Table S4.1 continued. Didymella sampling informed by Chen, Hou et al. (2017) and Scarpari et al. (2020).

Name Voucher RPB2 TUB2
Didymella acetosellae CBS 179.97 KP330415  GU237575
D. aeria LC 8120 KY742138 KY742294
D. aeria CGMCC 3.183537T KY742137 KY742293
D. aliena CBS 379.93 = PD 82/945 KP330416  GU237578
D. americana CBS 185.85 = PD 80/1191 KT389594  FJ427088
D. anserina CBS 253.80 KT389595  KT389795
D. aquatica CGMCC 3.183497T KY742140 KY742297
D. arachidicola CBS 333.75T = ATCC 28333 = IMI 386092 = PREM KT389598 GU237554
44889
D. aurea CBS 269.93T = PD 78/1087 KT389599 GU237557
D. bellidis CBS 714.85 = PD 74/265 KP330417  GU237586
2 D. boeremae CBS 109942T = PD 84/402 KT389600 FJ427097
2 D. brunneospora CBS 115.58 = DSM 62044 KT389625  KT389802
®  D. calidophila CBS 448.83T FJ427168
En D. chenopodii CBS 128.93 = PD 79/140 KT389602 GU237591
@, D. chloroguttulata CGMCC 3.18351T KY742142  KYT742299
8  D. coffeae-arabicae CBS 123380T = PD 84/1013 KT389603 FJ427104
E D. corylicola CREADC-F2281 MNO958321  MN958331
2 D. corylicola CREADC-F2405 MNO958324 MN958334
S D. corylicola CREADC-F2406 MN958325 MN958335
D. corylicola CREADC-F2407 MN958326 MNO958336
D. corylicola CREADC-F2408 MN958327 MNO958337
D. curtisii CBS 251.92 = PD 86/1145 FJ427148
D. dactylidis CBS 1245137 = PD 73/1414 GU237599
D. dimorpha CBS 346.827T GU237606
D. ellipsoidea CGMCC 3.18350T KY742145  KY742302
D. eucalyptica CBS 377.91 = PD 79/210 KT389605 GU237562
D. exigua CBS 183.55T EU874850  GU237525
D. gardeniae CBS 626.68T = IMI 108771 KT389606 FJ427114
D. glomerata CBS 133.72 FJ427115
D. glomerata CBS 528.665T = PD 63/590 GU371781  FJ427124
D. glomerata ATCC MYA-2373 MZ073895 MZ073910
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Supplementary Table S4.1 continued. Didymella sampling informed by Chen, Hou et al. (2017) and Scarpari et al. (2020).

Name Voucher RPB2 TUB2
D. glomerata CBS 126930 MN983465  MN983856
D. glomerata UTHSC:DI16-205 LT593043 LT592974
D. heteroderae CBS 109.92T = PD 73/1405 KT389601 FJ427098
D. ilicicola CGMCC 3.18355T KY742150  KY742307
D. ilicicola LC 8127 KY742151 KY742308
D. infuscatispora CGMCC 3.18356T KY742152  KY742309
D. keratinophila CBS 143032 = UTHSC:DI16-200 = FMR 13690 LT593039 LT592970
D. lethalis CBS 103.25 KT389607 GU237564
D. longicolla CBS 1245147 = PD 80/1189 GU237622
D. longicolla CBS 503.71 MN983480 MN983866
D. longicolla CBS 347.82 MTO018160 GU237621
<  D. macrophylia CGMCC 3.18357T KY742154  KY742312
3 D. macrostoma CBS 482.95 KT389609  GU237626
®  D. maydis CBS 588.69T GU371782  FJ427190
En D. microchlamydospora CBS 105.95T KP330424 FJ427138
@, D. molleriana CBS 229.79 = LEV 7660 KP330418  GU237605
8  D. musae CBS 463.69 LT623248 FJ427136
E D. negriana CBS 358.71 KT389610 GU237635
S D. nigricans CBS 444.81T = PDDCC 6546 GU237558
8  D. ocimicola CGMCC 3.18358T KY742320
D. pedeiae CBS 1245177 = PD 92/612A KT389612 GU237642
D. pinodella CBS 531.66 KT389613  FJ427162
D. pinodes CBS 525.77T KT389614 GU237572
D. pomorum CBS 285.76 = ATCC 26241 = IMI 176742 = VKM KT389615  FJ427163
F-1843
D. pomorum CBS 388.80 KT389617  FJ427165
D. pomorum CBS 539.66 = ATCC 16791 = IMI 122266 = PD KT389618 FJ427166
64/914
D. pomorum CBS 354.52 KT389616  KT389799
D. protuberans CBS 381.96T = PD 71/706 KT389620 GU237574
D. pteridis CBS 379.96T KT389624 KT389801
D. rhei CBS 109177 = LEV 15165 = PD 2000/9941 KP330428  GU237653
D. rosea BRIP 50788 KT286945
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Supplementary Table S4.1 continued. Didymella sampling informed by Chen, Hou et al. (2017) and Scarpari et al. (2020).

Name Voucher RPB2 TUB2
D. rumicicola CBS 683.79T = LEV 15094 KT389622  KT389800
D. sancta CBS 281.837T KT389623 FJ427170
D. segeticola CGMCC 3.17489T KP330414  KP330399
—~ D. senecionicola CBS 160.78 = LEV 11451 GU237657
;5 D. sinensts LC 8142 KY742166 KY742329
‘:; D. subglomerata CBS 110.92 = PD 76/1010 KT389626 FJ427186
5§  D. subherbarum CBS 250.92T = DAOM 171914 = PD 92/371 GU237659
E D. subherbarum CBS 249.92 = PD 78/1088 GU237658
: D. suiyangensis CGMCC 3.18352T KY742168 KY742331
;v D. tanaceti BRIP 50785 KT286974
g D. viburnicola CBS 523.73 = PD 69/800 KP330430 GU237667
] Macroventuria anomochaeta CBS 525.71 GU456346 GU237544
Q Macroventuria wentii CBS 526.71 KT389642 GU237546
Paraboeremia adianticola CBS 187.83 = PD 82/128 KP330401  GU237576
Paraboeremia putaminum CBS 130.69 = CECT 20054 = IMI 331916 LT623254 GU237652
Paraboeremia selaginellae CBS 122.93 = PD 77/1049 LT623255  GU237656
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Supplementary Table S4.1 continued. Didymosphaeriaceae sampling informed by Karacsony et al. (2021) and Wanasinghe and Mortimer (2022).

Name Voucher LSU RPB2 EFla TUB2
Alloconiothyrium camelliae NTUCC 17-032-1T MTO071270 MT232967 MT308624
Austropleospora keteleeriae MFLUCC 18-15517T NG 070075 MK434909 MK360045
Austropleospora ochracea KUMCC 20-0020T MT799860 MT872714
Austropleospora osteospermi MFLUCC 17-2429T MK347974 MK434884  MK360044
Bambusistroma didymosporum MFLU 15-0057T KP761730 KP761720 KP761727
Bimuria novae-zelandiae CBS 107.79T AY016356 DQ470917 DQ471087
Bimuria omanensis SQUCC 152807 NG _ 071257 MT279046
Chromolaenicola lampangensis MFLUCC 17-14627T MN325004 MN335654  MN335649
Chromolaenicola nanensis MFLUCC 17-1477 MN325002 MN335653  MN335647
_ Chromolaenicola thailandensis MFLUCC 17-1475T MN325007 MN335656  MN335652
a Cylindroaseptospora leucaenae MFLUCC 17-2424T NG _ 066310 MK360047
< Cylindroaseptospora siamensis MFLUCC 17-2527 NG_ 066311 MK360048
§ Deniquelata barringtoniae MFLUCC 16-0271 MH260291 MH412753  MH412766
0 Deniquelata hypolithi CBS 146988 MZ064486 MZ078201 MZ078250
& Deniquelata vittali NFCCI14249T MF182395 MF168942  MF182398
§ Didymocrea sadasivanii CBS 438.65T DQ384103
g Didymosphaeria rubi ulmifolii CBS 100299 JX496124 JX496350
§ Didymosphaeria rubi ulmifolii MFLUCC 14-0023T KJ436586 KJ939277
vg Didymosphaeria variabile 18EPLEO013 MT881834 MT881920
3 Didymosphaeria variabile CBS 638.93 JX496215 JX496441
g Didymosphaeria variabile 18EPLE021 MT881841 MT881928
g Kalmusia cordylines ZHKU 21-0003 OL&18333
Kalmusia ebuli CBS 1231207 JN644073
Kalmusia erioi MFLU 18-0832 MN473052 MN481599  MN481603
Kalmusia italica MFLUCC 14-0566 KP325441
Kalmusia longispora CBS 582.83T MH873371 JX496436
Kalmusia sarothamni CBS 116474 KE796673
Kalmusia sarothamni CBS 113833 KF796671
Kalmusia sp. K MW692012 MW692021
Kalmusia sp. UTHSC DI16-256 LN907399 LT797014 LT797094 LT796934
Kalmusia variisporum CBS 1215177 JX496143 JX496369
Kalmusibambusa triseptata MFLUCC 13-02327T KY682695
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Supplementary Table S4.1 continued. Didymosphaeriaceae sampling informed by Karacsony et al. (2021) and Wanasinghe and Mortimer (2022).

Name Voucher LSU RPB2 EFla TUB2
Karstenula rhodostoma CBS 690.94 GU301821 GU371788 GU349067
Karstenula rhodostoma CBS 691.94 AB807531 ABB808506
Laburnicola muriformis MFLUCC 16-0290T KU743198 KU743213 KU743214
Laburnicola rhizohalophila CGMCC 8756 KJ125523 KJ125524 KJ125525
Letendraea cordylinicola MFLUCC 11-0148T NG _ 059530
Letendraea helminthicola CBS 884.85 AY016362 MK404164  MK404174
Letendraea padouk CBS 485.70 AY849951
Montagnula bellevaliae MFLUCC 14-09247T KT443902 KX949743
Montagnula chromolaenicola MFLUCC 17-1469 NG 070948 MT235809  MT235773
_ Montagnula cirsii MFLUCC 13-0680T KX274249 KX284707
a Montagnula krabiensis MFLUCC 16-0250T MH260303 MH412776
< Montagnula thailandica MFLUCC 17-1508 NG _ 070949 MT235810 MT235774
§ Neokalmusia arundinis MFLU 17-0754 MT649878 MT663766
2 Neokalmusia brevispora KT 2313 AB524601 AB539100 AB539113
& Neokalmusia didymospora MFLUCC 11-0613 KP091434
§ Neokalmusia jonahhulmei KUMCC 21-0818 ONO007039 ONO009137 ONO009133
g Neokalmusia kunmingensis KUMCC 18-0120 MKO079889 MKO070172
§ Neokalmusia scabrispora KT 1023 AB524593 AB539093 AB539106
.§ Neokalmusia thailandica MFLUCC 16-0405 NG 059792 KY706148 KY706145
3 Neptunomyces aureus CMG12 MK948000 MK934132
g Paracamarosporium hawaiiense CBS 1200257 JX496140 JX496366
g Paraconiothyrium cyclothyrioides CBS 972.95T JX496232 JX496458
Paraconiothyrium estuarinum CBS 10985071 JX496129 JX496355
Paramassariosphaeria CBS 615.86 GU205223
anthostomoides
Paramassariosphaeria clematidicola ~ MFLU 16-0172T KU743207
Paraphaeosphaeria rosae MFLUCC 17-25477T MG829044 MGR829222
Phaeodothis winteri CBS 182.58 GU301857
Pseudocamarosporium eucalypti CBS 146084T = CPC 37995 MN567657 MN556833
Pseudocamarosporium pteleae MFLUCC 17-07247T MG829061 MG829233
Pseudodidymocyrtis lobariellae KRAM Flakus 251307 NG _ 068933
Pseudopithomyces entadae MFLUCC 17-09177T NG 066305 MK434899  MK360083
Pseudopithomyces kunmingnensis MFLUCC 17-03147T MF173605
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Supplementary Table S4.1 continued. Didymosphaeriaceae sampling informed by Karacsony et al. (2021) and Wanasinghe and Mortimer (2022).

Name Voucher LSU RPB2 EF1la TUB2

Pseudopithomyces rosae MFLUCC 15-0035T MG829064

Spegazzinia radermacherae MFLUCC 17-2285T MK347957 MK434893 MK360088
§ Spegazzinia tessarthra SH 287 ABR807584 ABR&08560
g Tremateia arundicola MFLU 16-1275T KX274248 KX284706
§ Tremateia chromolaenae MFLUCC 17-1425 NG _ 068710 MT235816  MT235778
"E Tremateia guiyangensis GZAAS01T KX274247 KX284705
3 Tremateia murispora GZCC 18-2787T MK972751 MK986482
g, Tremateia thailandensis MFLUCC 17-1430 NG_ 068711 MT235819 MT235781
g Verrucoconiothyrium nitidae CBS 119209 EU552112

Xenocamarosporium acaciae CPC 247557 NG _ 058163

Xenocamarosporium acaciae MFLUCC 17-2432 MK347983 MK360093
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Supplementary Table S4.1 continued. Gnomoniopsis sampling informed by Jiang et al. (2021).

Name Voucher EFla TUB2
Gnomoniopsis alderdunensis CBS 1256807 GU320801  GU320787
G. castanopsidis CFCC 544377 MZ936385
G. chamaemori CBS 804.79 GU320809 GU320777
G. chinensis CFCC 52286T MH545370 MH545366
G. chinensis CFCC 52287 MH545371  MH545367
G. chinensis CFCC 52288 MH545372  MH545368
G. chinensis CFCC 52289 MH545373  MH545369
G. clavulata CBS 121255 GU320807 EU219211
G. clavulata AR 4124 EU221977  EU219167
G. clavulata AR 4183 EU221965 EU219190
G. clavulata AR 4317 = BPI 877443 EU221938 EU219214
%\ G. comari CBS 806.79 GU320810 EU219156
<  G. daii CFCC 540437 MN605519  MN605517
§ G. fagacearum CFCC 543167 MZ936392  MZ936408
o0 G. fragariae CBS 121226 GU320792 EU219144
& G. guangdongensis CFCC 544437T MZ936394  MZ936410
;a G. hainanensis CFCC 543767 MZ936397  MZ936413
_§' G. idaeicola CBS 125672 GU320797 GU320781
§ G. macounii CBS 121468 GU320804 EU219126
g G. occulta CBS 125677 GU320812 GU320785
é G. paraclavulata CBS 123202 GU320815 GU320775
G. paraclavulata 66G MZ078875  MZ078820
G. paraclavulata ATTE MZ078874  MZ078819
G. paraclavulata 396E MZ078873  MZ078818
G. racemula CBS 1214697 GU320803 EU219125
G. rossmaniae CFCC 54307T MZ936399  MZ936415
G. sanguisorbae CBS 858.79 GU320805  GU320790
G. silvicola CFCC 54418T MZ936402 MZ936418
G. smithogilvyi CBS 1301907 KRO072534  JQ910639
G. smithogilvyi CBS 130189 KRO072535 JQ910641
G. smithogilvyi CBS 130188 KRO072536  JQ910640
G. smithogilvyi MUT 401 KRO072537 KR072532
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Supplementary Table S4.1 continued. Gnomoniopsis sampling informed by Jiang et al. (2021).

Name Voucher EFla TUB2

G. smithogilvyi MUT 411 KRO072538 KR072533
G. tormentillae CBS 904.79 GU320795 EU219165
G. zunwuensis CFCC 531157 MK578141 MK578067
Melanconis alni AR 3500 EU221896 EU219102
M. marginalis AR 3442 EU221991 EU219103
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Supplementary Table S4.1 continued. Neocosmospora sampling informed by Crous, Lombard et al. (2021).

Name Voucher acll cmdA RPB1 RPB2 EFla
Geejayessia atrofusca CBS 125482 = DAOM 238117 MW834196  HQ897775  MW834282
G. celtidicola CBS 1255027 HM626625 MW834197 MWS834013 HM626638
G. cicatricum CBS 125550 MWB834198 HQ897697 HM626642
Neocosmospora acutispora CBS 1454617 = NRRL 22574 = BBA 62213 MW834050 MW834122 MW834210 LR583814 LR583593
Neoco. addoensis CBS 1465107 = CPC 37128 MW218005 MW218052 MW218098 MW446575 MW248741
Neoco. ambrosia CBS 571.94FT — NRRL 22346 = BBA 65390 = MWS834211  EU329503 FJ240350
MAFF 246287
Neoco. ampla CBS 202.32T = BBA 4170 MW834051 MW834123 MWS834212  LR583815 LR583594
. Neoco. bataticola CBS 1443987 = NRRL 22402 = BBA 64954 = FRC MW218007 MW218054 MW218100 FJ240381 AF178344
2 S-0567
‘:; Neoco. borneensis CBS 145462ET = NRRL 22579 = BBA 65095 = GJS MW834052 MW834124 MWS834213  EU329515 AF178352
5 85-197
éﬂ Neoco. bostrycoides CBS 144.25 NT MW218008 MW218055 MW218101 LR583818 LR583597
: Neoco. brevicona CBS 204.31FT = NRRL 22659 = BBA 2123 MW218010 MW218057 MW218103  LR583821 LR583600
S  Neoco. brevis CBS 130326 = NRRL 28009 = CDC B-5543 MW834053 MW834125 MWS834214  EF470136 DQ246869
? Neoco. catenata CBS 1432297 = NRRL 54993 = U THSC 09-1009 MW218012 MW218059 MW218105  KC808355 KC808214
§ Neoco. citricola CBS 1465137 = CPC 37131 MW218015 MW218062 MW218108 MW446581 MW248747
8  Neoco. crassa CBS 1443867 = MUCL 11420 MW218016 MW218063 MW218109  LR583823 LR583604
§ Neoco. cryptoseptata CBS 1454637 = NRRL 22412 = BBA 65024 MW834054 MW834126 MWS834215  EU329510 AF178351
Neoco. cucurbitae CBS 410.62 = NRRL 22658 = CECT 2864 MW834055 MWR834127 MWR834216 LR583824 DQ247640
Neoco. cucurbitae CBS 616.66T7 = NRRL 22399 — BBA 64411 MW834056 MW834128 MWS834217  LR583825 DQ247592
Neoco. cyanescens CBS 518.827T MW218017 MW218064 MW218110  LR583826 LR583605
Neoco. diminuta CBS 1443907 = MUCL 18798 MWS834057 MWS834129 MWS834218  LR583828 LR583607
Neoco. elegans CBS 144396FT = NRRL 22277 = MAFF 238541 = MW218020 MW218067 MW218113 FJ240380 AF178336
ATCC 42366
Neoco. epipeda CBS 1465237 = CPC 38310 MWS834058 MWS834130 MWS834219 MWR834022 MW_834285
Neoco. euwallaceae CBS 1358541 = NRRL 54722 JQ038021 JQ038028 JQO038007
Neoco. falciformis CBS 475.67T = IMI 268681 MW218021 MW218068 MW218114 LT960558 LT906669
Neoco. ferruginea CBS 1090287 = NRRL 32437 MW834060 MW834132 MWS834221  EU329581 DQ246979
Neoco. floridana NRRL 626287 = MAFF 246849 KC691593 KC691624 KC691535
Neoco. gamsii CBS 1432077 = NRRL 32323 = UTHSC 99-205 MW834062 MWS834134 MWS834223  EU329622 DQ247103
Neoco. gamtoosensis CBS 146502T = VG16 = CPC 37120 MW218023 MW218070 MW218116 MW446611 MW248762
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Supplementary Table S4.1 continued. Neocosmospora sampling informed by Crous, Lombard et al. (2021).

Name Voucher acll cmdA RPB1 RPB2 EFla
Neoco. haematococca CBS 119600FT = FRC S-1832 MW834064 MW834136 LT960561 DQ247510
Neoco. hypothenemi CBS 1454647 = NRRL 52782 = ARSEF 5878 MW218024 MW218117 JF741176 JE740850
Neoco. illudens CBS 147303 = NRRL 22090 = BBA 67606 = GJS MW834065 MW834137 JX171488 JX171601 AF178326
82-98
Neoco. ipomoeae CBS 353.87 = NRRL 22657 MW218026 MW218072 MW218119  LR583831 DQ247639
Neoco. keleraja CBS 125720 PT = FRC S-1837 = GJS 02-114 MWS834066 MWS834138 MWS834225  LR583834 LR583612
Neoco. keratoplastica CBS 490.63T MW218028 MW218074 MW218121 LT960562 LT906670
Neoco. kuroshio CBS 1426427 MW834068 MW834140 MW834227  LR583837 KX262216
Neoco. kurunegalensis CBS 1195997 = GJS 02-94 MWS834069 MWS834141 MWS834228  LR583838 DQ247511
= Neoco. lerouxii CBS 1465141 = CPC 37132 MW218030 MW218076 MW218123 MW446617 MW248768
3 Neoco. lichenicola CBS 623.92FT MW834071 MW834143 LR583845 LR583620
®  Neoco. liriodendri CBS 1174817 = NRRL 22389 = BBA 67587 = GJS MW218031 MW218077 MW218124  EU329506 AF178340
> 91-148
E Neoco. longissima CBS 1264077 = GJS 85-72 MW834072 MW834144 MWRS834230  LR583846 LR583621
g  Neoco. macrospora CBS 1424247 = CPC 28191 MW218032 MW218078 MW218125 LT746331 LT746218
§ Neoco. mahasenii CBS 1195947 MWS834073 MWS834145 MW834231 LT960563 DQ247513
§ Neoco. martii CBS 115659EFT = FRC S-0679 = MRC 2198 MW834074 MW834146 MW834232 JX435256 JX435156
& Neoco. merkziana CBS 1465257 MW834075 MW834147 MWS834233 MWS834025 MW834288
§ Neoco. metavorans CBS 1357897 MW218034 MW218080 MW218127  LR583849 LR583627
Z Neoco. mori CBS 145467T = NRRL 22230 = MAFF 238539 MW834077 MWR834149 MW834235 EU329499 AF178358
Neoco. neerlandica CBS 232.347T MW834079 MW834151 MWS834237 MW847903 MW847906
Neoco. nelsonii CBS 309.75T MW834080 MW834152 MWR834238 MW847904 MW847907
Neoco. nirenbergiana CBS 1454697 = NRRL 22387 = BBA 65023 = GJS MW834081 MW834153 EU329505 AF178339
87-127
Neoco. noneumartii CBS 1156587 = FRC S-0661 MW218036 MW218082 MW218129 MW446618  LR583630
Neoco. obliquiseptata NRRL 62611 = MAFF 246845 KC691606 KC691637 KC691548
Neoco. oblonga CBS 1303257 = NRRL 28008 = CDC B-4701 MWS834082 MWS834154 MW834239 LR583853 LR583631
Neoco. oligoseptata CBS 1432417 = NRRL 62579 = FRC S-2581 = MW834083 MW834155  KC691596 LR583854 KC691538
MAFF 246283
Neoco. paraeumartii CBS 487.76T = NRRL 13997 = BBA 62215 MWS834084 MWS834156 MWS834240  LR583855 DQ247549
Neoco. parceramosa CBS 1156957 MW218037 MW218083 JX435249 JX435149
Neoco. perseae CBS 1441427 = CPC 26829 MW218038 MW218084 MW218130 LT991909 LT991902
Neoco. petroliphila CBS 203.32 = NRRL 13952 MW218039 MW218085 MW218131 LR583857 DQ246835
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Supplementary Table S4.1 continued. Neocosmospora sampling informed by Crous, Lombard et al. (2021).

Name Voucher acll cmdA RPB1 RPB2 EFla
Neoco. phaseoli CBS 265.50 MW834085 MW834157 KJ511278 FJ919464
Neoco. piperis CBS 1454707 = NRRL 22570 = GJS 89-14 = CML MW834086 MWS834158 MW834241 EU329513 AF178360
1888
Neoco. piperis CML 3171 KT943484 KT943486
Neoco. piperis CML 3178 KT943485 KT943487
Neoco. pisi CBS 123669ET = NRRL 45880 = ATCC MYA-4622 MW834087 MWS834159 MW834242 LR583862 LR583636
. Neoco. plagianthi NRRL 22632 = GJS 83-146 JX171501 JX171614 AF178354
@ Neoco. protoensiformis CBS 1454717 = NRRL 22178 = GJS 90-168 MW834089 MWS834161 MWS834244  EU329498 AF178334
:’j Neoco. pseudensiformis CBS 130.78 = NRRL 22575 = NRRL 22653 MWS834090 MWS834162 MW834245 LR583868 DQ247635
5  Neoco. pseudopisi CBS 266.50 MWS834091 MWS834163 MWS834246 MWR834027 MW834290
E) Neoco. pseudoradicicola CBS 1454727 = NRRL 25137 = ARSEF 2313 MW218041 MW218087 MW218133 JF741084 JEF740757
: Neoco. quercicola CBS 141.90T = NRRL 22652 MWS834092 MWS834164 MW834247 LR583869 DQ247634
S  Neoco. rectiphora CBS 1257277 = GJS 02-89 = FRC S-1831 MWS834094 MWS834166 MW834249 LR583871 DQ247509
? Neoco. regularis CBS 230.34T MW834096 MW834168 MW834029 LR583643
§  Neoco. rekana CMW 528627 MN249137  MN249151
8§  Neoco. robusta CBS 1454737 = NRRL 22395 = BBA 65682 MWS834169 MW834251 EU329507 AF178341
§ Neoco. samuelsii CBS 114067 = GJS 89-70 MW834097 MWS834170 MW834252 LR583874 LR583644
Neoco. silvicola CBS 123846 = GJS 04-147 MW834099 MWS834172 MWS834254  LR583876 LR583646
Neoco. solani CBS 140079FT = NRRL 66304 = GJS 09-1466 = FRC MW218042 MW218088 MW218134 KT313623 KT313611
S-2364
Neoco. spathulata CBS 1454747 = NRRL 28541 = UTHSC 98-1305 MW218045 MW218091 MW218137  EU329542 DQ246882
Neoco. stercicola CBS 1424817 = DSM 106211 MW834100 MWS834173 MW834255 LR583887 LR583658
Neoco. suttoniana CBS 1432147 = NRRL 32858 MW218046 MW218092 MW218138  EU329630 DQ247163
Neoco. tonkinensis CBS 115.40T MW218048 MW218094 MW218140 LT960564 LT906672
Neoco. tuaranensis NRRL 222317 = ATCC 16563 = MAFF 246842 KC691600 KC691631 KC691542
Neoco. vasinfecta CBS 533.65 = IMI 302625 MWS834103 MWS834176 MW834258 LR583899 LR583671
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Supplementary Table S4.1 continued. Neocucurbitaria sampling informed by Wanasinghe, Phookamsak et al. (2017), Jaklitsch et al. (2018), Valenzuela-
Lopez, Cano-Lira, Guarro et al. (2018) and Crous, Schumacher et al. (2019).
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Name Voucher RPB2 EFla TUB2
Cucurbitaria berberidis CBS 142401 = C241 MF795798 MF795845 MF795886
Cucurbitaria oromediterranea CBS 142399 = C229T MF795803 MF795849 MF795890
Neocucurbitaria acanthocladae CBS 142398 = C225T MF795808 MF795854 MF795894
Neocu. acerina CBS 142403 = C255 MF795810 MF795856 MF795896
Neocu. aetnensis CBS 142404 = C2617T MF795811 MF795857 MF795897
Neocu. aquatica CBS 297.74 LT623278 LT623238
Neocu. cava CBS 115979 LT623273 LT623234
Neocu. cava CBS 257.687T LT717681 KT389844
& Neocu. cava CBS 143400 MH108005 MH108046
3 Neocu. cava MF-Vm17-040 MZ054692
@ Neocu. cinereae CBS 142406 = KU9T MF795813 MF795859 MF795899
ED Neocu. cisticola CBS 142402 = C2447T MF795814 MF795860 MFE795900
B Neocu. hakeae CBS 142109 KY173593 KY173613
.8  Neocu. irregularis CBS 142791 LT593054 LT592985
E Neocu. juglandicola CBS 142390 = BW6T MF795815 MF795861 MF795901
:'§ Neocu. keratinophila CBS 121759T LT623275 LT623236
§ Neocu. populi CBS 142393 = C287T MF795816 MFE795862 MF795902
8  Neocu. quercina CBS 1150957 LT623277 LT623237
2 Neocu. rhamni CBS 142391 = C17T MF795817 MF795863
Neocu. rhamnicola CBS 142396 = C185T MF795822 MF795868 MF795906
Neocu. rhamnioides CBS 142395 = C1187T MF795824 MF795870 MF795908
Neocu. ribicola CBS 142394 = C55T MF795827 MF795873 MF795911
Neocu. unguis-hominis CBS 111112 LT623279 LT623239
Neocu. vachelliae CBS 142397 = C192T MF795829 MFE795875 MF795913
Neopyrenochaeta acicola CBS 812.95T LT623271 LT623232
Parafenestella pseudoplatani CBS 142392 = C267 MF795830 MF795876 MF795914
Protofenestella ulmi CBS 143000 = FP5T MF795833 MFE795879 MF795915




0¢T

Supplementary Table S4.1 continued. Neodidymelliopsis sampling informed by Chen, Hou et al. (2017), Hyde, Tennakoon et al. (2019) and Hou et al.

(2020).
Name Voucher RPB2 TUB2
Calophoma clematidina CBS 108.79 KT389588 FJ427100
Calophoma complanata CBS 100311 KT389590 GU237594
Calophoma glaucii CBS 112.96 MT018230 GU237610
Neoascochyta cylindrispora UTHSC DI16-352 LT593101 LT593031
Neoascochyta desmaziert CBS 346.86 MT018304 MT005730
Neoascochyta europaea CBS 504.71 MT018314 MT005738
Neodidymelliopsis achlydis CBS 256.77T KT389829
Neod. cannabis CBS 121.757 GU237535
Neod. cannabis CBS 234.37 KP330403  GU237523
Neod. cannabis CBS 591.67 KT389826
6 Neod. cannabis CBS 629.76 KT389827
3 Neod. farokhinejadii CBS 142853 KY464922  KY449023
o Neod. longicolla CBS 382.967 MT018298  KT389830
ED Neod. sp. CBS 141235 KX033382
B Neod. longicolla CBS 265.74 MT018296 MT005725
& Neod. longicolla CBS 266.74 MT018297 MT005726
§. Neod. moricola MFLUCC 17-1063 KY684943  KY684937
=< Neod. moricola MFLUCC 17-1064T KY684944  KY684938
g Neod. negundinis MFLUCC 18-0083T MGb564166 MG564164
:§> Neod. polemonii CBS 1091817 = PD 83/757 KP330427 GU237648
E Neod. polemonii CBS 375.67 MT018291 KT389828
20 Neod. ranunculi CBS 739.88 MT018295 MT005724
Neod. ranunculi CBS 286.72 MT018294 MT005723
Neod. sambuci MFLUCC 18-1565 MK049556
Neod. tiliae CBS 139719 MT018286  MT005720
Neod. tiliae CBS 519.95T MT018287 MT005721
Neod. zanthina CBS 383.68T KP330431  GU237688
Neod. zanthina CBS 168.70 MTO018290 KT389831
Xenodidymella asphodeli CBS 499.72 MT018282  KT389853
Xenodidymella catariae CBS 102635 KP330404 GU237524
Xenodidymella humicola CBS 220.85 KP330422 GU237617
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Supplementary Table S4.1 continued. Neodidymelliopsis sampling informed by Chen, Hou et al. (2017), Hyde, Tennakoon et al. (2019) and Hou et al.
(2020).

Name Voucher RPB2 TUB2

Xenodidymella applanata CBS 195.36 MT018280 KT389852
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Supplementary Table S4.1 continued. Neurospora sampling informed by Nygren et al. (2011).

Name Voucher Bml LSU mak-2 nik-1 PKC EFla
Neurospora africana FMR 7370 FR774319 FR774244 FR774462 FR774484 FR774369
Neu. brevispora FGSC 7795 FR774295 FR774245 FR774394 FR774438 FR774485 FR774345
Neu. calospora FGSC 958 FR774296 FR774246  FR774395 FR774439 FR774486 FR774346
Neu. cerealis FGSC 959 FR774297 FR774247 FR774396 FR774440 FR774487 FR774347
Neu. crassa FGSC 8858 FR774322 FR774250 FR774419 FR774464 FR774490 FR774371
Neu. crassa FGSC 8771 FR774321 FR774249 FR774418 TFR774463 FR774489 FR774370
Neu. crassa FGSC 959 FR774320 FR774248 FR774392 FR774436 FR774488 FR774343
Neu. dictyophora FMR 7511 FR774298 FR774251  FR774397 FR774441 FR774491 FR774348
Neu. discreta FGSC 8780 FR774332 FR774252  FR774426 FR774474 FR774492 FR774381
Neu. dodgei FGSC 1692 FR774323 FR774253 FR774465 FR774493 FR774372
Neu. endodonta IMI 1483697 FR774299 FR774254  FR774398 FR774442 FR774494 FR774349
o Neu. galapagosensis FGSC 1739 FR774324 FR774255 FR774466 FR774495 FR774373
g Neu. hapsidophora CBS 408.827T FR774300 FR774256  FR774399 FR774443 FR774496 FR774350
o Neu. hispaniola FGSC 8817 FR774329 FR774257 FR774423 FR774471 FR774497 FR774378
En Neu. indica FGSC 7793 FR774301 FR774258 FR774400 FR774444 FR774498 FR774351
B Neu. intermedia FGSC 8844 FR774326 FR774260 FR774421 FR774468 FR774500 FR774375
g Neu. intermedia FGSC 8901 FR774325 FR774259  FR774420 FR774467 FR774499 FR774374
8 Neu. kobi CBS 560.72T FR774302 FR774261 FR774401 FR774445 FR774501 FR774352
§ Neu. lineolata CBS 502.70 FR774327 FR774262 FR774469 FR774502 FR774376
S New metzenbergii FGSC 8847 FR774330 FR774263 FR774424 FR774472 FR774503 FR774379
= Neu. minuta FMR 7512 FR774303 FR774264 FR774402 FR774446 FR774504 FR774353
Neu. nigeriensis FMR 5963 FR774304 FR774265 FR774403 FR774447 FR774505 FR774354
Neu. novoguineensis FMR 7269 FR774305 FR774266  FR774404 FR774448 FR774506 FR774355
Neu. pannonica FGSC 7221 FR774328 FR774267 FR774422 FR774470 FR774507 FR774377
Neu. perkinsii FGSC 8838 FR774331 FR774268 FR774425 FR774473 FR774508 FR774380
Neu. pseudoreticulata CBS 556.72 FR774306 FR774269 FR774405 FR774449 FR774509 FR774356
Neu. reticulata IMI 080035T FR774307 FR774270 FR774406 FR774450 FR774510 FR774357
Neu. reticulospora FGSC 6537 FR774308 FR774271  FR774407 FR774451 FR774511 FR774358
Neu. retispora FMR 7510 FR774309 FR774272  FR774408 FR774452 FR774512 FR774359
Neu. retispora FMR 7276 AJ579677
Neu. retispora FMR 5513 AJ579544
Neu. retispora CBS 868.68 MH878403
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Supplementary Table S4.1 continued. Neurospora sampling informed by Nygren et al. (2011).

Name Voucher Bml LSU mak-2 nik-1 PKC EFla
Neu. retispora CBS 656.70 MHS871676
Neu. retispora CBS 275.50T MH868127
Neu. saitoi CBS 435.74T FR774311.2 FR774273 FR774410 FR774454 FR774513 FR774361
Neu. santi-florii FGSC 8331 FR774310 FR774274 FR774409 FR774453 FR774514 FR774360
Neu. sitophila FGSC 8770 FR774333 FR774275  FR774427 FR774475 FR774515 FR774382
Neu. sp. FGSC 8243 FR774315 FR774279 FR774414 FR774458 FR774519 FR774365
o Neu. sp. FGSC 8240 FR774314 FR774278 FR774413 FR774457 FR774518 FR774364
3 Neu. sp. FGSC 8238 FR774313 FR774277  FR774412 FR774456 FR774517 FR774363
) Neu. sp. FGSC 6877 FR774312 FR774276  FR774411 FR774455 FR774516 FR774362
ED Neu. stellata IFO 302427 FR774316 FR774280 FR774415 FR774459 FR774520 FR774366
E Neu. sublineolata IMI 223887 FR774334 FR774281 FR774428 FR774476 FR774521 FR774383
g Neu. terricola CBS 298.63T FR774335.2 FRT774282 FR774429 FR774477 FR774522 FRT774384
8 Neu. tetrasperma FMR 5545 FR774336 FR774283 FR774430 FR774478 FR774523 FR774385
§ Neu. tetraspora FGSC 7033 FR774317 FR774284 FR774416 FR774460 FR774524 FR774367
S Neu. udagawae CBS 309.917T FR774318 FR774285 FR774417 FR774461 FR774525 FR774368
z Neu. uniporata FMR 7283 FR774337 FR774286  FR774431 FR774479 FR774526 FR774386
Pseudoneurospora amorphoporcata CBS 626.80T FR774294 FR774287  FR774393 FR774437 FR774527 FR774344
Sordaria brevicollis FGSC 1904 FR774338 FR774288 FR774432 FR774480 FR774528 FRT774387
S. fimicola FGSC 2918 FR774339 FR774289 FR774529 FR774388
S. macrospora FGSC 4818 FR774340 FR774290 FR774433 FR774481 FR774530 FR774389
S. sclerogenia FGSC 2741 FR774341 FR774291 FR774434 FR774482 FR774531 FR774390
S. tomento-alba CBS 260.78 FR774342.2 FR774292 FR774435 FR774483 FR774532 FR774391
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Chapter 4 — Tapping the CABI collections for fungal endophytes

Supplementary Table S4.2: Assembly statistics from all assembly tools for the 15 endophyte
strains.

QUAST BUSCO
# contigs Largest Total length GC Single-copy
N50 L50 BUSCOs
>500bp  contig (bp) (bp) (%)

(Completeness)

2 ABySS k72 1,521 331,203 40,667,570  51.60 60,408 212 1,542 (90.39%)

2  MEGAHIT 1,832 202,743 40,947,610  51.59 52,207 247 1,647 (96.54%)

3 SPAdes 798 564,097 41,065,971  51.57 126,266 102 1,653 (96.89%)

= ABySS k80 1,184 576,573 34,975,890  53.45 132,824 81 1,682 (98.59%)

3 MEGAHIT 1,526 421,407 34,840,787  53.46 103,515 101 1,683 (98.65%)

3 SPAdes 610 908,435 35,454,550  53.43 214,263 44 1,688 (98.94%)

o ABySS k64 1,937 202,055 33,882,229  52.73 42,393 244 1,643 (96.31%)

§ MEGAHIT 2,408 173,198 34,289,510  52.52 40,722 261 1,651 (96.78%)

2 SPAdes 1,357 259,290 34,499,516  52.37 73,383 152 1,667 (97.71%)

o ABySS k88 1,356 476,436 35,335,285  53.37 85,694 121 1,672 (98.01%)

- % MEGAHIT 1,719 325,805 35,071,700 53.46 74746 139 1,681 (98.53%)
$ ®  SPAdes 776 641,373 35,521,025  53.41 178,807 56 1,690 (99.06%)
g‘ < ABySS k72 4,475 120,442 36,976,442  52.58 16,432 622 1,567 (91.85%)
% § MEGAHIT 6,029 107,474 37,710,625  52.61 13,214 809 1,604 (94.02%)
» SPAdes 4,925 166,179 45,121,419 52.54 24778 433 1,636 (95.90%)

> ABySS k72 1,734 268,349 30,277,320  51.69 50,318 178 1,643 (96.31%)

L  MEGAHIT 2,116 237,638 30,535,934  51.48 45,506 201 1,663 (97.48%)

3 SPAdes 1,155 382,275 30,512,631  51.44 74,080 124 1,676 (98.24%)

o ABySS k64 2,708 189,189 54,213,268 53.63 39,154 421 1,627 (95.37%)

§ MEGAHIT 3,295 193,772 54,922,345 53.62 34,099 481 1,628 (95.43%)

= SPAdes 1,830 305,111 55,288,883  53.54 63,290 275 1,655 (97.01%)

o ABySS k72 1,656 320,053 40,977,177  52.57 50,683 239 1,657 (97.13%)

% MEGAHIT 2,221 205,757 41,829,246  52.43 42,500 299 1,663 (97.48%)

® SPAdes 1,411 470,694 42,358,263  52.22 90,196 139 1,669 (97.83%)

~ Flye 12 7,084,357 40,197,374  50.70 6,429,383 3 1,668 (97.77%)

;8; Raven 15 7,080,637 40,228,030 50.67 4,326,196 4 1,667 (97.71%)

C hybridSPAdes 281 1,693,788 39,888,836  51.10 413,748 29 1,647 (96.54%)

<« Flye 58 7,342,820 49,508,467  51.90 2,983,733 6 1,643 (96.31%)

§ Raven 56 3,110,953 49,524,676  51.84 1,317,902 13 1,664 (97.54%)

& hybridSPAdes 753 840,111 49,421,028  52.47 161,131 88 1,683 (98.65%)

o Flye 86 2,369,202 31,358,738  52.97 1,219,652 10 1,687 (98.89%)

;83 Raven 27 1,884,042 31,528,740 52.85 1,301,886 10 1,684 (98.71%)

S hybridSPAdes 184 1,552,342 31,829,418 52.87 520,122 18 1,687 (98.89%)

< < Flye 89 3,260,191 34,410,208 50.41 1,599,529 8 1,677 (98.30%)
4; % Raven 24 2,991,912 34,846,001 50.24 1,616,366 9 1,678 (98.36%)
= @ hybridSPAdes 593 698,129 33,512,421  51.19 148,079 67 1,673 (98.07%)
w» Flye 54 5,272,851 38,910,400 51.57 4,473,122 4 1,680 (98.48%)

% Raven 11 5345287 39,450,705 51.25 4,705,368 4 1,672 (98.01%)

3 hybridSPAdes 362 1,812,647 38,868,017  51.75 485,797 25 1,677 (98.30%)

~ Flye 162 3,665,392 30,332,852  55.81 962,134 9 1,604 (94.02%)

g Raven 52 2,828,572 29,586,632 55.79 1,760,284 7 1,499 (87.87%)

® hybridSPAdes 2,530 149,393 29,037,354  55.70 19,002 435 1,522 (89.21%)

o Flye 97 4,017,923 42,713,253  49.79 1,630,038 9 1,656 (97.07%)

5 Raven 31 4,380,344 42,809,244  49.69 2,200,773 7 1,675 (98.18%)

3 hybridSPAdes 684 1,149,365 42,184,608  50.32 323,849 40 1,689 (99.00%)

154



Chapter 4 — Tapping the CABI collections for fungal endophytes

A 200 B 100

160 -| 80 4

MNumber of nuclei
@
3

MNumber of nuclei

.
=}
L

40 20

f T -
4w 500 200 1000 0 200 400 500 800 1000
Relative fluorescence Relative fluorescence

80 BO -

=
S
L

Number of nuclei
Number of nuclei

=
=1

20

f T T r T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Relative fluorescence Relative flucrescence

80 4

Number of nuclei

400 600 200 1000
Relative fluorescence

Supplementary Figure S4.1: Flow cytometry histograms showing the relative fluorescence of
fungal nuclei from the sample and calibration standard. One representative histogram is shown out
of the total three runs made per sample. In all cases the left-hand peak is the sample while the
right-hand peak is the standard. (A) IMI 355093 (B) IMI 356814 (C) IMI 359910 (D) IMI 360204
(E) IMI 364377.
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Supplementary Figure S4.2: Schematic summarising the bioinformatics analysis pipeline developed in Chapter 4, available at https://github.com/
Rowena-h/EndophyteGenomes. Boxes outlined in black indicate custom scripts written for this work.
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Supplementary Figure S4.3: T-BAS placements for the 15 endophyte strains. For visual clarity,
clades containing our strains were extracted from the T-BAS tree and are shown separately. Due
to high relatedness, IMI 355091 and IMI 355093 were grouped into a single branch in Didymella
by T-BAS. Pyrenochaeta cava = Neocucurbitaria cava; Gelasinospora tetrasperma = Neurospora

tetraspora.
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Supplementary Figure S4.4: LSU gene tree of the Didymosphaeriaceae produced using RAxML.

Branches with significant bootstrap support (> 70) are in black, while others are in grey. Multiple
copies of LSU from strains IMI 356815 and IMI 367209 are shown in bold.
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Supplementary Figure S4.5: Nx plots (the smallest contig length at which x% of the assembly
is contained in contigs of at least that size) produced by QUAST for each of the strains sequenced
in this chapter. Short-read assemblies: (A) IMI 355080 (B) IMI 355091 (C) IMI 359910 (D) IMI
360193 (E) IMI 360204 (F) IMI 364377 (G) IMI 366226 (H) IMI 366586. V¥
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Supplementary Figure S4.5: continued. Hybrid assemblies: (I) IMI 355082 (J) IMI 355084 (K)
IMI 355093 (L) IMI 356814 (M) IMI 356815 (N) IMI 366227 (O) IMI 367209.
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Supplementary Figure S4.6: BlobPlots for the 15 endophyte strains showing the taxonomic
classification of reads based on coverage and GC content. Short-read assemblies: (A) IMI 355080
(B) IMI 355091 (C) IMI 359910 (D) IMI 360193 (E) IMI 360204 (F) IMI 364377 (G) IMI 366226
(H) IMI 366586. Hybrid assemblies: (I) IMI 355082 (J) IMI 355084 (K) IMI 355093 (L) IMI
356814 (M) IMI 356815 (IN) IMI 366227 (O) IMI 367209. v
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