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PREFACE

Fusarium species have a set of genes conferring host-specificity and improving
downstream adaptation and survival. The genomic regions in which these genes are
located have shown to be vital determinants of host-specificity. Furthermore, the level
of expression of these genes will likely differ at different time points of infection. This
MSc took on two approaches, each identifying genes involved in host-specificity by
implementing comparative genomics. The main focus of this study was based on
contrasting Fusarium species associated with Pinus patula and members of Poaceae
and identifying unique genes to each group. This study also included species considered
as pathogens or endophytes on their respective hosts. The results obtained can be of
great value for future comparative studies with regards to the role and functions of host-

specific fungal genes.

The first chapter is written as a review article focussing on the diversity of fungal
genomes and how different gene sets play a role in host-specificity. The focus was on
fungi in general but primarily focussed on the diversity found within the genus
Fusarium. Chapter 2 and Chapter 3 were independent studies on genes potentially
involved in host-specificity. Chapter 2 focussed on the identification of genes unique to
Fusarium species associated with different hosts which also have pivotal roles in
conferring host-specificity. The aim of Chapter 2 was to characterise these genes in
terms of the processes they encode for, their chromosomal location and phylogenetic
origin. Chapter 3 focussed on the repertoire of genes encoding for Carbohydrate-Active
enZymes (CAZymes) between Fusarium species associated with the two different
hosts. The aim of Chapter 3 was to determine if this gene repertoire differed between
these two groups and the role these genes play in host-specificity, taking the cell wall
composition of the two different host plants into account.

The research conducted during this study was performed at the Forestry and
Agricultural Biotechnology Institute (FABI), Department of Biochemistry, Genetics
and Microbiology at the University of Pretoria. This study was performed under the
supervision of Drs. Lieschen De Vos, and Magriet van der Nest, as well as Profs. Emma

Steenkamp and Brenda Wingfield. Most of the genomes used in this study were



previously sequenced and are publicly available, except for two genomes which were

kindly provided by Dr. Robert H. Proctor.

This dissertation consists of three independent units and, therefore, contain some
duplicated information and references. Chapter 1 is written as a review article based on
the available literature, whereas Chapter 2 and Chapter 3 are written in the format

required for submission to scientific journals.

All the information from this dissertation can be retrieved from the following

Google drive:

https://drive.google.com/drive/folders/1eK5hGcNRKECBVHwONo6XIOKbKUI43ZLg

?usp=sharing



CHAPTER 1:

Literature review: Diversity in fungal genomes




INTRODUCTION

The genus Fusarium is diverse, harbouring species of great importance in industry,
agriculture and medicine (Geiser et al., 2013). Fusarium species have also shown to be
significant members of microbial communities in the soil (Nelson et al., 1994). Examples
of species important in the industry are F. venenatum and F. oxysporum strain Fo47. The
former is essential in the production of Quorn, which is a vegetarian protein food product
(King et al., 2018). The latter promotes plant growth by acting as a biocontrol agent to
protect bananas and several other crops against Fusarium wilt (also known as Panama
disease) (Alabouvette, 1986, Fuchs et al., 1997, Forsyth et al., 2006, Nel et al., 2006b,
Dita et al., 2018). Species within the genus Fusarium are also well-known for the
production of mycotoxins under favourable environmental conditions (Bertero et al.,
2018). These mycotoxins are secreted by Fusarium species leading to the contamination
of agricultural products, food and animal feed, making it unsuitable for consumption
(Jurjevic et al., 2002, Logrieco et al., 2003, Molinié et al., 2005, Desjardins & Proctor,
2007, Ferrigo et al., 2016). For example, fumonisin Bz is mainly secreted by F.
verticillioides and F. proliferatum (Voss et al., 2007), deoxynivalenol is mainly produced
by F. graminearum and F. culmorum (Logrieco et al., 2002), and zearalenone is produced
mainly by F. graminearum (Bertero et al., 2018).

Most economically important Fusarium species are pathogens. These Fusarium species
are associated with a wide range of plant hosts, which include Pinus species (Gordon et
al., 1996, Herron et al., 2015), grasses (Desjardins et al., 2000b, Zeller et al., 2003) and
cereal and vegetable crops (Parry et al., 1995, Bottalico & Perrone, 2002, Armitage et
al., 2018). In plants, the typical symptoms of infection associated with this genus include
vascular wilts, root and collar rot, cankers on branches, stems or roots, as well as branch
and tip dieback (Bloomberg, 1981, Dwinell et al., 1981, Kraft et al., 1981, Wingfield et
al., 2008, Mitchell et al., 2011). Also, species from this genus infect humans by causing
keratitis, infections in the finger and toenails of immune-compromised patients and
people with decreased white blood cell count (Chang et al., 2006, Sutton & Brandt, 2011).

Not all Fusarium species are pathogenic, and some may engage in endophytic to partially
endophytic lifestyles (Alabouvette, 1986, Sieber et al., 1988, Boshoff et al., 1996, Fuchs



et al., 1997, Sieber, 2002, Bacon & Yates, 2006, Forsyth et al., 2006, Nel et al., 2006b,
Zakaria & Ning, 2013, Imazaki & Kadota, 2015, Dita et al., 2018, Lofgren et al., 2018,
Nieva et al., 2019). There are many examples in the scientific literature of fungi being
pathogenic to one host but endophytic on others (Zabalgogeazcoa, 2008, Hardoim et al.,
2015). For example, F. circinatum (the pitch canker pathogen on pine trees) is known to
be endophytic on grasses and dicots (such as maize and herbaceous plants) (Swett &
Gordon, 2009, Swett & Gordon, 2012, Swett & Gordon, 2015, Hernandez-Escribano et
al., 2018, Carter & Gordon, 2020), as well as other conifers (Storer et al., 1994, Martin-
Garcia et al., 2018) and cause no symptoms of disease on these hosts. Different grass
species growing in pitch canker infested Pinus plantations serve as a reservoir for the F.
circinatum inoculum that contributes to the epidemiology of pitch canker (Carter &
Gordon, 2020). Grass species, therefore, seem to act as a reproductive host for this
pathogen to infect nearby susceptible hosts (Swett et al., 2014). Furthermore, pine
seedlings grown in F. circinatum infested soil have accelerated growth rates, increased
host resistance to infections with pathogens and may even enhance the extensiveness of
the pine-associated mycorrhizal community (Martin-Rodrigues et al., 2013, Evira-
Recuenco et al., 2015, Swett et al., 2016, Swett & Gordon, 2017). Fungal activity shows
the ambiguous ecological adaptations of this fungus, which is not limited to its status as

a primary pathogen.

Amongst the species complexes of Fusarium, the Fusarium fujikuroi species complex
(FFSC) is well known for the plant pathogens it includes (Weerdt et al., 2006, Herron et
al., 2015, Al-Hatmi et al., 2016, Edwards et al., 2016, Laurence et al., 2016, Niehaus et
al., 2016, Moussa et al., 2017). The FFSC broadly corresponds to those species contained
within the section Liseola of Fusarium (Nelson et al., 1994, O'Donnell et al., 1998).
Based on the phylogeographic origin of their hosts, species within this complex can be
divided into one of three clades: the African, American and Asian clade (O'Donnell et
al., 1998) (Table 1, Figure 1). Species in the FFSC are phylogenetically distinct from one
another, although their morphological characteristics can overlap (Kvas et al., 2009,
Summerell et al., 2010).

Species of the FFSC display high levels of micro- and macro-synteny and this also
extends to other Fusarium species complexes. Syntenic regions are defined as regions

with similar gene content in which the gene order is also conserved. Sperschneider et al.
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(2015) discovered syntenic overlaps between genomic regions of different species
complexes, Fusarium oxysporum species complex (FOSC) and Fusarium graminearum
species complex (FGSC), respectively. Syntenic regions have also been identified
between F. verticillioides (FFSC) and F. graminearum (FGSC) (Zhao et al., 2014), as
well as between F. fujikuroi (FFSC) and F. verticillioides (Wiemann et al., 2013) and
between F. verticillioides and F. oxysporum f. sp. lycopersici (FOSC) (Ma et al., 2010).
Similarly, F. circinatum and F. temperatum, in comparison to F. fujikuroi and F.

verticillioides (FFSC) (De Vos et al., 2007) also show high levels of synteny.

Comparative genomics is often utilised to understand how evolution alters genomes.
Moreover, these comparisons can identify the genes conserved amongst species and those
unique to others. It is often hypothesised that the unique genes are involved in niche
adaptation and the emergence of new phenotypes (Sperschneider et al., 2015, Walkowiak
et al., 2016, Williams et al., 2016, Niehaus et al., 2017). The underlying mechanisms of
phenotypes, such as host-specificity in Fusarium species, are poorly understood. This
literature review aims to provide insight into the mechanisms involved in host-specificity,
as well as genes implicated in various host-pathogen interactions. Studies on host-
specificity can lead to downstream development of effective management strategies for
the prevention of emerging fungal threats by providing vital insights into the interactions
mentioned above. The subsequent chapters of this dissertation will focus primarily on
interactions between species of the FFSC and their hosts. The review also provides a brief
overview of what is known regarding these interactions, focussing on those Fusarium

species associated with Pinus patula and members of Poaceae.

PINE-ASSOCIATED FUSARIUM WITHIN THE AMERICAN
CLADE OF THE FFSC

The most economically important Fusarium species affecting pines is F. circinatum
(Hepting & Roth, 1946, O'Donnell et al., 1998). It first appeared in the USA where this
pathogen colonised P. virginiana trees (Hepting & Roth, 1946) and caused pitch canker
on this host. The symptoms of this disease include cankers soaked with resin on branches
and trunks of trees (Dwinell et al., 1985), dieback of shoots (Correll, 1991) and mortality



of female flowers and mature cones (Barrows-Broaddus, 1990). The pathogen then
appeared in other parts of the world, such as Japan (Kobayashi & Muramoto, 1989,
Muramoto & Dwinell, 1990), South Africa (Viljoen et al., 1994), Spain (Landeras et al.,
2005), Mexico (Guerra-Santos, 1998), South Korea (Lee et al., 2000), Chile (Wingfield
et al., 2002), France (OEPP, 2006), Italy (Carlucci et al., 2007), Portugal (Braganca et
al., 2009), Uruguay (Alonso & Bettucci, 2009), Colombia (Steenkamp et al., 2012) and
Brazil (Pfenning et al., 2014). These findings emphasise the fact that F. circinatum is
spread across the world from where it was initially distributed and discovered. These
findings also emphasise that this fungus is not limited to specific climates since it
associates with Mediterranean, subtropical and temperate climates (Ganley et al., 2009,
EFSA, 2010).

The pitch canker disease causes significant losses of susceptible Pinus species all around
the world, resulting in significant economic losses in plantations where Pinus species are
planted (Hepting & Roth, 1946, Wingfield et al., 2008, Mitchell et al., 2011). A study
based on Pinus species from Central America and Mexico indicated high levels of
susceptibility of F. circinatum towards P. radiata, P. patula, P. pseudostrobus, P. taeda
and to a lesser extent in P. elliotti and P. greggii (Hodge & Dvorak, 2000). Other species,
such as P. oocarpa, P. pringlei, P. jaliscana, P. tecunumanii, P. maximinoi and P.
caribaea are more tolerant towards the pitch canker fungus (Hodge & Dvorak, 2000).
However, in South Africa, the most common Pinus species planted is the very susceptible
P. patula in areas with summer rainfall and P. radiata in areas with winter rainfall
(Mitchell et al., 2011, Hongwane et al., 2018). These two Pinus species have been
replaced by more tolerant species, P. elliotti and P. taeda, to improve field survival.
However, the two latter species have lower wood quality and growth, compared to the
two former species and the only solution against susceptibility and quality of wood was
to create and implement hybrid species (Kietzka, 1988, Malan, 2003, Mitchell et al.,
2011). Some hybrid species in South Africa, such as P. elliottii x P. caribaea, P. patula
X P. tecunumanii, P. patula x P. oocarpa and P. patula x P. tecunumanii have shown
significantly more tolerance against F. circinatum (Bayley & Blakeway, 2002, Nel et al.,
2006a, Mitchell et al., 2011).

It was initially thought that F. circinatum is a necrotrophic pathogen (O'Donnell et al.,

1998). A study was performed on the response of pine hosts towards the necrotrophic
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pathogen (Morse et al., 2004) and found that the expression of genes, from both the
pathogen and the pine host, were likely linked to a defence response and disease
formation. Morse et al. (2004) studied the expression of genes from the pine host during
the disease state and identified genes encoding chitinase, peroxidase, an antimicrobial
peptide, a lipid transfer protein and a boiling-stable protein associated with drought
responses that induce shoot desiccation during the disease state. However, F. circinatum
Is now considered to be a hemibiotrophic fungus (Swett et al., 2016, Swett et al., 2018)
due to the asymptomatic fungal association with pine roots (Martin-Rodrigues et al.,
2013, Swett et al., 2016, Swett & Gordon, 2017). When this pathogen reaches the collar
of the pine host, infection occurs in both the root and shoot tissue. Infection is followed
by extensive fungal growth in the roots, possibly due to nutrient availability from dead
root tissue (Swett et al., 2016). These authors suggest that damage to the root system is

due to the location of the pathogen.

Of great concern are novel Fusarium species that were recently found on diseased Pinus
species, some of which include F. fracticaudum, F. pininemorale, F. sororula, F.
marasasianum and F. parvisorum (Herron et al., 2015). Some strains of these species
showed to be at least as pathogenic as a virulent strain of F. circinatum. Some variation
occurred in the level of pathogenicity between isolates of the same species but is not
uncommon and has been documented before for several other Fusarium species (Burgess,
1981, Gordon & Okamoto, 1992, Appel & Gordon, 1995, Miedaner et al., 2001, Carter
et al., 2002). The variation in the pathogenicity is of particular concern as these emerging
pathogens not only pose a significant economic risk to forestry activities in Colombia but
also to all pine growing regions of the world.

Due to their economic importance, genomes of various Fusarium species associated with
pines have been sequenced. These included three F. circinatum isolates, FSP34 (USA)
(Wingfield et al., 2018b), KS17 (South Africa) (Van Wyk et al., 2018) and a laboratory
strain (GL1327) (Van der Nest et al., 2014). Also sequenced were F. pininemorale
(Wingfield et al., 2017) and F. fracticaudum (Wingfield et al., 2018a). Sequencing of
fungal genomes provides insight into genome evolution, metabolic pathways and fungal
lifestyles (Aylward et al., 2017). The availability of genome sequences allows for in silico
predictions of secreted proteins involved in virulence (K&mper et al., 2006, Liu et al.,

2015). Another essential aspect of sequenced genomes is to reveal chromosomes or genes
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acquired through horizontal chromosome/gene transfer (Ma et al., 2010). Genome
sequencing enables gene prediction, identification of gene gains and losses and revealing
the effect of genome plasticity on fungal adaptation and survival (Wdstemeyer &
Kreibich, 2002, Keller et al., 2005, Lee et al., 2005). Fungal genomics is a component of
comparative genomics and is quite crucial in genome characterisation, in terms of the

biology and genetics of pathogens.

Fusarium circinatum resides within the American clade of the FFSC (O'Donnell et al.,
1998, Geiser et al., 2013). A few members of this clade are known associates of Poaceae
(Nelson et al., 1994, Desjardins et al., 2000b, Zeller et al., 2003, Walsh et al., 2010,
Scauflaire et al., 2011a). Fusarium circinatum, while being a well-known pine pathogen,
Is also reported to colonise members of the Poaceae family (grasses and maize) as an
endophyte (Swett & Gordon, 2012, Swett & Gordon, 2015, Hernandez-Escribano et al.,
2018, Carter & Gordon, 2020). Pathogenesis in pines from F. circinatum is postulated to
be secondary to the endophytic relationships on numerous Poaceae species as discussed
in the next section (Swett & Gordon, 2009, Swett & Gordon, 2015, Swett et al., 2016).
The development of F. circinatum as a pathogen on pines is proposed to be a recent
evolutionary adaptation, probably influenced by the overlapping geographic regions that
pines and grasses share (Steenkamp et al., 2002). The recent evolutionary adaptation is
supported by the partial interfertility between F. temperatum (a maize pathogen) and F.
circinatum (Desjardins et al., 2000b, Steenkamp et al., 2002).

GRASS-ASSOCIATED FUSARIUM WITHIN THE
AMERICAN CLADE OF THE FFSC

The American clade contains numerous Fusarium species with vast host and geographic
ranges (Table 1). Fusarium species, such as F. temperatum (Scauflaire et al., 2011a), F.
subglutinans (Desjardins et al., 2006), F. konzum (Zeller et al., 2003) and F. werrikimbe
(Walsh et al., 2010) in the American clade of the FFSC are phylogenetically closely
related and all three associate with members of Poaceae. Fusarium temperatum infections
are found on Zea mays in South Africa and Belgium (Scauflaire et al., 2011b), Spain
(Pintos et al., 2013), Australia, Germany, Netherlands, Slovakia, Turkey (Susca et al.,



2013), China (Wang et al., 2014), Poland (Czembor et al., 2014), South Korea (Shin et
al., 2014), Argentina (Fumero et al., 2015), Mexico (Robles-Barrios et al., 2015), North
America (Lanza et al., 2016), Italy (Venturini et al., 2016), France (Boutigny et al., 2017)
and Hungary (Molnér et al., 2017). This pathogen causes malformation in maize
seedlings and stem rot in maize (Varela et al., 2013). Fusarium temperatum was initially
classified as F. subglutinans, where it formed part of the cryptic species referred to as F.
subglutinans group 1 (Steenkamp et al., 2002). This pathogen was subsequently elevated
to species level and described as F. temperatum (Scauflaire et al., 2011a).

Fusarium subglutinans sensu stricto causes stalk and ear rot of maize and appears to be
distributed all around the world, especially in South Africa (Desjardins et al., 2000b),
Spain (Pintos et al., 2013), Germany, Slovakia, Portugal (Susca et al., 2013), Poland
(Czembor et al., 2014), Argentina (Fumero et al., 2015), Italy (Venturini et al., 2016) and
France (Boutigny et al., 2017). Stalk rot reduces the growth patterns of maize but also
results in rotted leaf sheaths and internal stalk tissue with characteristic brown streaks in
the lower internodes. The internal stalk pith tissues of older plants changed colour from
pink to salmon (Shaner & Scott, 1998) as a result of the colonisation of this fungus. The
economic importance of F. subglutinans is as a consequence of causing premature death
and stalk rot due to the obstruction in the translocation of water and nutrients to the leaves
and developing ears of the plant.

Both F. subglutinans and F. temperatum are known to secrete toxic secondary
metabolites or mycotoxins into the host plant during colonisation. These include
beauvericin and moniliformin produced by F. temperatum, which is absent in F.
subglutinans (Desjardins et al., 2006, Moretti et al., 2008, Scauflaire et al., 2012).
Fumonisin is produced by F. temperatum and F. subglutinans (Rheeder et al., 2002,
Stepien et al., 2011), in contrast to what was previously thought (Nelson et al., 1992,
Proctor et al., 2004). Fusarium temperatum seems to be the first Fusarium species in the
American clade of the FFSC to produce enniatin homologues (Scauflaire et al., 2012).
These described mycotoxins accumulate in the plant and are a potential health danger for
humans and animals consuming these plants (crops) if they occur in high enough
concentrations (Desjardins et al., 2006, Desjardins & Proctor, 2007). As a result of the
infections on maize occurring from both F. temperatum and F. subglutinans, maize yields
may decrease (Desjardins et al., 2006, Desjardins & Proctor, 2007, Shin et al., 2014).
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Fusarium konzum was first identified in Kansas (USA) and isolated from native prairie
grasses (Zeller et al., 2003). Different strains of this fungus are known for their ability to
synthesise mycotoxins, such as beauvericin, regardless of its non-pathogenic association
with grass (Leslie et al., 2004, Troncoso et al., 2010). It is, therefore, considered that F.
konzum might probably be an endophyte or, at the least, a potential pathogen of prairie

grasses in Kansas (Zeller et al., 2003).

The association of Fusarium species with their hosts and the genetic basis of the
biological traits in these species remain largely unknown. Completed genome assemblies,
therefore, provide many advantages in genomics and comparative genomics to

understand the biology of host-specificity of species in the FFSC.

MECHANISMS OF GENOME CHANGE IN FUNGI

Fungal genomes are known for their diverse genomic architecture (Noble &
Andrianopoulos, 2013). The plasticity of these genomes augments their dynamic nature,
which is evidenced by numerous observable differences, such as dispensable
chromosomes (Han et al., 2001, Akagi et al., 2009, Wittenberg et al., 2009, Ma et al.,
2010), genome duplications (Feschotte, 2008, Kaessmann, 2010, Hua-Van et al., 2011),
as well as the partitioning of their genomes in genomic sub-compartments which differ
in evolutionary rates (Van der Nest et al., 2019). These genomic differences underpin
some of the genetic factors underlying host-specificity, diversity and novel genetic

features, most of which remain unknown.

Speciation is driven by chromosomal differentiation, as well as the accumulation of
genomic mutations (Hu et al., 2014). Within the genus Fusarium, chromosomal fusion
events, as observed for F. graminearum (Cuomo et al., 2007), and translocation events
that occurred in F. circinatum and F. temperatum (De Vos et al., 2014), have the potential
to facilitate speciation. Some of the genomic features underlying this diversity, such as
repetitive DNA and transposable elements, as well as the role of horizontal gene transfer
and telomeres, will be discussed in the ensuing sections (additional information in Table
2).
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Repetitive DNA

An important factor contributing to fungal diversity is the repetitive DNA content of
genomes (Seidl & Thomma, 2014, Moller & Stukenbrock, 2017). Repetitive DNA is
defined as segments of DNA that appear multiple times throughout the genome and can
constitute more than half of the DNA content in the cell nucleus (Biscotti et al., 2015).
The distribution of these sequences is not equal within the genome but are rather
conserved to specific genomic regions, such as the telomeric regions. The presence of
repetitive sequences was shown to be involved in genome size expansion amongst diverse
fungal lineages (Dean et al., 2005, Spanu et al., 2010, Raffaele & Kamoun, 2012).
Repetitive DNA contributes towards both genome stability and plasticity through their
involvement during gene duplication and recombination (Treangen et al., 2009). These
elements seem to be essential for genome function and stability since they contain coding
and non-coding sequences that can be arranged in tandem repeats throughout the genome
(Hall et al., 2017). Their role during the recombination process is vital as the presence of
these repeats results in increased rates of rearrangement, amplification and deletion of
genetic material (Bzymek & Lovett, 2001, Biscotti et al., 2015, Moller & Stukenbrock,
2017). These repeats can also alter genes during meiosis, create new combinations of pre-
existing alleles, resulting in novel functions from pre-existing ones, and localise sequence
diversification (Jacob, 1977). However, chromosomal rearrangements driven by repeats
seem to lead to genome instability, resulting in plastic genomes (Bzymek & Lovett, 2001,
Hall et al., 2017).

Genome comparisons between several Fusarium species show that the repeat content can
be as low as 6% and as high as 21%, as observed for F. solani and F. oxysporum,
respectively (Coleman et al., 2009, Stukenbrock & Croll, 2014). In other fungi this can
also vary widely, e.g., 4% in the necrotrophic Botrytis cinerea and 66% in the
hemibiotrophic Leptosphaeria maculans (Gout et al., 2007, Haas et al., 2009, Amselem
et al., 2011). Pathogens exercising an obligate biotrophic or hemibiotrophic lifestyle
seem to contain much higher DNA repeat contents compared to necrotrophic pathogens
(Raffaele & Kamoun, 2012). Gene repertoire differences are possibly indicative of the
putative role these repeats have in the biotrophic phase during host-pathogen interactions.
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Transposable elements

Transposable elements are mobile segments of DNA that can move within and between
genomes, the latter through horizontal gene transfer (Daniels et al., 1990). Transposable
elements are classified into two classes (class | and 1) based on the structure and mode
of transposition (Wicker et al., 2007). The class | transposons are known as
retrotransposons that contain either long terminal repeats or non-long terminal repeats.
This mode of transposition is employed by reverse transcription and a copy-and-paste
mechanism. Class | long terminal repeats seem to expand genome size by doubling the
organism’s copy number Of the repeat during each transposition event (Elliott & Gregory,
2015). The second class, known as DNA transposons, is based on the cut-and-paste
mechanism mediated by the transposase enzyme. Class Il transposons also contain

terminal inverted repeats.

The presence of transposable elements may result in intra- and inter-specific variability.
Comparative genomics between F. graminearum and F. oxysporum f. sp. lycopersici
revealed the effect of transposable elements on the structure and size of genomes
(Stukenbrock & Croll, 2014). The genome expansion that occurred within F. oxysporum
compared to F. graminearum was likely due to the activity of transposable elements (Ma
etal., 2010, King et al., 2015). This type of expansion also occurred in the fungal species
Blumeria graminis f. sp. hordei and Magnaporthe grisea (Dean et al., 2005, Spanu et al.,
2010).

Transposable elements are crucial in mediating high rates of sequence mutations,
chromosome rearrangements and ploidy changes (Stukenbrock & Croll, 2014). The
insertion of transposable elements to new genomic locations may result in mutations and
disrupt the regulatory sequence of a gene, resulting in deleterious effects (Raffaele &
Kamoun, 2012). Such incidences occur when transposable elements are inserted in exons,
which alters the reading frame and can directly affect the type of peptide encoded for, as
well as inducing missense or nonsense mutations. These elements can also be inserted
within introns that may induce alternative or novel splicing sites, the disruption of
canonical splice sites and the introduction of polyadenylation signals (Deininger &
Batzer, 1999, Batzer & Deininger, 2002, Chen et al., 2005, Callinan & Batzer, 2006,
Belancio et al., 2008, Konkel & Batzer, 2010).
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Alternatively, loss-of-function mutational changes can also be beneficial to a pathogen
as it can promote pathogen fitness, resulting in selective advantage as reviewed by
Raffaele & Kamoun (2012). An example of this is where an avirulent effector gene of a
plant pathogen lost its function due to a mutational change within the gene, resulting in
an opportunity for the pathogen to evade the recognition system of the specific plant
immune receptor. Asexual species also seem to benefit from mutations of transposable
elements by overcoming the lack of allele shuffling occurring during recombination
(Stukenbrock & Croll, 2014). Chromosomal rearrangements in the asexual pathogen
Verticillium dahlia and other pathogens seem to create genomic regions that are repetitive
and lineage-specific but also contain genes involved in host-specificity and adaptation
(Gout et al., 2006, Fedorova et al., 2008, De Jonge et al., 2012, De Jonge et al., 2013,
Schardl et al., 2013).

The effect of transposable elements on gene expression has also been investigated
(Castanera et al., 2016). Gene expression patterns differed in F. graminearum when the
genes were under the influence of transposable elements. The expression of these genes
was lower than those not under transposable element influence. The reason for this was
due to the insertion of transposable elements within regions rich in introns which have
shown to destabilise the mRNA and directly lead to a reduction in the levels of gene
expression (Chen et al., 2006).

Horizontal gene transfer

Horizontal gene transfer (HGT) allows for the stable integration of genetic material
between species that are phylogenetically distant from one another and between
cytoplasmic organelles and the nucleus in a manner where these genetic material are not
inherited from parents to offspring (Doolittle et al., 2003, Keeling & Palmer, 2008, Gao
etal., 2014). HGT, and by extension chromosome transfer, has the potential to affect host
range and induce diversity amongst fungi (Friesen et al., 2006, Zhang et al., 2019). The
availability of whole-genome sequences allows for genome comparisons to identify new

DNA segments acquired and identify their possible origins (Friesen et al., 2006).

Specific gene sequences are more abundant than others in the DNA that undergo HGT.

It is thought that genes involved in intermediary and secondary metabolism undergo
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higher frequencies of horizontal gene transfer compared to the genes directly involved in
transcription, translation and replication (Jain et al., 1999). A single event of gene transfer
can also involve gene clusters that encode an entire metabolic pathway between distantly
related fungi, as observed in Aspergillus and Podospora lineages (Slot & Rokas, 2011).

HGT generally occurs more frequently between organisms occupying the same niche, as
observed from Slot & Rokas (2011). The newly acquired DNA sequences have proven
to promote and improve the survival rate of fungi in novel niches but also improved their
ability to confer pathogenicity on novel hosts. This latter occurrence was illustrated by
Ma et al. (2010), where the chromosomal transfer from a pathogenic F. oxysporum strain
to a non-pathogenic strain resulted in pathogenicity in the former strain. The horizontal
transfer of a locus-specific gene in the genome of the wheat pathogen Phaeosphaeria
nodorum to Pyrenophora tritici-repentis has been demonstrated (Ciuffetti et al., 1997,
Friesen et al., 2006). Pyrenophora tritici-repentis causes tan spot disease on wheat,
potentially due to the transfer of the ToxA gene, which encodes for a host-specific toxin,
from P. nodorum. It is suspected that the fungal effector Avel in Verticillium dahlia has
been transferred from plants to fungi since this gene is present in diverse plant pathogenic

fungi and bacteria (De Jonge et al., 2012).

HGT creates functional novelty in fungi, especially in Fusarium species from the FFSC
where these genes promote fungal evolution, fitness or virulence through the emergence
of species-specific traits (Stewart et al., 2014, Chiara et al., 2015, Glenn et al., 2016, Van
Wyk et al., 2018). Gene clusters from F. verticillioides involved in the detoxification of
antimicrobial compounds produced by maize were acquired from multiple external
sources utilising the horizontal transfer of these genes (Stewart et al., 2014, Glenn et al.,
2016). Fusarium fujikuroi isolates from different geographic regions have lineage-
specific genes, with roles in host-pathogen interactions and adaptation to environmental
changes, acquired through HGT (Chiara et al., 2015). A similar trend was observed where
five growth rate-determining genes in F. circinatum were acquired horizontally from
various sources outside of the FFSC (Van Wyk et al., 2018).
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Telomeres

Telomeres are located at chromosomal ends and protect these ends against the loss of
DNA during replication, as well as fusion with other chromosomes. The telomerase
enzyme adds short repeated sequence motifs (TTAGGG/CCCTAA) to the chromosomal
ends (Garcia-Pedrajas & Roncero, 1996). A subtelomere region exists between the
telomere region and chromatin and contains multiple sequence segments at both
chromosomal ends that share a high similarity (Tashiro et al., 2017). The subtelomere
region consists of two distinct domains, such as the distal and proximal domains (Flint et
al., 1997, Pryde et al., 1997). The distal domain contains short, tandem repeat motifs at
most or all chromosome ends, compared to the proximal domain containing longer
duplicated segments of DNA that is less widely dispersed at these ends. These regions

often contain clusters of related genes.

The subtelomeric gene clusters in microbial eukaryotes are often associated with niche
adaptation. This association was observed in Saccharomyces cerevisiae, where genes
involved in sugar utilisation were located within the subtelomeres (Denayrolles et al.,
1997). Human pathogens, such as Plasmodium falciparum, Trypanosoma brucei and
Pneumocystis carinii also contain a variety of subtelomeric genes encoding for surface
proteins that contribute to the host-pathogen interaction (Hernandez-Rivas et al., 1997,
Barry et al., 2003, Keely et al., 2005, Kutty et al., 2013). These surface proteins also
promote antigenic variation to facilitate the evasion of host immune responses.
Subtelomeric regions in Fusarium tend to harbour genes enriched for secondary
metabolite biosynthesis gene clusters contributing to fungal niche adaptation, host
colonisation and accelerated growth rate (Wiemann et al., 2013, Sieber et al., 2014, Zhao
etal., 2014).

In conclusion, comparative genomics allows for observing various evolutionary trends
amongst diverse fungal lineages (Raffaele & Kamoun, 2012). It is speculated that genome
expansions directly influence the formation of unique genes and are considered as a
potential driving force behind emerging fungal pathogens (Coleman et al., 2009, Ma et
al., 2010, Croll & McDonald, 2012, Zhao et al., 2014, Dong et al., 2015). These are often
located near telomeric regions which are highly variable and capable of influencing the

biology of pathogens (Spanu et al., 2010, Raffaele & Kamoun, 2012). Furthermore, the
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repetitive and transposable elements can often be located in telomeric regions which

allow for alterations in the sizes and shapes of chromosomes (Raskina et al., 2008).

FUNGAL PATHOGENICITY FACTORS

Fungal survival depends on the host-pathogen interaction to survive and to thrive.
Underlying molecular factors that promote host-pathogen interactions include cell wall
degrading enzymes (CAZymes), secondary metabolites, peptidases and effector proteins
(Tyler et al., 2006, Haas et al., 2009). All these molecular factors contribute to pathogen
adaptation and survival by inferring fungal virulence (some information is also captured
in Table 2).

Carbohydrate-Active enZymes (CAZymes)

Carbohydrate-Active enZymes (CAZymes) are involved in carbohydrate metabolism,
which is responsible for the synthesis, degradation and recognition of carbohydrates
(Lombard et al., 2014). Carbohydrates from the plant host bind together and form
polysaccharides (e.g., cellulose, xylan, pectin) located within plant cell walls and can be
degraded by CAZymes, specific for a polysaccharide, upon pathogen entry (Goubet et
al., 2002, Lombard et al., 2014). These enzymes act to weaken the cell walls, not only to
promote fungal penetration and infection but also to make nutrients available for the
invading pathogen (An et al., 2005, Cantarel et al., 2009).

Several classes of CAZymes exist, i.e., glycoside transferases (GTs) forming glycosidic
bonds, glycoside hydrolases (GHs) for the hydrolysis of glycosidic bonds between
carbohydrates (Cantarel et al., 2009), polysaccharide lyases (PLs) for the degradation of
glycosaminoglycans and pectin (Yip & Withers, 2006, Cantarel et al., 2009),
carbohydrate esterases (CEs) for the catalysis of esters or amides (Biely, 2012) and
carbohydrate-binding modules (CBMs) for the degradation of insoluble polysaccharides
(Boraston et al., 2004). Together, these provide a repertoire of enzymes available to

pathogens to assist in fungal growth and survival.
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Genomic analyses revealed that the genome of F. graminearum encodes for 109
CAZymes (Brown et al., 2012, Albarouki et al., 2014, Heard et al., 2015). Of these,
CAZymes such as cellulases, xylanases and pectinases, are produced during the early
stages of wheat spike infection. The initial transcript abundance during symptomless
wheat spike infection was much lower compared to what was observed in symptomatic
wheat spikes. This low CAZyme transcript abundance was potentially due to the limited
availability of sugars. The increased CAZyme transcript abundance likely occurred when
the pathogen was exposed to nutrient deprivation (Brown et al., 2017). These enzymes
alter the cell wall components in infected tissue, releasing nutrients, and thus emphasise
that CAZymes are indeed required for successful host colonisation (Brown et al., 2010,
Brown et al., 2017).

Fungal necrotrophs possess more genes encoding for CAZymes compared to the gene
repertoire of saprophytic fungi (Liao et al., 2013) and biotrophs (Zhao et al., 2013). These
genic differences might be because necrotrophs require CAZymes, not only for virulence
on the host (Hoffmeister & Keller, 2007, Sperschneider et al., 2016), but also for cell
death (Sella et al., 2013). Another possible example of this occurrence has been
illustrated within F. graminearum during plant infection (Zhao et al., 2013). This study
specifically focussed on the expression of genes in the CEs, PLs and GHs CAZyme
classes. The authors found that most genes were up-regulated during plant infection. They
also found that some genes are only up-regulated during germination of spores with no
difference in expression during plant infection, indicating that these genes are more
critical for conidiation and germination. In contrast, some genes were down-regulated
during germination and up-regulated during plant infection, indicating that these genes

are not relevant during conidiation and germination.

Secondary metabolites

Most Fusarium species can synthesise secondary metabolites ranging in toxicity levels
and typically have a low molecular weight (Vinnig, 1990). These metabolites are organic
compounds that do not actively contribute to primary metabolism (e.g., pathogen growth)
but do, however, participate in the survival capability of a pathogen (Mylonakis et al.,
2007). The general function of secondary metabolites differs. They can promote the

attractiveness of the host plant towards animals for pollination or seed dispersal. In some
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cases, they promote defence mechanisms during plant-pathogen interactions by
contributing to pathogen virulence. These metabolites have been utilised in industrial
applications for the production of pigments, drugs and insecticides (Yim et al., 2007, Fox
& Howlett, 2008, Scharf et al., 2014).

Enzymes known to be involved in secondary metabolite synthesis include the non-
ribosomal peptide synthetases (NRPSs), polyketide synthases (PKSs), terpene synthases
(TSs; terpenes and indole terpenes) and a class “other” given to those that are a mixture
of the other classes whose identity can be confirmed by BLAST searches (Medema et al.,
2011, Weber et al., 2015). Some examples of secondary metabolites within each class are
known. For example, the non-ribosomal class is responsible for the synthesis of
sirodesmin, peramine and siderophores, whereas the polyketide class contains the
aflatoxins and fumonisins (Fox & Howlett, 2008). The T-2 toxin and deoxynivalenol are
examples of secondary metabolites within the terpene class, while the indole terpene class

contains paxilline and lolitrems (Fox & Howlett, 2008).

The genes encoding for the enzymes involved in the synthesis of a specific secondary
metabolite are typically clustered in fungi (Maplestone et al., 1992). The clustering of
genes holds some selective advantage over those genes not being clustered. Clustering of
genes promotes the co-regulation of a set of genes involved in a biosynthetic pathway
due to their response to a common transcription factor and the ability of such a gene set
to be co-inherited by either horizontal or vertical gene transfer (Osbourn, 2010).
Similarly, clustering of secondary metabolite gene clusters has been documented for a
variety of Fusarium species and other filamentous fungi (Sieber et al., 2014,

Hoogendoorn et al., 2018).

Genomic comparisons have revealed a range of secondary metabolites produced by the
genus Fusarium (Ma et al., 2013). Secondary metabolites are an essential component of
pathogenicity within this genus, as observed for F. graminearum as an example
(Nicholson et al., 2003, Bourdages et al., 2006, Nogueira et al., 2018). Mycotoxins form
the largest group of secondary metabolites produced by these pathogenic fungi (Nelson
et al., 1994, Desjardins, 2003). The toxicity of these secondary metabolites has proven to
impart a negative effect on humans and animals if consumed in significant amounts

(Nelson et al., 1994, Desjardins, 2003), while others can be used for pharmaceutical
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purposes instead of only inducing pathogenesis (Porter et al., 1990). Some examples of
secondary metabolites previously discovered to be synthesised by Fusarium species
include aflatoxins, fusaric acid, trichothecenes, fumonisins and zearalenones (Keller &
Hohn, 1997, Desjardins et al., 2000a, Yu & Keller, 2005, Summerell & Leslie, 2011).

Effectors

Effector proteins are known as small secretory proteins containing cysteine-rich regions
(Rep et al., 2004). These proteins selectively bind to proteins secreted by the host during
pathogen attack. They can also regulate the biological activity of host proteins by
increasing/decreasing enzyme activity, plant cell signalling or gene expression (Chisholm
et al., 2006, Jones & Dangl, 2006, Da Cunha et al., 2007, He et al., 2007, Tameling &
Takken, 2008, Zhou & Chai, 2008). These proteins are capable of entering host cells and
interfere with the host’s basal immune responses, resulting in successful fungal
colonisation (Jones & Dangl, 2006, Kamoun, 2006, Presti et al., 2015). These proteins
actively facilitate infection by the pathogen to derive nutrients from the host plant
(Bielska et al., 2014, Garnica et al., 2014). Those effectors recognised by the host’s
resistance proteins are referred to as avirulence proteins (Avr) (Buttner & Bonas, 2002),
from which some are expressed in vascular tissue or secreted in xylem (S1X), and target
cellular processes (e.g., signal transduction, transcription and vesical trafficking) (Da
Cunhaet al., 2007, He et al., 2007, Zhou & Chai, 2008).

Fusarium oxysporum f. sp. lycopersici is known for its release of effector/avirulence
genes (Avr) during the induction of vascular wilt in tomatoes (Armstrong & Armstrong,
1981, Huang & Lindhout, 1997, Di Pietro et al., 2003). This pathogen secretes proteins,
such as Avr3 and Avr2, in the host xylem during colonisation which is known to promote
virulence. The genes for these proteins are present in strains causing tomato wilt but
absent in the strains that are non-pathogenic on tomatoes. These genes are located on
chromosome 14 that is a known lineage-specific chromosome in F. oxysporum. Another
study was performed on the secretion of effector proteins by F. graminearum on wheat,
where the authors analysed the transcriptome of this fungus during symptomless and
symptomatic stages of infection (Brown et al., 2017). During investigations into the
progression of symptomless infection to symptomatic infection, there was an increase in

the number of effector proteins expressed. The increase in putative effector proteins may
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be due to the need to induce host cell death, hence the visible symptoms of the disease.
Thus, the arsenal of virulence factors encoded by plant pathogens is thought to be an

essential factor for successful host colonisation.

Effector proteins have vital roles in pathogenicity of various fungi in the FFSC, enabling
them to manipulate their host for successful colonisation (Brown et al., 2014, Li et al.,
2019). In F. proliferatum these proteins were found to be potentially involved in the
invasion of banana fruit, cell wall degradation, metabolic and biological processes, but
also likely enabled the fungus to respond to stress induced by the banana (Li et al., 2019).
In F. verticillioides, these proteins allowed the transition of the fungus from being a
saprophyte on maize stalks to grow as an endophyte or parasite within the plant (Brown
etal., 2014, Niu et al., 2015). These proteins have variable roles during different infection

stages.

Peptidases

Peptidases are essential enzymes that participate in peptide bond cleavage, resulting in
smaller proteins/polypeptides or single amino acids as yield (Hamin Neto et al., 2018).
These enzymes are essential for regulating physiological processes, such as fertilisation,
embryogenesis, cell signalling and immune responses, fungal morphogenesis and
metabolism (Ng et al., 2009, Yike, 2011). These hydrolytic enzymes have essential roles
in the turnover of proteins, as well as in the degradation of damaged, misfolded and
harmful proteins (Yike, 2011). Free amino acids are released upon the hydrolysis of
peptide bonds, driving the synthesis of new proteins. These enzymes exert minor
proteolysis at highly specific sites for the post-translational modification of proteins and
also enable enzymes to mature and participate in protein assembly and subcellular
targeting (Schaller, 2004).

In Candida albicans, peptidases seem to play a role in pathogenicity upon colonisation
and disease progression (Naglik et al., 2003, Schaller et al., 2005, Pietrella et al., 2010).
The presence of these enzymes promotes the invasion of host tissue, releasing nutrients
utilised for fungal growth and alters the host immune responses. Peptidases in
Conidiobolus coronatus promotes morphogenesis, germination and the release of conidia

for the dispersal of this asexual fungus (Phadatare et al., 1992, Reichard et al., 2000,
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Papagianni & Moo-Young, 2002). Furthermore, the inactivation of fungal peptidases by
plant hosts results in a deviation in the germination and growth patterns of fungi
(Dunaevskii et al., 2005), pointing to the crucial role of peptidases in the development,
adaptation and survival of pathogens.

The synthesis of peptidases in Fusarium is not uncommon (Lanubile et al., 2014, Lowe
etal., 2015, Sharmaet al., 2016). The transcriptome of F. oxysporum f. sp. ciceris contain
a vast arsenal of genes encoding for several factors, including peptidases, which are up-
regulated at a later stage of host infection to enhance pathogenicity (Sharma et al., 2016).
Fusarium graminearum secrete peptidases for the breakdown of the structural component
of the plant cell wall and the acquisition of nutrients (Lowe et al., 2015). Several
peptidases were expressed in F. verticillioides during the colonisation of maize, which

emphasises the role of these proteins during pathogen invasions (Lanubile et al., 2014).

COMPARTMENTALISATION OF FUNGAL GENOMES

Genome comparisons are entirely dependent on accurate genome assemblies and
annotations that improve the understanding of gene functions. In the post-genomics era,
comparative genomics is a fundamental part of determining the factors influencing
pathogenicity of a fungal species. The diverse underlying mechanisms of pathogenicity
can be explained by the genes involved in each fungal species (Ma et al., 2010), i.e., the
species-specific genes. The organisation of a genome can give valuable information in
terms of how genes involved in fungal pathogenicity are related across several fungal
species which will also enable downstream studies to determine how molecular diversity
and genetic transmission are mediated (Rep & Kistler, 2010). Information regarding the

differences in genomes can be improved as more genome sequence data become known.

The structure and organisation of a genome provide information such as the size of the
genome, the number of genes present within the genome and also the density of these
genes (Croll & McDonald, 2012, Ma et al., 2013). It was previously thought that more
complex pathogens require more genes and simple pathogens, fewer genes (Thomas,

1971, Petrov, 2001). This hypothesis was rejected since some simple pathogens have
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more genes than complex pathogens (Thomas, 1971, Shahin et al., 2012). Instead, the
size of the genome is dependent on the developmental and ecological need of the
pathogen. Genomes vary in size, not due to pathogen complexity, but rather due to the
organism’s need for adaptation to novel niches and natural selection (Petrov, 2001). Some
pathogens will thus require more proteins and enzymes encoded by genes to promote a
pathogenic lifestyle, where these genes may be silent/absent in those pathogens that do
not live this sophisticated lifestyle. Employing comparative genomics is, thus, essential
for understanding how host-pathogen interactions are mediated and also how different
pathogen species can adapt to specific niches (Waalwijk et al., 2017). Comparative
genomics could portray the presence or absence of genes in pathogens and enhance our

understanding of the different gene repertoires in different fungal species.

Traditional genome comparisons performed on Fusarium species revealed that these
fungal genomes could be divided into two compartments, known as the core and
accessory compartment (Croll & McDonald, 2012, Dong et al., 2015). These two
compartments differ from one another in terms of evolutionary rates, gene repertoire and
the levels of gene expression (Ma et al., 2013, Waalwijk et al., 2017). These
compartments consist of genes/regions that are common to all individuals of a species
(core) and those that are dispensable (or lineage-specific) or present in only some
individuals (accessory) (Stukenbrock & Croll, 2014). The core compartment consists of
core chromosomes/chromosomal regions containing all the housekeeping genes involved
in primary metabolism and which also evolve at slower rates due to the high gene density
in this region (Croll & McDonald, 2012, Raffaele & Kamoun, 2012).

Fusarium accessory genomes contain regions that may span one or more entire
chromosomes or may be restricted to specific regions of one or more chromosomes
(Coleman et al., 2009, Ma et al., 2010). These regions are subjected to horizontal
gene/chromosome transfer to other chromosomes or between individuals within a species
and are also known to have higher evolutionary rates as opposed to the genetic material
present in the core compartment (Croll & McDonald, 2012, Raffaele & Kamoun, 2012).
Some regions contain genes that participate in ecological niche exploitation, thus
contributing to host specialisation, pathogenicity and virulence. These regions may also

be lineage-specific, as observed in F. oxysporum, where it contributes to the evolution of
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these devastating pathogens (Hatta et al., 2002, Ma et al., 2010, Croll & McDonald, 2012,
Galazka & Freitag, 2014).

A comparative study between three species revealed that the genome of F. oxysporum f.
sp. lycopersici is 44% bigger than the genome of F. verticillioides and 65% bigger than
F. graminearum (Ma et al., 2010). A total of 9000 conserved syntenic orthologs were
present across all genomes that were enriched for transcription factors, hydrolytic
enzymes and transmembrane transporters. These 9000 conserved orthologs were
considered as the core genome of these three genomes. The remaining four out of 15
chromosomes of F. oxysporum that could not be mapped back to the genome of F.
verticillioides were considered as chromosomes in the accessory genome. These
chromosomes are often referred to as supernumerary chromosomes and are also well-
known for the presence of lineage-specific regions and the different transposons it
harbours (Huang et al., 2016).

Comparative genomics, therefore, reveals that core genomes between species share high
levels of synteny. The regions that are not conserved and unique to a species contain
different gene content in terms of the number of genes and repetitive sequences. These
non-conserved regions can also contain the lineage-specific regions as seen in Fusarium
species, such as F. oxysporum and F. solani. The genomic regions that are not well-
conserved are known to contain the genes participating in host-pathogen interactions
(Coleman et al., 2009, Ma et al., 2010).

CONCLUSIONS

Comparative genomic studies in Fusarium are advancing as more whole-genome
sequences become available and aids in the understanding of underlying mechanisms
contributing to biological traits, such as pathogenicity and host-specificity (Ma et al.,
2010, Gardiner et al., 2012). Currently, the available Fusarium genomes from the FFSC
include F. fujikuroi (Wiemann et al., 2013), F. temperatum (Wingfield et al., 2015b), F.
verticillioides (Ma et al., 2010), F. mangiferae (Wiemann et al., 2013), F. circinatum
(Wingfield et al., 2012), F. nygamai (Wingfield et al., 2015a), F. agapanthi (Edwards et
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al., 2016), F. proliferatum (Niehaus et al., 2016), F. pininemorale (Wingfield et al.,
2017), F. fracticaudum (Wingfield et al., 2018a) and F. udum (Srivastava et al., 2018),

with some species having numerous strains sequenced.

By using the genomes available, in-depth studies can be performed on the structure,
function and regulation of the genes involved in host-specificity and pathogenicity in
existing and new fungal genomes by performing comparative analyses. The effect of
repetitive sequences on genome size and function can be investigated, along with the
occurrence of pseudogenes, segmental duplications, tandem repeats and transposable
elements. The factors contributing to the virulence of Fusarium species, such as the cell
wall degrading enzymes (CAZymes), secondary metabolites, effector proteins and
peptidases synthesized can be identified. The arsenal of these genes within a genome can

be compared with genomes of pathogenic and non-pathogenic fungi.

The objective of the research in this dissertation is to identify genes and processes
involved in host-specificity between two groups of Fusarium species within the
American clade of the FFSC. The research aims to understand the contribution of these
genes towards the biology of these two assemblages of species based on their respective
hosts. The dissertation will also interrogate the ancestral origin and divergence of these
genes, as well as their genomic location. Identification of these genes will infer an
understanding of the molecular mechanisms of the processes involved in host-specificity
within these selected Fusarium species, providing vital information on the biology of
these economically important fungi. The provision of data retrieved from this study will

be available for future use in comparative genomics.
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Table 1. The three different clades in the Fusarium fujikuroi species complex (FFSC)

and the Fusarium species belonging to these clades (O'Donnell et al., 1998, Kvas et al.,

2009, Herron et al., 2015).

African clade

American clade Asian clade

Fusarium acutatum

Fusarium agapanthi Fusarium annulatum

Fusarium brevicatenulatum

Fusarium ananatum Fusarium concentricum

Fusarium denticulatum

Fusarium anthophilum Fusarium fractiflexum

Fusarium dlamini

Fusarium bactridioides Fusarium fujikuroi

Fusarium lactis

Fusarium begoniae Fusarium fractiflexum

Fusarium napiforme

Fusarium bulbicola Fusarium globosum

Fusarium nygamai

Fusarium circinatum Fusarium mangiferae

Fusarium phyllophilum

Fusarium fracticaudum Fusarium neoceras

Fusarium pseudoanthophilum

Fusarium guttiforme Fusarium proliferatum

Fusarium pseudocircinatum

Fusarium konzum Fusarium sacchari

Fusarium pseudonygamai

Fusarium marasasianum

Fusarium ramigenum

Fusarium mexicanum

Fusarium thapsinum

Fusarium parvisorum

Fusarium udum

Fusarium pininemorale

Fusarium verticillioides

Fusarium sororula

Fusarium xylarioides

Fusarium sterilihyphosum

Fusarium subglutinans

Fusarium succisae

Fusarium temperatum

Fusarium tupiense

Fusarium werrikimbe
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Table 2. Some genome features and statistics of Fusarium species discussed in this study.

] ) Chromosome Genome size  Repetitive element Transposable Secondary metabolite ~CAZymes?,
Fusarium species ) ] References
count (Mb) content, % element content, %  biosynthetic genes, % %
F. circinatum 12 42.5 5.81 2.94 0.30* 4.40 Unpublished data
F. fracticaudum 12 46.3 3.39 251 0.37* 4.63 Unpublished data
. ] Wiemann et al. (2013),
F. fujikuroi 12 48.3 4.08 2.2 0.30 4.57
Bashyal et al. (2017)
] Ma et al. (2012),
F. graminearum 4 36.4 131 0.33 0.31 4.26 ]
Wiemann et al. (2013)
_ Wiemann et al. (2013),
F. mangiferae 11 45.6 1.35 0.54 0.30 471 ]
Niehaus et al. (2016)
Ma et al. (2012),
F. oxysporum 15 61.4 21.24 4,76 0.13 3.77 ]
Wiemann et al. (2013)
F. pininemorale 12 47.8 8.80 3.16 0.31* 4.56 Unpublished data
F. solani (Nectria Coleman et al. (2009),
17 51.3 5.85 1.64 0.17 4.88 )
haematococca) Wiemann et al. (2013)
F. temperatum 12 45.5 8.45 2.01 0.31* 4.46 Unpublished data
L Ma et al. (2012),
F. verticillioides 11 41.8 1.28 0.47 0.20 3.96

Wiemann et al. (2013)

*Secondary metabolite biosynthetic genes identified with antiSMASH (https://fungismash.secondarymetabolites.org/).
1CAZymes were identified with doCAN2 (http://bch.unl.edu/doCAN2/blast.php).
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FIGURES

Figure 1. Phylogenetic relationship of closely related Fusarium species within the

Fusarium fujikuroi species complex (FFSC).

63



F. subglutinans NRRL 22016
F. temperatum CMW 40964
100 Scircinatum FSP34 %
F. pininemorale CMW 25243%
F. fracticaudum CMW 25245% -

F. konzum NRRL 11616
F. succisae

ape|d uedLIBWY

F. anthophilum

88 F. werrikimbe

J

F. verticillioides

99

F. thapsinum
%9 —I— F. nygamai
Ij F. xylarioides
100 F. udum

F. dlaminii _

ape|o uedlyy

F. saccharri 7

97 — F. mangiferae
99 F. proliferatum i
99 F. fujikuroi

F. oxysporum

9pe|d URISY

—
0.0050

Figure 1. Phylogenetic relationship of closely related Fusarium species within the Fusarium
fujikuroi species complex (FFSC). The Maximum Likelihood branch support was estimated
using bootstrap analyses based on 100 pseudoreplicates. The brown stars represent the pine-
associated Fusarium species, whereas the green stars represent the Poaceae-associates. Most
genome sequences were obtained from Herron et al. (2015) and supplemented with the
sequences of the six Fusarium genomes from Chapter 2 and 3. The elongation factor and p3-
tubulin regions of the respective genomes were aligned using MAFFT v. 7 (Katoh et al.,
2017). The evolutionary history was inferred by using the Maximum Likelihood method
based on the Tamura-Nei model (Tamura & Nei, 1993). Initial tree(s) for the heuristic search
were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of
pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach,
and then selecting the topology with superior log likelihood value. A discrete Gamma
distribution was used to model evolutionary rate differences among sites. The tree is drawn
to scale, with branch lengths measured in the number of substitutions per site. All positions
containing gaps and missing data were eliminated. Evolutionary analyses were conducted in

MEGA v. 7.0.26 (Kumar et al., 2016).
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CHAPTER 2:

Characterisation of host-specific genes from pine- and

Poaceae-associated Fusarium species of the FFSC




ABSTRACT

Species in the Fusarium fujikuroi species complex (FFSC) comprise some of the most
socio-economically important pathogens globally. Many of these fungi have genomic
sequence data available, with some even assembled to chromosome level. In this study,
we investigated the molecular basis of host-specificity by comparing the genomes of
species associated with Pinus species (i.e., F. circinatum FSP34, F. pininemorale CMW
25243 and F. fracticaudum CMW 25245) and members of Poaceae (i.e., F. temperatum
CMW 40964, F.subglutinans NRRL 22016 and F. konzum NRRL 11616). Genes
common and unique to the two sets of species were identified and subjected to functional
annotation. A total of 11 850 genes were shared amongst the six species, while 72 and 47
genes were unique to the respective sets of genomes. These two sets were enriched for
genes implicated in carbohydrate and protein metabolism. Phylogenetic analysis of the
unique genes suggested various evolutionary origins, indicating that they were acquired
over time from numerous sources. This study found that the frequency distribution of
unique genes differed significantly between telomeric and non-telomeric regions and that
some tended to cluster together or were located close to another cluster. An instance of
chromosome length polymorphism was found for chromosome 12. Chromosome 12 of
F. temperatum CMW 40964 was larger than that of F. circinatum FSP34 and possessed
more unique genes, which are potentially involved in niche-specificity amongst
Fusarium species associated with Poaceae. These findings demonstrate the different
molecular mechanisms employed by these Fusarium species to infect, inhabit and cause
disease on their respective plant hosts.
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INTRODUCTION

The genus Fusarium represents a diverse group of ascomycetes of significant importance
in industry and agriculture (Geiser et al., 2013). Species in this genus also represent
essential pathogens of humans (O'Donnell et al., 2004, Chang et al., 2006, Sutton &
Brandt, 2011), animals (Ortoneda et al., 2004) and insects (Coleman et al., 2011,
Navarro-Velasco et al., 2011). It is considered that the majority of these species are
known as destructive plant pathogens (Parry et al., 1995, Gordon et al., 1996, Desjardins
etal., 2000, Bottalico & Perrone, 2002, Herron et al., 2015, Armitage et al., 2018). These
pathogenic species affect the quality and quantity of agriculturally important crops,

resulting in significant issues regarding food security (Fisher et al., 2012).

Fusarium species associate with diverse plant hosts, ranging from gymnosperms through
to angiosperms, including many dicots, as well as monocots such as those in the grass
family Poaceae (O'Donnell et al., 1998, Steenkamp et al., 2002, Niehaus et al., 2017).
For example, F. circinatum is a pathogen of Pinus species and cause severe economic
losses, whereas F. fracticaudum and F. pininemorale can also colonise the tissues of these
gymnosperms, but without any apparent symptoms of a disease (Gordon et al., 1996,
Herron et al., 2015). Amongst the grasses, F. konzum colonises prairie grass as an
endophyte (Zeller et al., 2003), whereas F. subglutinans and F. temperatum colonise and
cause disease on maize (Desjardins et al., 2000, Desjardins et al., 2006). Furthermore, F.
circinatum can also colonises maize (Swett & Gordon, 2012, Swett & Gordon, 2015),
herbaceous plants (Hernandez-Escribano et al., 2018), as well as other conifers (Martin-

Garcia et al., 2018) as an endophyte.

The different underlying mechanisms of host-specificity and processes involved in the
host-pathogen interaction vary amongst fungi (Nirmala et al., 2007). Recent advances in
genomics have enhanced the discovery of and provided new insights into the molecular
and genomic basis of host-pathogen interactions (Abdullah et al., 2017). These insights
emerged from the study of the genomes of F. graminearum, F. verticillioides, F.
oxysporum and Nectria haematococca (F. solani) (Coleman et al., 2009, Ma et al., 2010,
Wiemann et al., 2013). These insights can vary widely from plants in the group

Gymnosperms.
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Genomic analyses showed that fungal genomes, including those of Fusarium, are divided
into a core and accessory compartment (Covert, 1998, Croll & McDonald, 2012). The
core compartment of Fusarium genomes contributes to host-specificity and pathogenicity
in a way which is different from the accessory compartment (Ma et al., 2010). Genes
within this compartment play a part in the primary metabolism, reproductive strategies
and fungal development that also enable these fungi to overcome host defence responses.
The synteny of the core compartment is conserved with regards to closely related species
and is rich in genes (Armitage et al., 2018). This genomic region is thought to drive the

longevity of these fungi to enhance the survival rate.

The accessory compartment contains genes that are non-essential for fungal growth and
development but encode for niche-associated traits, including pathogenicity and
virulence factors (Croll & McDonald, 2012). The accessory compartment is gene-poor,
and the synteny is non-conserved with regards to closely related species (Armitage et al.,
2018). Genomic comparisons have shown that the non-conserved regions tend to be more
variable in terms of the type and distribution of genes (Cuomo et al., 2007, Coleman et
al., 2009, Ma et al., 2010, Sperschneider et al., 2015, Van der Nest et al., 2019). These
genomic regions tend to harbour subtelomeric regions and supernumerary/accessory
chromosomes (Raffaele & Kamoun, 2012). Subtelomeric regions are often associated
with a break in synteny and have also been linked to genes promoting the adaptation and
survival of pathogens (Zhao et al., 2014). It is, therefore, speculated that these diverse

genomic regions drive pathogen adaptation and niche utilisation.

Comparative genomics promotes the understanding of how genome evolution affects
host-specificity and pathogenicity (Hardison, 2003, Wittenberg et al., 2009, Goodwin et
al., 2011). For example, comparative genomic analyses identified several factors that
have been implicated in evolutionary forces that shape the outcome of the host-pathogen
interaction (Chain et al., 2004, Akagi et al., 2009, Ma et al., 2010, Baumler & Fang,
2013). Selection is an integral part of this process and occurs when some traits within a
species are preferred above others. Genes that are not under selection become either
mutated or deleted and can change the ways pathogens adapt to different host
environments (Kisiela et al., 2012).
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An additional factor that can drive evolution in fungi is genomic gains or decay (Baumler
& Fang, 2013). Genomic gains can occur in numerous ways, such as horizontal gene
transfer as explained by Akagi et al. (2009) and the movement of accessory chromosomes
(Maetal., 2010). In contrast, genomic decay is due to gene deletions or gene inactivation
through point mutations (Chain et al., 2004). These gains or losses are also likely a
mechanism of fungal adaptation from one host to another as a result of genome
expansion. For example, the transfer of chromosomes between two genetically isolated
members of F. oxysporum, a strain pathogenic to tomato and one non-pathogenic strain,
demonstrated that chromosomal transfer from the pathogenic strain to the non-pathogenic
strain results in pathogenicity in the latter strain (Ma et al., 2010). The acquisition of

genes, therefore, may directly impact the evolution of fungal pathogens.

Chromosomal rearrangements are another evolutionary force driving genome evolution.
These rearrangements alter gene order and may also negatively affect growth rate,
chromosome symmetry and may induce replication-transcription conflicts (Hill & Gray,
1988, Rebollo et al., 1988, Campo et al., 2004). However, chromosomal rearrangements
can also have a positive effect on growth and survival, with the formation of novel genes
(e.g., secondary metabolite biosynthesis gene clusters) (Nierman et al., 2005, Chiara et
al., 2015, Waalwijk et al., 2017). When pathogens have to maximise growth for
adaptation and survival, evolutionary forces rearrange specific genes on specific
chromosomes to expose these genes to selection that may also be transferred to other

strains to infer virulence (Lawley et al., 2008, Van Dam et al., 2017).

The genus Fusarium consists of a range of monophyletic groups that are referred to as
species complexes (Geiser et al., 2013). The complex investigated in this study is the
Fusarium fujikuroi species complex (FFSC), which is characterised by high levels of
synteny amongst its species (Wiemann et al., 2013, De Vos et al., 2014). Also,
hybridisation is not unknown (Desjardins et al., 2000, Leslie et al., 2004, Scauflaire et
al., 2011), which is indicative of their shared ancestry. For example, two species that are
known to hybridise, F. circinatum and F. temperatum, are economically important plant
pathogens capable of inducing disease in their respective hosts, pine trees and maize,
respectively (Hepting & Roth, 1946, Scauflaire et al., 2011). This hybridisation led to the
hypothesis that these two species shared a common ancestor, and co-evolved with their

hosts (pine and maize), which have overlapping geographic ranges (Desjardins et al.,
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2000, Steenkamp et al., 2002). Differences in the genetic make-up between these two
potentially point to genes and processes involved in host-specificity obtained through

genomic gain, decay or chromosomal rearrangements.

Limited information is available on host-specificity within Fusarium. The economic
importance of Fusarium species emphasises the need for research focussing on the
mechanisms underlying their behaviour on different hosts. Fortunately, numerous
genomes of species within the FFSC are available (Ma et al., 2010, Wingfield et al., 2012,
Wiemann et al., 2013, Wingfield et al., 2015a, Wingfield et al., 2015b, Edwards et al.,
2016, Niehaus et al., 2016, Aylward et al., 2017, Wingfield et al., 2017, Srivastava et al.,
2018, Wingfield et al., 2018a). The overall goal of this study was to identify a set of genes
unique to Fusarium species associated with pine (F. circinatum, F. fracticaudum and F.
pininemorale) versus species associated with Poaceae (F. konzum, F. subglutinans and
F. temperatum). These genes were analysed and compared in terms of identity, gene
ontology terms, predicted pathways and processes, chromosomal location and potential
ancestral origin. Any information thus retrieved based on the genic structure of these
pathogens will contribute to the current understanding of the molecular basis of the

biology, diversity and evolution of these species.

MATERIALS AND METHODS

Genome sequences and annotation

The study included the genome sequence information for six Fusarium species, of which
three were associated with Pinus species and three with members of the Poaceae family.
The three associated with Pinus species included F. circinatum FSP34 isolated from P.
radiata (Gordon et al., 1996, De Vos et al., 2020, unpublished), F. fracticaudum CMW
25245 isolated from P. maximinoi (Herron et al., 2015, Wingfield et al., 2018a) and F.
pininemorale CMW 25243 isolated from P. tecunumanii (Herron et al., 2015, Wingfield
etal., 2017). The three that were associated with members of the Poaceae family included
F. konzum NRRL 11616 isolated from prairie grass (Zeller et al., 2003), F. subglutinans
NRRL 22016 isolated from maize (Desjardins et al., 2006) and F. temperatum CMW
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40964 isolated from teosinte (Desjardins et al., 2000, Wingfield et al., 2015b). The
Illumina Mi-Seq was performed with one 500 bp paired-end library for the sequencing
of the F. subglutinans NRRL 22016 and F. konzum NRRL 11616 genomes at Peoria
(Ilinois) (unpublished data, kindly provided by Robert H. Proctor).

The completeness of each genome assembly was evaluated through the Benchmarking
Universal Single-Copy Orthologs (BUSCO) tool v. 3.0.2. BUSCO considers the
evolutionarily-informed expectations of gene content from the single-copy orthologs
catalogue, OrthoDB v. 9, and using the Sordariomyceta database to identify all relevant
orthologs from the input genes (Waterhouse et al., 2017). Furthermore, using the
significant synteny found within the FFSC (Wiemann et al., 2013, De Vos et al., 2014),
scaffolds from the genomes of F. pininemorale (Wingfield et al., 2017) and F.
fracticaudum (Wingfield et al., 2018a) were compared against the genomes of F.
circinatum (Wingfield et al., 2018b), F. fujikuroi (Wiemann et al., 2013, Wingfield et
al., 2018a) and F. temperatum (Wingfield et al., 2015b), as these have been assembled
into chromosomes. The scaffolds were ordered and orientated into 12 contiguous
pseudomolecules [representing the core chromosomes (1-11) and the accessory
chromosome (12)], using the LASTZ plugin (Harris, 2007) of Geneious v. 7.0.4 (Kearse
etal., 2012). The genomes of F. subglutinans (733 contigs) and F. konzum (2 262 contigs)
were considered too fragmented to be assembled into pseudomolecules.

A representative (reference) genome was selected that was associated with either pine
trees or members of the Poaceae. The purpose of this was to achieve a detailed
comparison with two well-assembled genomes between Fusarium species colonising
different plant hosts. Fusarium circinatum FSP34 was chosen to represent the pine-
associates and F. temperatum CMW 40964 represented Poaceae-associates. The
abundance of the telomere-associated repeat sequence (TTAGGG/CCCTAA) (Garcia-
Pedrajas & Roncero, 1996, Fulneckova et al., 2013) was evaluated using a motif search
performed in CLC Genomics Workbench v. 11 (CLC bio, Aarhus, Denmark), to further
investigate the completeness of the two reference genomes (F. circinatum and F.
temperatum). For the motif search, a window size of 10 000 bp with 5 000 bp increments
was used. Only repeats with > 80% similarity to the telomere repeat were considered in

this analysis.
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The conservation of chromosome size was investigated for four genomes assembled into
pseudomolecules (F. circinatum, F. fracticaudum, F. pininemorale and F. temperatum).
Firstly, each chromosome size was evaluated in all four genomes to identify the biggest
chromosome per genome for all twelfth chromosomes. The biggest chromosome was
divided by each of the other chromosomes, from the same chromosome number, in order
to obtain the chromosome fold-difference between all twelfth chromosome from the four
genomes. A factor of 1.00 was obtained when the biggest chromosome was divided by
itself or if the factor obtained was more than 0.999 and rounded of to 1.00.

The MAKER pipeline v. 2.31.8 (Cantarel et al., 2008) was utilised for functional
annotations of all six genomes in order to identify protein-coding genes. Gene prediction
was performed in MAKER using SNAP (Korf, 2004), GeneMark ES (Ter-Hovhannisyan
et al., 2008) and AUGUSTUS (Hoff et al., 2019). As additional evidence, gene model
data from F. circinatum (Wingfield et al., 2018b), F. fujikuroi (Wiemann et al., 2013),
F. verticillioides and F. graminearum (Ma et al., 2010), as well as F. mangiferae and F.
proliferatum (Niehaus et al., 2017), were included. These isolates were selected due to
the availability of their genomic information on the NCBI public database

(https://www.ncbi.nlm.nih.gov/).

Identification and functional annotation of genes unique to pine- and Poaceae-

associated Fusarium species

The gene content of all six Fusarium genomes was evaluated to determine which genes
are shared amongst all six Fusarium species and which ones are unique to the species
associated with the two groups of plant hosts. For this purpose, OrthoFinder v. 2.3.1 was
implemented (Emms & Kelly, 2015). OrthoFinder identified the orthologous genes (gene
pairs descended from a single gene in the last common ancestor of two or more species)
present in all six Fusarium genomes by firstly identifying the orthogroups (groups of
genes descended from a single gene in the last common ancestor of a group of species)
upon built-in BLASTp searches. The genes present in all six genomes were labelled as
the “shared” genes, while those occurring only in the genomes of the pine-associates were
labelled as “unique” genes. Those occurring only in the genomes of Poaceae-associates

were also labelled as “unique”.
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Functional annotation was performed using the Blast2GO (Conesa & Gotz, 2008) plugin
for CLC Genomics Workbench v. 11 (CLC bio, Aarhus, Denmark). A two-tailed Fisher
exact test was implemented (P < 0.05) in Blast2GO (Conesa & G6tz, 2008) to detect the
gene ontology (GO) terms that were overrepresented in the unique genes set of both
Fusarium representatives, using the whole genome of each as reference. Expressed
Sequence Tag (EST) data for F. circinatum FSP34 from a previous study (Wingfield et
al., 2012) and RNA-seq data from a more recent study (Van Wyk et al., 2019) were
compared with the unique genes data set to identify which genes are expressed. All data

were analysed in CLC Genomics Workbench v. 11.

Phylogenetic origins of the unique genes

The two unigue gene sets were uploaded onto NCBI to perform BLASTp searches against
the non-redundant database using the online position-specific iterative (psi) BLAST tool
(Altschul et al., 1997). All highly divergent protein sequences were excluded by
considering only those sequences with at least 40% amino acid identity over 70% of the
query sequence length and that had E-values < 1 x 107 (Van Wyk et al., 2018). All the
sequences were aligned using the constraint-based alignment tool (COBALT)
(Papadopoulos & Agarwala, 2007) and the phylogenetic trees retrieved from COBALT
were implemented to determine the ancestral origins of the unique genes. The unique
genes with unclear ancestral origin were selected to manually construct phylogenetic
trees. To infer phylogenies, all sequences were aligned with MAFFT (Multiple sequence
Alignment based on Fast Fourier Transform) v. 7.0 with default settings (Katoh et al.,
2017). These alignments included the relevant Fusarium sequences, together with those
from other Ascomycota. MEGA v. 7.0.26 (Kumar et al., 2016) was used to draw initial
tree(s) for the heuristic search by applying Neighbor-Join and BioNJ algorithms to a
matrix of pairwise distances to estimate the best substitution model to use. The Maximum
Likelihood branch support was estimated using bootstrap analyses based on 100

pseudoreplicates. The phylogenetic trees were viewed and edited in MEGA.

Genomic distribution of the unique genes

The location and distribution of the unique genes were plotted across the 12 chromosomes
in each of the two reference genomes using KaryoploteR v. 3.9 (Gel & Serra, 2017).
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Differences in the distribution of genes in the different genomic regions were evaluated
with Chi-squared tests. These tests determine the frequency in which these genes differ
significantly (P < 0.05) between telomeric and non-telomeric regions, assuming that the
frequencies do not differ significantly as the null hypothesis. Telomeric regions were
determined to be 100 000 bp (Van Wyk et al., 2018) from each end of the assembled

pseudomolecules representing the chromosomes.

The synteny and conservation of the location of the different unique genes were studied
with SynChro which revealed the synteny breakpoints between the reference and query
genomes (Drillon et al., 2014). The input files for SynChro were the GFF files retrieved
from MAKER, followed by the identification of the Reciprocal Best-Hits (RBH) between
coding sequences to identify conserved and non-conserved syntenic blocks. The gene
density per chromosome was determined based on the input GFF files.

RESULTS

Genome sequences and annotation

The corresponding BUSCO value for each genome portrayed the general completeness
(97.3% for F. circinatum to 99.1% for F. pininemorale) of each of the six genomes
examined (Supplemental Table 1). The genome sizes and gene density were in a range
that was quite similar to one another (Table 1). The G+C content for these genomes varied
from 46% for F. pininemorale to 49% for F. konzum. Comparison of the four genomes
assembled into pseudomolecules (F. circinatum, F. fracticaudum, F. pininemorale and
F. temperatum) showed that chromosome sizes seemed to be conserved throughout
chromosomes 1-11 since they all did not differ by more than a factor of 1.00-1.10 (as
evidenced in Supplemental Table 2). In comparison, chromosome 12 showed extreme

chromosome length polymorphism (CLP) and differed by a factor of 2.08.

In the case of F. pininemorale, nine out of the 12 chromosomes were larger than similar
chromosomes of the other species, and therefore this species has the largest genome size

(Table 1). However, the genome of F. pininemorale has less protein-coding genes
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compared to that of F. fracticaudum and F. konzum. The relationship between gene
density and genome size was inversely proportional (Pearson product-moment
correlation coefficient; r = -0.84) (Supplemental Table 3) since the smallest genome (F.
konzum) had the largest gene density of 374.61 ORFs/Mb compared to the largest genome
(F. pininemorale) with the smallest gene density of 332.35 ORFs/Mb.

For the reference genomes, the telomeric cap was present in most of the chromosomes
(Table 2). Fusarium circinatum had seven chromosomes with telomeres at both
chromosomal ends and five with a telomere at only one of the two ends. Chromosome 2
from F. temperatum lacked a telomere region at both chromosomal ends. In contrast, two
chromosomes only had a telomere at one chromosomal end, and nine chromosomes had

telomeres at both ends.

Identification and functional annotation of genes unique to pine- and Poaceae-

associated Fusarium species

Data retrieved from OrthoFinder indicated that most genes (11 850 genes) were shared
between all six Fusarium species, which ranged from 72.7% of all genes for F.
fracticaudum to 76.4% of all genes for F. circinatum (Supplemental Table 4 and 5).
Furthermore, 72 and 47 genes were uniquely identified in the Fusarium species
associated with pine and members of Poaceae, respectively (Supplemental Table 6 and
7). Some of these unique genes were present in more than one copy. These were
represented by one multiple-copy gene in F. circinatum, represented by
FCIR_10_gene 25.58 and FCIR_10 _gene 25.59. In F. fracticaudum there were two
multiple-copy genes, with the first copy represented by FFRAC 10 gene 24.123 and
FFRAC 6 gene 42.88 and the second copy by FFRAC 10 gene 17.127 and
FFRAC 10 gene_17.128. Fusarium pininemorale had one multiple-copy gene
represented by FPIN_12_gene_2.12 and FPIN_12_gene_2.24, while the multiple-copy
genes in F. konzum were represented by FKON 2386 _gene 0.6, FKON_ 2837 gene 0.2,
and FKON_3361 gene _0.22. The two multicopy genes in F. subglutinans were
represented by FSUB 25 gene 2.21 and FSUB_37 gene 0.24 and by
FSUB_266 gene _0.11 and FSUB_309_gene_0.3. Interestingly, the multiple-copy genes
were present on the same chromosome, except for FFRAC_10 gene 24.123, which was

on chromosome 10, and the multiple-copy on chromosome 6. No inferences could be
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made regarding the chromosomal location of the multiple-copy genes of F. konzum and

F. subglutinans due to the fragmented condition of these assemblies.

Expression data for the unique genes of the pine pathogen, F. circinatum, were obtained
from previous studies (Wingfield et al., 2012, Van Wyk et al., 2019) (Supplemental Table
8). This data specifically focussed on the expression of F. circinatum genes during carbon
and nitrogen starvation versus expression on half-strength potato dextrose broth at room
temperature. A gene was considered expressed if it had an RPKM (Reads Per Kilobase
per Million mapped reads) value > 0.2, and having at least three unique gene reads
mapping to it (Wickramasinghe et al., 2012). The combined results indicated that 62 of
the 72 unique genes (86.11%) were transcribed under the described conditions (Wingfield
et al., 2012, Van Wyk et al., 2019). Overall, the results indicated that a vast majority of
the unique genes from the pine-associated Fusarium species are likely actively

transcribed and encode for a protein.

Most of the unique genes had Blast2GO descriptions available (Supplemental Table 9
and 10). In the two reference genomes, F. circinatum (Supplemental Table 9A) and F.
temperatum (Supplemental Table 10C), 11 (15.28%) and five genes (10.64%)
respectively, had no Blast2GO descriptions. Of the 11 genes in F. circinatum, six had no
BLAST hits in the non-redundant protein sequence database on NCBI, compared to three

of the five equivalent genes in F. temperatum.

The Blast2GO results for the unique genes of both host-associated sets of Fusarium
species were illustrated at level 4 GO terms for the two reference genomes (Supplemental
Figure 1A-F). The biological processes of the 72 unique genes were mostly involved in
the metabolism of macromolecules, organic cyclic compounds and cellular aromatic,
nitrogen and heterocyclic compounds (Supplemental Figure 1A). The molecular
functions associated with the 72 unique genes were predominantly involved in cation
binding activity (Supplemental Figure 1B). In contrast, most of the cellular components
of these genes were associated with the intrinsic component of the membrane
(Supplemental Figure 1C). Apart from the 11 genes with no Blast2GO data, 26 genes
(36.11%) were either hypothetical, predicted or uncharacterised proteins. The remaining
35 genes (48.61%) could be organised into seven groups each associated with different

functions and characterised as either virulence promoters, genes acting as a cytochrome
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P450, genes acting as transcriptional activators, genes being members of the major
facilitator superfamily (MFS) transporters, genes involved in fungal development, genes

involved in metabolic pathways and genes acting as hydrolases (Supplemental Table 9A).

The biological processes of the 47 unique genes associated with members of Poaceae
were mostly involved in transport and the biosynthesis of organic substances
(Supplemental Figure 1D). Anion binding, coenzyme binding and nucleoside phosphate-
binding were some of the significant molecular functions associated with the 47 unique
genes (Supplemental Figure 1E). In contrast, all the cellular components of these genes
were associated with the intrinsic component of the membrane (Supplemental Figure 1F).
Apart from the five genes with no Blast2GO data, 17 genes (36.17%) were either
hypothetical, predicted or uncharacterised proteins. The remaining 25 genes (53.19%)
could be organised into nine groups each associated with different functions and
characterised as either virulence promoters, genes acting as a cytochrome P450, genes
acting as transcriptional activators, genes being members of the major facilitator
superfamily (MFS) transporters, genes involved in fungal development, genes involved
in chemical reactions, genes involved in cell wall biosynthesis, genes involved in the

transfer of electrons and genes containing a HET-domain (Supplemental Table 10C).

The Fischer exact test showed the enrichment of GO terms within the unique gene set,
compared to the rest of each respective genome. In F. circinatum, five GO terms were
significantly (P < 0.05) underrepresented in comparison to the whole genome
(Supplemental Table 11A). In contrast, nine GO terms were enriched significantly (P <
0.05) in the F. temperatum genome (Supplemental Table 11B). Of genes associated with
these enriched GO terms within the unigque gene set, one gene had a biologically relevant
role (FTEMP_12 gene_4.36), namely glutamate metabolism, and four genes
(FTEMP_1_gene 58.115, FTEMP_7_gene 33.90, FTEMP_10 gene 4.59 and
FTEMP_12 gene 4.36) had essential molecular functions, such as glutamate
decarboxylase activity, steroid dehydrogenase activity and RNA-DNA hybrid
ribonuclease activity. Furthermore, one gene (FTEMP_7_gene_33.90) was influential in

cellular components, such as the microtubule and kinesin complex.
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Phylogenetic origins of the unique genes

The phylogenetic origins of all the unique genes have been divided into nine groups
(Table 3, Figure 1-8 for a representation of the first eight groups, Supplemental Figure
2A-1 for the proposed phylogenetic history of each gene). The origins of the unique genes
varied, but most belonged to groups 1, 4 and 9. Interestingly, group 8 was not represented
in F. circinatum but was overrepresented in F. temperatum (4.30x more), in comparison
to F. circinatum, and group 6 was overrepresented in F. circinatum (3.29x more), in

comparison to F. temperatum.

Genomic distribution of the unique genes

The Chi-squared tests determined whether the unique genes differed significantly (P <
0.05) in their distribution frequency between telomeric and non-telomeric regions for
both F. circinatum and F. temperatum, assuming that the frequencies do not differ
significantly as the null hypothesis. Results indicated that the frequency of occurrence of
the unique genes and their placement in telomeric regions differed significantly (P <
0.05, Supplemental Table 12). All the chromosomes of F. circinatum contained at least
one unique gene, compared to chromosome 2 and 11 from F. temperatum that lacked any
unique genes (Figure 9 and 10). The unique genes were located in areas that were neither
gene-poor nor gene-rich (Figure 9 and 10). From the conservation of synteny (Figure 9
and 10) it was also apparent that for both F. circinatum and F. temperatum, in comparison
to their respective genomes, inversions were frequently found in similar positions on the
chromosomes and seemed to be closer to the telomeric regions. Chromosome 8 of both
reference genomes had more inversions than the other chromosomes, and the CLP of
chromosome 12 observed between F. circinatum and F. temperatum was portrayed in
Figure 9 and 10.

The unique gene density per chromosome revealed some differences between the
chromosomes for both F. circinatum and F. temperatum (Supplemental Table 13). Most
chromosomes, except for chromosome 5, 10 and 12, had higher unique gene densities
when the two assemblies were compared. Most chromosomes also had similar densities
of unique genes, ranging from 1.0x (chromosome 4) — 1.97x (chromosome 7). Some
differences appeared in the gene density (more than two-fold) of chromosome 9 and 12,
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where F. circinatum contained more than F. temperatum, and vice versa, for these two
chromosomes. Lastly, a major difference (more than seven-fold) occurred on
chromosome 3 and 6, where F. circinatum contained more unique genes compared to the
same chromosomes in F. temperatum. Chromosome 6 of F. circinatum did not have a
telomeric cap at the “end” portion. It is also worth noting that chromosome 12 in F.
temperatum contained much more unique genes compared to the same chromosome in

F. circinatum.

Figure 11 and 12 illustrates that unique genes can cluster together, or be located in close
proximity to one another, and either share the same ancestral origin or differ in their
origins. This was the case for 44 of 72 (61.11%) unique genes from F. circinatum, and
17 of 47 (36.17%) unique genes from F. temperatum. Figure 11A shows that two unique
genes (FCIR_6_gene_2.2 and FCIR_6_gene_2.142) are located next to each other, both
having ancestral origins from group 3 (Table 3). Unique genes FCIR_6_gene_2.26 and
FCIR_6_gene_2.131 were located next to each other close to the other two unique genes
but had different ancestral origins, group 5 and 6, respectively. A similar trend was
observed in Figure 11B and Figure 12B. Figure 12A is almost similar to 11A, except that
FTEMP_10 gene 5.23 and FTEMP_10 gene_5.111 are located directly next to each
other with origins from group 1, while FTEMP_10_gene_4.59 is nearby these two genes
and also share an origin from group 1.

Investigations into the percentage of syntenous genes in the genomic location around
each unique gene (this includes the unique gene, along with five genes upstream and
downstream), shared by F. circinatum towards F. temperatum, and vice versa, indicated
that these genomic locations in the pine- and Poaceae-associates, were normally
distributed (Shapiro-Wilk’s test for departure from normality; P > 0.05; W =0.95 and P
> 0.05; W = 0.86, respectively) (Figure 13, Supplemental Table 14 and 15). Here, the

clusters displaying 5 out of 11 genes shared have been severely depleted.
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DISCUSSION

Access to genomic data has enabled whole-genome comparisons, particularly focussing
on in silico investigations into host-specificity (Chiara et al., 2015, King et al., 2015,
Maphosa et al., 2016, Bashyal et al., 2017). With this study, we were able to examine
host-specificity for two assemblages of Fusarium species within the FFSC, i.e., those
associated with pines and Poaceae, respectively. We identified two groups of genes
unique to each of the two different groups of hosts. These genes differed between the two
host groups in terms of identity and processes they are involved in. They also showed
differences in their ancestral origins. Therefore, the processes that were involved in the
adaptation of these two groups of Fusarium species to these two hosts (pine and Poaceae),
likely involved different means of evolutionary acquisition. Genomic locations and
distributions of these unique genes showed that they tended to cluster in telomeric
regions, and they often also clustered together or close to each other. However, these two
sets of unique genes could be grouped into functionally related genes, indicative of

related processes that these genes are involved in.

The two sets of unique genes were identified and characterised, with 72 and 47 unique
genes for the pine- and Poaceae-associated Fusarium species found. Investigations into
the enrichment of GO terms indicated that glutamate decarboxylase activity, steroid
dehydrogenase activity and RNA-DNA hybrid ribonuclease activity were representatives
of these in F. temperatum indicative of the potential importance of these genes in the
interaction between Fusarium and members of Poaceae. The presence of glutamate
decarboxylase is known to play a role in fungal development during conidiation and
germination and plays a role in oxidative stress tolerance in yeast (Christensen & Schmit,
1980, Coleman et al., 2001). Steroid dehydrogenase is involved in the synthesis of active
steroids, such as androgens and estrogens, where these steroids lead to increased
virulence in bacteria (Garcia-Gomez et al., 2013). The enzyme RNA-DNA hybrid
ribonuclease plays a role in bacteria by promoting cold growth, expression of virulence
genes and acute infection (Cerritelli & Crouch, 1995, Lawal et al., 2011). It has also been
shown that F. temperatum CMW 40964 grows significantly faster at lower temperatures
(10°C) than F. circinatum FSP34 (De Vos et al., 2011). The presence of these enzymatic

activities in other pathogens, such as the Fusarium species in this study, suggests that a
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similar response could be expected in Fusarium species associated with members of

Poaceae.

The identity of the unique genes itself could mostly be grouped as virulence factors, genes
acting as a cytochrome P450 (CYP), genes acting as transcriptional activators, genes that
are members of the major facilitator superfamily (MFS) transporters and genes involved
in fungal development. Furthermore, F. temperatum had unique genes containing a
heterokaryon incompatibility (HET)-domain, which was absent from F. circinatum.
Virulence factors are molecules whose function is directly linked to damage and are
produced by a range of pathogenic organisms, such as viruses, bacteria, parasites
and fungi (Brunke et al., 2016). These molecules enable pathogens to colonise a specific
niche by promoting attachment to host cells, evade host immunity, produce toxic
compounds for robustness, stress resistance and inflammation (Rhodes, 1988, Brunke et
al., 2016). These activities allow pathogen growth in the host upon nutrient acquisition
and to perform pathogen morphological transition in the host to survive during different
life-cycle phases. Additionally, fungal CYPs contribute to the developmental processes
and pathogenesis of fungi (Fan et al., 2013, Shin et al., 2017). CYP genes are involved
in the production of secondary metabolites to enable fungi to outcompete other pathogens
localised in the same ecological niche. This competition between fungi, other pathogens
and the respective host are mediated upon the secretion of toxins that promote virulence
factors during the host-pathogen interaction (Fu & Viraraghavan, 2001, Casadevall,
2007, Evelin et al., 2009, Gao et al., 2010).

Transcriptional activators are transcription factors that increase the expression of genes.
These are wide-ranging, including effector proteins (Heimel et al., 2010, IpCho et al.,
2010, Wahl et al., 2010, Zahiri et al., 2010, Soyer et al., 2015), other genes involved in
plant-pathogen interactions, such as those genes encoding for cutinases, lipases and
cellulases (Coradetti et al., 2012, Van der Does et al., 2016), and are even known to
regulate a morphological switch between different lifestyles, which allows fungi to
switch from being saprophytes to pathogens (Cain et al., 2012). Furthermore, the major
facilitator superfamily (MFS) is the largest of secondary transporters and includes
members that function as uniporters, symporters or antiporters. Some MFS proteins in
fungi are known for the role they play in resistance to natural toxic compounds and
fungicides (Alexander et al., 1999, Prasad & Kapoor, 2005, Roohparvar et al., 2007) and
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also to virulence (Pitkin et al., 1996, Callahan et al., 1999, Coleman & Mylonakis,
2009). Also, MFS proteins isolated from Penicillium funiculosum seem to be involved in

acid resistance and intracellular pH homeostasis (Xu et al., 2014).

Finally, genes with a HET-domain create a system for self/nonself recognition. This
system allows for the prevention of heterokaryon formation between dissimilar
individuals to restrict the horizontal transfer of cytoplasmic infectious elements (Saupe,
2000). These domains are also linked to programmed cell death in eukaryotes where it
can be extremely beneficial to infected fungal cells, as a result of host defence responses,
to prevent the spread of the infection to surrounding tissue (Gilchrist, 1998, Greenberg &
Yao, 2004, Huckelhoven, 2007). The absence of HET-domains in pine-associated unique
genes emphasises the different host defence responses between pines and members of
Poaceae. It also emphasises the evolutionary changes Poaceae-associated Fusarium
species had to undergo in order to acquire these genes to be successful colonisers of
members of Poaceae. The presence of these groups of genes is indicative of the role in
the survival and adaptation of these Fusarium species, likely providing a competitive

advantage as well as providing a protective advantage against the host defence responses.

When examining the potential ancestral origins of the unique genes, most shared an
evolutionary trajectory similar to the Fusarium species harbouring them. A few genes
appear to have emerged from duplications of existing genes within the FFSC, or some
facet of the Fusarium clade. Various genes had diverse and non-orthologous origins, such
as other ascomycetous species, with others currently having no clear ancestral origin. It
can be suggested that the evolution of these two unique gene sets involved multiple
acquisitions of genes, possibly utilising horizontal gene transfer, from sources outside of
the FFSC. Furthermore, it also appears as if some unique genes cluster together and have
diverse ancestral origins, suggesting that certain genomic regions are more likely to
harbour the acquisition of these unique genes. Some genomic regions are known for being
“hotspots™ for niche- or host-specific genes, such as subtelomeric regions. Virulence
genes involved in host-specificity in F. graminearum (Galagan et al., 2005, Perrin et al.,
2007, Zhao et al., 2014) and F. fujikuroi (Wiemann et al., 2013) have been detected to
be located in subtelomeric regions. Furthermore, unique genes potentially involved in
growth in F. circinatum (species-specific genes), were located in the subtelomeric region

(Van Wyk et al., 2019). In this study, some of the unique genes are significantly located
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towards the chromosomal ends and are likely located within the subtelomeric regions.
This suggests that these subtelomeric regions possessing unique genes involved areas
where the frequent break in genic synteny is often indicative of “hotspots” for niche- and
host-specific genes. These regions allowed the gain of new gene functions which could

enable fungal colonisation on their respective hosts.

The variability of the two reference genomes was most evident when comparisons of
inversions were investigated. More inversions were closer to the ends of chromosomes.
This was known from other literature (Zhao et al., 2014, Van Dam et al., 2017, King et
al., 2018). Also, chromosome 8 was the most variable, in comparison to the other core
chromosomes (1-11). Chromosome 8 is also known to possess a sizable reciprocal
translocation with chromosome 11 within species of the American clade of the FFSC (De
Vos et al., 2014, Wingfield et al., 2015b, Wingfield et al., 2017, Wingfield et al., 2018a,
Wingfield et al., 2018b). This suggests that this chromosome has a larger predisposition
to chromosomal architectural changes.

The importance of chromosome 12 in possessing unique genes poses an interesting
question. This chromosome is thought to be a dispensable chromosome within the FFSC
(Xu et al., 1995, Jurgenson et al., 2002, Ma et al., 2010, Van der Nest et al., 2014) and
can be strain-specific in members of the F. fujikuroi complex (Wiemann et al., 2013, Van
der Nest et al., 2014). In F. oxysporum f. sp. lycopersici it is known that dispensable
chromosomes impart pathogenicity to the strains possessing them, and being enriched in,
amongst others, genes involved in virulence and transcription factors which contribute to
niche-specificity in these species (Han et al., 2001, Coleman et al., 2009, Ma et al., 2010).
Chromosome 12 is not essential for pathogenicity (Wiemann et al., 2013, Van der Nest
et al., 2014, Slinski et al., 2016) and the role of this chromosome in niche-specificity is
unknown. However, what is clear is that the larger chromosome 12 of F. temperatum
possessed more unique genes potentially involved in niche-specificity amongst Fusarium
species that are associated with Poaceae, which implies that the CLP between F.
circinatum and F. temperatum accounts for the addition of unique genes. Furthermore,
chromosome 12 harbours more unique genes than the core chromosomes. Taken together,
this suggests that the variability of chromosome 12 contributes to genes involved in

niche-specificity.
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CONCLUSIONS

This study has provided new insights into the host-specificity of agriculturally important
Fusarium species. Comparative genomics was utilised with near-complete and high-
quality genomes. This allowed for the understanding of the different relationships
employed by a host and a pathogen during their interaction. From this, a group of genes
were identified and characterised with regards to their potential roles in host-specificity.
In this study, two different gene sets were identified, one unique to pine-associated
Fusarium species, and another to Poaceae-associated Fusarium species. These genes are
hypothesised to play a role in niche-specificity between these two different groups. These
genes differed in function, products and processes as they are involved in fungal
adaptation and survival. The ancestral origins of these genes showed to have polyphyletic
origins with some possibly acquired through horizontal gene transfer from sources
outside the FFSC.

The CLP of chromosome 12 between the four Fusarium species assembled to
chromosomal level, in comparison to the core chromosomes, suggest that this
chromosome is rapidly evolving. Chromosome 12 may or may not directly or indirectly
contribute to pathogenicity. It is likely that the smallest chromosomes of Fusarium
species from the FFSC forms part of the accessory genome and serve as an adaptive
region of the genome where new genes can rapidly evolve to promote, amongst others,
host-specificity. Since previous studies show that chromosome 12 is not involved in
virulence, the presence of this chromosome likely contributes to niche-specificity
in Fusarium species associated with members of Poaceae, specifically the part of the
chromosome displaying the length polymorphism. In particular, chromosome 12 from F.
circinatum is much smaller in comparison to F. temperatum, and the synteny corresponds
to the internal portion of F. temperatum of chromosome 12. The synteny would imply
that the extension in the distal and proximal ends of the chromosome in F. temperatum
has driven the formation of novel genes, particularly the niche-specific genes of this
study. The presence of unique genes and the length polymorphism on F. temperatum

chromosome 12 might be a recent evolutionary event, in comparison to F. circinatum.
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This study discovered that the frequency of genes potentially involved in host-specificity,
niche-specificity or virulence differ significantly between telomeric and non-telomeric
regions. Future work from this dissertation may include the studying of the functional
relevance of the unique genes and their gene products associated with Fusarium species
colonising pines and members of Poaceae. Furthermore, investigations into the
expression of these genes in these two hosts and at different time points would allow for
better quantification of how the pathogen interacts with its host, using the unique genes
identified in this study.
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Table 1. Genome statistics for the Fusarium genomes examined in this study.

Number of ) ) )
) ) Genome Number of ) Gene density Genes with coding GC content
Fusarium species’? _ orientated
size (bp) scaffolds (ORFs/Mb) sequences® (%)
chromosomes

F. circinatum FSP34 (CMW 51752) 45018 643 49 12 344.50 15 509 47
F. fracticaudum CMW 25245 46 252 763 50 12 352.28 16 294 48
F. pininemorale CMW 25243 47 778 485 153 12 332.35 15 879 46
F. konzum NRRL 11616 43 487 959 2 262 N/A 374.49 16 286 49
F. subglutinans NRRL 22016 44190 517 733 N/A 356.23 15742 48
F. temperatum CMW 40964 45 458 781 43 12 341.67 15532 47

LICMW: Culture collection of the Forestry and Agricultural Biotechnology Institute (FABI), University of Pretoria.
2NRRL: Northern Regional Research Laboratory, United States Department of Agricultures (USDA), Illinois.
3As determined using MAKER v. 2.31.8 (Cantarel et al., 2008).
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Table 2. Presence of telomeres at chromosomal ends for the two representative Fusarium

species examined.

Chromosome number F. circinatum FSP34 F. temperatum CMW 40964

B! E2 B! E2
1 v X v v
2 X v X X
3 v v v v
4 v v v v
5 X v v X

v X v v
7 v v v v
8 v X v X
9 v v v v
10 v v v v
11 v v v v
12 v v v v

!Beginning of chromosome.
2End of chromosome.
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Table 3. The number of unique Fusarium genes associated with pine and members of the Poaceae, belonging to each proposed group based on

the most probable phylogenetic origin of the respective genes.

L o F. circinatum F. temperatum
Group no. Classification based on ancestral origin*
FSP34 CMW 40964
1 Emerged within the FFSC and were retained only in certain of its lineages 18 (25.0%) 13 (27.7%)
5 Emerged dye to a duplication in the FFSC but retained/acquired only in a few 3 (4.2%) 5 (10.6%)
FFSC species
3 Originated in the FOSC 5 (6.9%) 1(2.1%)
4 Orlg_lnated within the broader FFSC+FOSC clade but only retained in certain 15 (20.8%) 14 (29.8%)
species
5 Orlgln_ated in the Fusarium F2 clade but retained/acquired only in certain 5 (6.9%) 1(2.1%)
Fusarium species
6 Originated in Fusarium F3 clade that excludes F. solani (Nectria haematococca) 4 (5.6%) 3 (6.4%)
7 Ascomycetous origin outside the Fusarium F2 clade 7 (9.7%) 2 (4.3%)
8 Emgrged due_to a dupll_catlon in the b_roader Fusarium F2 clade but 0 (0.0%) 2 (4.3%)
retained/acquired only in certain species complexes
9 No significant hits based on blast searches against the NCBI database 15 (20.8%) 6 (12.8%)
Total genes 72 47

*FFSC = Fusarium fujikuroi species complex.
FOSC = Fusarium oxysporum species complex.
F2 and F3 clade = Refer to article by Geiser et al. (2013).
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FIGURES

Figure 1. A representative phylogenetic tree from the group 1 ancestral origin
classification system (unique gene investigated is highlighted in yellow; FCIR =

Fusarium circinatum).

Figure 2. A representative phylogenetic tree from the group 2 ancestral origin
classification system (unique gene investigated is highlighted in yellow; FCIR =

Fusarium circinatum).

Figure 3. A representative phylogenetic tree from the group 3 ancestral origin
classification system (unique gene investigated is highlighted in yellow; FCIR =

Fusarium circinatum).

Figure 4. A representative phylogenetic tree from the group 4 ancestral origin
classification system (unique gene investigated is highlighted in yellow; FCIR =

Fusarium circinatum).

Figure 5. A representative phylogenetic tree from the group 5 ancestral origin
classification system (unique gene investigated is highlighted in yellow; FCIR =

Fusarium circinatum).

Figure 6. A representative phylogenetic tree from the group 6 ancestral origin
classification system (unique gene investigated is highlighted in yellow; FCIR =

Fusarium circinatum).

Figure 7. A representative phylogenetic tree from the group 7 ancestral origin
classification system (unique gene investigated is highlighted in yellow; FCIR =

Fusarium circinatum).
Figure 8. A representative phylogenetic tree from the group 8 ancestral origin
classification system (unique gene investigated is highlighted in yellow; FTEMP =

Fusarium temperatum).
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Figure 9. Pine-associated unique genes distribution across each of the chromosomes as
indicated by the blue lines. The conservation of synteny and inversion between the
relevant genomes are indicated in the brown blocks and red lines. FCIR = Fusarium

circinatum.

Figure 10. Poaceae-associated unique genes distribution across each of the chromosomes
as indicated by the blue lines. The conservation of synteny and inversion between the
relevant genomes are indicated in the brown blocks and red lines. FTEMP = Fusarium

temperatum.

Figure 11. Integration of SynChro and phylogenetic results of the pine-associated genes

clustering together or those in close proximity to each other.

Figure 12. Integration of SynChro and phylogenetic results of the Poaceae-associated

genes clustering together or those in close proximity to each other.
Figure 13. Data retrieved from the Shapiro-Wilk’s test for departure from normality for

the unique genes of the pine- and Poaceae-associated Fusarium species, represented by

F. circinatum FSP34 and F. temperatum CMW 40964, respectively.
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g XP_018133011.1 hypothetical protein VEOL_01744 Pseudogymnoascus verrucosus
OBT58329.1 hypothetical protein VE04_00759 partial Pseudogymnoascus sp. 24MN13
KFZ07340.1 hypothetical protein \/501_06550 Pseudogymnoascus sp. VKM F-4519 (FW-2642)
OBT45201.1 hypothetical protein VE0O_04347 Pseudogymnoascus sp. WSF 3629
OBT90675.1 hypothetical protein VE02_00577 Pseudogymnoascussp. 03VT05

OBT77085.1 hypothetical protein VF21_02892 Pseudogymnoascus sp. 0SNY08

KFY68123.1 hypothetical protein V496_01283 Pseudogymnoascus sp. VKM F-4515 (FW-2607)
KFZ11328.1 hypothetical protein V/502_07607 Pseudogymnoascus sp. VKM F-4520 (FW-2644)

KFY84250.1 hypothetical protein \/500_09464 Pseudogymnoascus sp. VKM F-4518 (FW-2643)
OBT63568.1 hypothetical protein VEO3_07045 Pseudogymnoascus sp. 23342-1-11
TVY81758.1 Short-chain dehydrogenaselreductase tropG Lachnellula suecica
XP_018066244.1 NAD(P)-binding protein Phialocephala scopiformis
KAEB451117.1 hypothetical protein EG329_004789 Venturia inaequalis
CZR53420.1 related to short-chain dehydrogenasereductase family protein putative Phialocephala subalpina
100 — RDW58459.1 hypothetical protein BP5796_12389 Coleophoma crateriformis
H RDWS57464.1 hypothetical protein BP6252_13802 Coleophoma cylindrospora
TAQB3721.1 hypothetical protein B7494_g7954 Chlorociboria aeruginascens
RDL42513.1 Uncharacterized protein BP5553_02492 Venustampulla echinocandica

KFY10662.1 hypothetical protein V491_07541 Pseudogymnoascus sp. VKM F-3775
KFY32794.1 hypothetical protein V495_08730 Pseudogymnoascus sp. VKM F-4514 (FW-929)
KFX93393.1 hypothetical protein 0988_06843 Pseudogymnoascus sp. VKM F-3808
76 L KFX96911.1 hypothetical protein V490_03069 Pseudogymnoascus sp. VKM F-3557

Lachnellula

TVY33331.1 Short-chain
TVY15578.1 Short-chain dehydrogenaselreductase tropG Lachnellula arida

TVY46879.1 Short-chain dehydrogenase/reductase tropG Lachnellula cervina
PMD42689.1 NAD(P)-binding protein Hyaloscypha variabilis
XP_018658224.1 hypothetical protein TGAMO1_v204276 Trichoderma gamsii
XP_013940231.1 hypothetical protein TRIATDRAFT_287386 Trichoderma atroviride IMI 206040
XP_024762102.1 hypothetical protein M441DRAFT_137814 Trichoderma asperellum CBS 433.97

99

RFUB2117.1 short-chain dehydrogenase reductase family Trichoderma arundinaceum
XP_013258977.1 protein A109_07968 Exophiala aguamarina CBS 119918

XP_016241879.1 hypothetical protein PV08_02243 Exophiala spinifera

family protein Sporothrix schenckii 1099-18
is 5110

| XP_016582925.1 short-chain
family protein Sporothrix

1001 KIH88795.1 short-chain

1 protein ANO11243_017840 fungal sp. No.11243

XP_007723244.1 hypothetical protein A1O1_04157 Capronia coronata CBS 617.96
protein PV11_08547 Exophiala sideris

KIV81100.1
CRGB2670.1 hypothetical protein PISL3812_00014 Talaromyces islandicus
0DQ76065.1 hypothetical protein LIPSTDRAFT_66903 Lipomyces starkeyi NRRL Y-11557

KPM41109.1 hypothetical protein AK830_g5453 Neonectria ditissima
RA069825.1 hypothetical protein BHQ10_005837 Talaromyces amestolkiae

00| GAM34451.1 short-chain dehydrogenase Talaromyces cellulolyticus

PCG5036.1 hypothetical protein PENOC_079690 Penicillium occitanis

XP_002144949.1 short-chain dehydrogenase/reductase family protein putative Talaromyces marneffei ATCC 18224
T marneffei PM1

98

100/ KFX52476.1 WW d g
| 100 — XP_018150256.1 short-chain dehydrogenase/reductase family protein Pochonia chlamydosporia 170
RZR67604.1 hypothetical protein 11G_00000623 Pochonia chlamydosporia 123

family protein

lilacinum

XP_018180816.1 short-chain

100 [ ©AQB2044.1 short-chain
PWI69180.1 hypothetical protein PCL_01565 Purpureocillium lilacinum

lilacinum

family protein Pur

XP_013316610.1 hypothetical protein PV05_04725 Exophiala xenobiotica

_: XP_016268217.1 hypothetical protein PV06_00640 Exophiala oligosperma

RTE73915.1 hypothetical protein BHE90_011669 Fusarium euwallaceae
protein CEP52_006360 Fusarium sp. AF-4

1
RSL70925.1 hypothetical protein CEP51_012125 Fusarium sp. AF-3

RSM02745.1 hypothetical protein CDV31_010784 Fusarium ambrosium

RMJ09230.1 hypothetical protein CDV36_011163 Fusarium kuroshium

100]L— xp_003046396.1 protein NECHADRAFT_34006 Nectria haematococca mpV1 77-13-4

RSL45492.1 hypothetical protein CEP53_010767 Fusarium sp. AF-6

RSL71873.1 hypothetical protein CEP54_001180 Fusarium sp. AF-8
RFN50103.1 hypothetical protein FIE12Z_5631 Fusarium sp. FIESC_12

XP_031016810.1 uncharacterized protein FIESC28_04898 Fusarium coffeatum

CEG04420.1 unnamed protein product Fusarium sp. FIESC_5 CS3069
RGP77531.1 short-chain dehydrogenase reductase family Fusarium longipes

KIL92882.1 short-chain dehydrogenase reductase family Fusarium avenaceum
XP_023425848.1 related to short-chain dehydrogenase/reductase family protein putative Fusarium fujikuroi IMI 58289

QGI77243.1 hypothetical protein CEK25_003972 Fusarium fujikuroi
KLP03595.1 putative short-chain dehydrogenase/reductase family protein Fusarium fujikuroi
g1]|KL088566.1 putaive short-chain dehydrogenaseireductase family protein Fusarium fuikuroi
KLP01245.1 putative short-chain dehydrogenase/reductase family protein Fusarium fujikuroi
SCV56401.1 related to short-chain dehydrogenase/reductase family protein putative Fusarium fujikuroi

CVKB8523.1 related to short-chain dehydrogenase/reductase family protein putative Fusarium proliferatum
RBA17312.1 hypothetical protein FPRO05_02036 Fusarium proliferatum

95 (- XP_031077917.1 related to short-chain dehydrogenase/reductase family protein putative Fusarium proliferatum ET1

* RKL49766.1 hypothetical protein BFJ72_g1222 Fusarium proliferatum
CVK99474.1 related to short-chain dehydrogenase/reductase family protein putative Fusarium mangiferae
PNP61648.1 hypothetical protein FNYG_13635 Fusarium nygamai

RBQ72837.1 hypothetical protein FVER14953_06025 Fusarium verticillioides

RBRO5343.1 hypothetical protein FVER53590_06025 Fusarium verticillioides

99| XP_018751285.1 hypothetical protein FVEG_06025 Fusarium verticillioides 7600

RBQB9417.1 hypothetical protein FVER53263_06025 Fusarium verticillioides

FCIR_2_gene_7.23

EXK85850.1 hypothetical protein FOQG_10271 Fusarium oxysporum . sp. raphani 54005

SC084675.1 related to short-chain dehydrogenase/reductase family protein putative Fusarium oxysporum

EXA48568.1 hypothetical protein FOVG_05262 Fusarium oxysporumf. sp. pisi HDV247
RYC94378.1 hypothetical protein BFJ63_vAg2984 Fusarium oxysporum . sp. narcissi
RKL36410.1 hypothetical protein BFJ70_g7340 Fusarium oxysporum

XP_018245557.1 hypothetical protein FOXG_08648 Fusarium oxysporum f. sp. lycopersici 4287
TVY72222.1 Short-chain dehydrogenase/reductase tropG Fusarium oxysporumf. sp. cubense
EXM29937.1 hypothetical protein FOTG_04979 Fusarium oxysporumf. sp. vasinfectum 25433

<
8

RKK99593.1 hypothetical protein BFJ71_g6187 Fusarium oxysporum
EXA01735.1 hypothetical protein FOWG_01474 Fusarium oxysporum . sp. Iycopersici MN25
[EGU81198 1 hypothetical protein FOXB_08348 Fusarium oxysporum Fo5176
RKK78637.1 hypothetical protein BFJ69_g5390 Fusarium oxysporum
ENH63316.1 WW domain-containing oxidoreductase Fusarium oxysporumf. sp. cubense race 1
XP_031045915.1 uncharacterized protein FOYG_05492 Fusarium oxysporum NRRL 32931
EXL60420.1 hypothetical protein FOCG_03276 Fusarium oxysporumf. sp. radicis-lycopersici 26381
EWZ41166.1 hypothetical protein FOZG_06570 Fusarium oxysporum Fo47
XP_031061939.1 uncharacterized protein FOIG_07993 Fusarium oxysporum®. sp. cubense tropical race 4 54006

88 L EMT60767.1 WW domain-containing oxidoreductase Fusarium oxysporum f. sp. cubense race 4
XP_ .1 retinol 12 C i ini M1.001
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Figure 1. A representative phylogenetic tree from the group 1 ancestral origin
classification system (unigque gene investigated is highlighted in yellow; FCIR =
Fusarium circinatum). The evolutionary history was inferred by using the
Maximum Likelihood method based on the JTT matrix-based model (Jones et
al., 1992), along with a discrete Gamma distribution to model evolutionary rate
differences amongst sites. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (100 replicates) were
shown next to the branches (= 75%). All positions containing gaps and missing
data were eliminated. Evolutionary analyses were conducted in MEGA 7
(Kumar et al., 2016).
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EXM14198.1 hypothetical protein FOTG_17398 Fusarium oxysporumf. sp. vasinfectum 25433
EXA33805.1 hypothetical protein FOVG_15105 Fusarium oxysporum f. sp. pisi HDV247
TVY78075.1 hypothetical protein Foch16_v008071 Fusarium oxysporumf. sp. cubense

EGUS1810.1 hypothetical protein FOXB_07686 Fusarium oxysporum Fo5176
|VE><L69451 1 hypothetical protein FOPG_14592 Fusarium oxysporum . sp. conglutinans race 2 54008

@

6
SCOB0795.1 uncharacterized protein FRV6_05008 Fusarium oxysporum

RKK66952.1 hypothetical protein BFJ69_g14923 Fusarium oxysporum

XP_031055818.1 uncharacterized protein FOIG_13297 Fusarium oxysporumf. sp. cubense tropical race 4 54006
EMT69754.1 hypothetical protein FOC4_g10000879 Fusarium oxysporum f. sp. cubense race 4
XP_018239388.1 hypothetical protein FOXG_04611 Fusarium oxysporum f. sp. lycopersici 4287

RKL05240.1 hypothetical protein BFJ68_g10730 Fusarium oxysporum

RKK92556.1 hypothetical protein BFJ71_g10165 Fusarium oxysporum

RYC81345.1 hypothetical protein BFJ63_vAg15757 Fusarium oxysporum f. sp. narcissi

98] RKL16257.1 hypothetical protein BFJ70_g15109 Fusarium oxysporum

EXL47643.1 hypothetical protein FOCG_11799 Fusarium oxysporum f. sp. radicis-lycopersici 26381
PCD42897.1 hypothetical protein AU210_005421 Fusarium oxysporum f. sp. radicis-cucumerinum
EWZ84253.1 hypothetical protein FOWG_12066 Fusarium oxysporum f. sp. lycopersici MN25
1008f} EWZ46249.1 hypothetical protein FOZG_02404 Fusarium oxysporum Fo47

L XP_031049129.1 uncharacterized protein FOYG_00100 Fusarium oxysporum NRRL 32931
RBA13478.1 hypothetical protein FPRO05_02271 Fusarium proliferatum

CVL11184.1 uncharacterized protein FPRN_11002 Fusarium proliferatum

loH KLO92518.1 Uncharacterized protein LW93_12092 Fusarium fujikuroi

100]° [ sCv36763.1 uncharacterized protein FFB14_06236 Fusarium fujikuroi

2| [RBQ94706.1 protein 07741 Fusarium

RBR14234.1 protein _07741 Fusarium

XP_018753876.1 hypothetical protein FVEG_07741 Fusarium verticillioides 7600

RBQ78545.1 hypothetical protein FVER14953_07741 Fusarium verticillioides

PTDO6138.1 hypothetical protein FCULG_00012384 Fusarium culmorum
106E 0BS26017.1 hypothetical protein FPOA_06548 Fusarium poae
PHH93133.1 hypothetical protein CDD83_513 Cordyceps sp. RAO-2017
PHH75716.1 hypothetical protein CDD82_4311 Ophiocordyceps australis
100 L PHHG6829.1 hypothetical protein CDDB1_5961 Ophiocordycepsaustralis
100 KYK58974.1 hypothetical protein DCS_00101 Drechmeria coniospora
ODAT6478.1 hypothetical protein RI55_07748 Drechmeria coniospora
RYP91659.1 hypothetical protein DL770_002225 Monosporascus sp. CRB-9-2
KNDB8087.1 hypothetical protein TOPH_07326 Tolypocladium ophioglossoides CBS 100239
PNY27029.1 Uncharacterized protein TCAP_03025 Tolypocladium capitatum
KOS19909.1 hypothetical protein ESCO_005595 Escovopsis weberi
PNP46421.1 hypothetical protein THARTR1_10743 Trichoderma harzianum
XP_024767503.1 hypothetical protein M431DRAFT_514178 Trichoderma harzianum CBS 226.95
1001 5pB41142.1 hypothetical protein A0O28_0108390 Trichoderma guizhouense
100! KKP05410.1 hypothetical protein THAR02_02515 Trichoderma harzianum
RYP41835.1 hypothetical protein DL767_000736 Monosporascus sp. MG133
THC91742.1 hypothetical protein EYZ11_008793 Aspergillus tanneri
100 KAAB647065.1 hypothetical protein ATNIH1004_005748 Aspergillus tanneri
XP_009225045.1 hypothetical protein GGTG_08939 Gaeumannomyces tritici R3-111a-1
96| ——— PHH92179.1 hypothetical protein CDD83_8565 Cordyceps sp. RAO-2017
100 OAA38318.1 hypothetical protein NOR_06708 Metarhizium rileyi RCEF 4871
TWU71089.1 hypothetical protein ED733_002579 Metarhizium rileyi

KHN98866.1 hypothetical protein MAM_03328 Metarhizium album ARSEF 1941
KIDB1560.1 hypothetical protein MGU_11082 Metarhizium guizhouense ARSEF 977
XP_007814545.1 hypothetical protein MAC_08205 Metarhizium acridum CQMa 102
XP_001219286.1 hypothetical protein CHGG_00065 Chaetomium globosum CBS 14851

100| VBBB82058.1 Putative protein of unknown function Podospora comata
XP_001905683.1 uncharacterized protein PODANS_5_11220 Podospora anserina S mat+
RGP60890.1 hypothetical protein FSPOR_10391 Fusarium sporotrichioides

PNPB4155.1 hypothetical protein FNYG_02843 Fusarium nygamai

KLO97399.1 Uncharacterized protein LW93_3377 Fusarium fujikuroi

RBA18339.1 hypothetical protein FPRO05_10634 Fusarium proliferatum

CZR45169.1 uncharacterized protein FPRO_15656 Fusarium proliferatum ET1
RKL41575.1 hypothetical protein BFJ72_g5467 Fusarium proliferatum

100

CVL11752.1 uncharacterized protein FPRN_14872 Fusarium proliferatum
98 SCV48979.1 uncharacterized protein FFB14_10639 Fusarium fujikuroi
KLP04184.1 uncharacterized protein Y057_2127 Fusarium fujikuroi
SCV54535.1 uncharacterized protein FFFS_11316 Fusarium fujikuroi
84 XP_023437949.1 uncharacterized protein FFUJ_11949 Fusarium fujikuroi IMI 58289
KLO90691.1 uncharacterized protein LW94_4691 Fusarium fujikuroi
PLN77509.1 hypothetical protein BDW42DRAFT_196489 Aspergillus taichungensis
00 RAQS50496.1 hypothetical protein AFGD_003034 Aspergillus flavus
100 XP_022404414.1 hypothetical protein ASPGLDRAFT_988325 Aspergillus glaucus CBS 516.65
0IW33119.1 protein CONLIGDRAFT_163122 Coniochaeta ligniaria NRRL 30616
XP_( 1 ical protein SPPG_06057 Spizellomyces punctatus DAOM BR117
CEL09332.1 protein ASPCAL12470 Aspergillus calidoustus
100 XP_003067239.1 hypothetical protein CPC735_016950 Coccidioides posadasii C735 delta SOWgp
KMM?71930.1 hypothetical protein CPAG_08230 Coccidioides posadasii RMSCC 3488
95 XP_024747822.1 hypothetical protein BBK36DRAFT_1124774 Trichoderma citrinoviride
Too] [ PTB8L363.1 hypothetical protein M440DRAFT_1367352 Trichoderma longibrachiatum ATCC 18648
92| XP_006963300.1 predicted protein Trichoderma reesei QM6a
100! OTA02210.1 hypothetical protein A9Z42_0025390 Trichoderma parareesei

KAAB903426.1 hypothetical protein FN846DRAFT_954010 Sphaerosporella brunnea

RPB18724.1 protein L211DRAFT_691200 Terfezia boudieri ATCC MYA-4762

XP_018657196.2 hypothetical protein TGAMOL_v210504 Trichoderma gamsii
GAPB5318.1 hypothetical protein SAMD00023353_1002030 Rosellinia necatrix
KAAB641385.1 hypothetical protein ATNIH1004_001850 Aspergillus tanneri
1001 THC90020.1 hypothetical protein EYZ11_010522 Aspergillus tanneri

KAAB895948.1 protein FN846DRAFT_817657 Sphaerosporella brunnea

XP_011127180.1 hypothetical protein AOL_s00210g76 Arthrobotrys oligospora ATCC 24927
2 XP_011118125.1 hypothetical protein AOL_s00006g514 Arthrobotrys oligospora ATCC 24927

100 TGJ72323.1 hypothetical protein EYR41_004225 Arthrobotrys oligospora
KXH28813.1 protein CSIMO1_03463 Colletotrichum simmondsii
90| RSM02303.1 hypothetical protein CDV31_010952 Fusarium ambrosium

100l RSL76995.1 hypothetical protein CEP51_009457 Fusarium sp. AF-3
RTE71613.1 hypothetical protein BHE90_013977 Fusarium euwallaceae
XP_013938405.1 hypothetical protein TRIATDRAFT_41723 Trichoderma atroviride IMI 206040
PNP48680.1 hypothetical protein TGAMASMH_00371 Trichoderma gamsii
100/ XP_018662530.1 hypothetical protein TGAMO1_v206829 Trichoderma garmsii

TGI86547.1 hypothetical protein E0Z10_g2233 Xylaria hypoxylon
4‘ ﬁ XP_022576884.1 hypothetical protein ASPZODRAFT_20492 Penicilliopsis zonata CBS 506.65 110

0 FCIR_9_gene_451
100 RBA19812.1 hypothetical protein FPRO05_09112 Fusarium proliferatum

100 CZR48172.1 uncharacterized protein FPRO_12782 Fusarium proliferatum ET1



Figure 2. A representative phylogenetic tree from the group 2 ancestral origin
classification system (unique gene investigated is highlighted in yellow; FCIR =
Fusarium circinatum). The evolutionary history was inferred by using the
Maximum Likelihood method based on the Le Gascuel model (Le & Gascuel,
2008), along with a discrete Gamma distribution to model evolutionary rate
differences amongst sites. The rate variation model allowed for some sites to be
evolutionarily invariable. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (100 replicates) were
shown next to the branches (= 75%). All positions containing gaps and missing
data were eliminated. Evolutionary analyses were conducted in MEGA 7
(Kumar et al., 2016).
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100 — XP_018072621.1 RTAL-domain-containing protein Phialocephala scopiformis

CZR53242.1 related to YER185w Rtalp Phialocephala subalpina
PVH72364.1 RTA1-domain-containing protein Cadophora sp. DSE1049

XP_024716530.1 hypothetical protein M430DRAFT_111080 Amorphotheca resinae ATCC 22711
KAAB565409.1 hypothetical protein EYC84_011114 Monilinia fructicola
TG020193.1 hypothetical protein BTUL_0001g02050 Botrytis tulipae

100 - TGO59306.1 protein BOTNAR_( Botryotinia
KIN03582.1 protein OIDMADRAFT_102058 Oidiodendron maius Zn

XP_002148681.1 conserved hypothetical protein Talaromyces marneffei ATCC 18224
00| [ PCG96378.1 hypothetical protein PENOC_073110 Penicillium oceitanis
100! KUL87018.1 hypothetical protein ZTR_05693 Talaromyces verruculosus
KIM94365.1 ical protein OIDMADRAFT_136158 Oidiodendron maius Zn

—

XP_024702988.1 putative RTAL domain protein Aspergillus steynii IBT 23096
XP_020120548.1 hypothetical protein UAO8_03991 Talaromyces atroroseus

98

KKK26954.1 hypothetical protein ARAM_004357 Aspergillus rambellii
XP_660273.1 hypothetical protein AN2669.2 Aspergillus nidulans FGSC A4
CEL10899.1 hypothetical protein ASPCAL14006 Aspergillus calidoustus
01J03095.1 hypothetical protein ASPVEDRAFT_42616 Aspergillus versicolor CBS 583.65
SLM41208.1 RTAlike protein Umbilicaria pustulata

QE19587.1 hypothetical protein PENSTE_c015G02770 Penicillium steckii

99 :0
RAQ52717.1 RTAL domain protein Aspergillus flavus

XP_025511314.1 RTAL domain protein Aspergillus piperis CBS 112811

100

XP_025383291.1 RTAL domain protein Aspergillus eucalypticola CBS 122712

0J785623.1 hypothetical protein ASPFODRAFT_162978 Aspergillus luchuensis CBS 106.47
XP_025476895.1 RTAL domain protein Aspergillus neoniger CBS 115656

XP_025560541.1 RTA1 domain protein Aspergillus vadensis CBS 113365

XP_025536326.1 RTAL domain protein Aspergillus costaricaensis CBS 115574

0J179416.1 hypothetical protein ASPTUDRAFT_204714 Aspergillus tubingensis CBS 134.48
99| OMP85231.1 Sphingoid long-chain base transporter RSB1 Diplodia seriata

KKY22204.1 putative rtal domain Diplodia seriata
XP_020126180.1 tal domain protein Diplodia corticola

KAB2578089.1 Sphingoid long-chain base transporter RSB1 Lasiodiplodia theobromae
EKG18738.1 hypothetical protein MPH_03964 Macrophomina phaseolina MS6
XP_023622917.1 related to RTAL domain protein Ramularia collo-cygni
SMR46722.1 unnamed protein product Zymoseptoria tritici STIOCH_1E4

100! SMR47962.1 unnamed protein product Zymoseptoria tritici STO9CH_3D1

OCL08160.1 putative RTAL domain protein Glonium stellatum

01132619.1 protein ASPWEDRAFT_136910 Aspergillus wentii DTO 134E9

EPS27737.1 hypothetical protein PDE_02681 Penicillium oxalicum 114-2
XP_016600929.1 RTA-like protein Penicillium expansum

OQE17698.1 hypothetical protein PENFLA_c023G07224 Penicillium flavigenum
XP_( 1RTAL-d taining protein Aspergillus CBS 101889

100

XP_025446486.1 RTA-domain-containing protein Aspergillus brunneoviolaceus CBS 621.78

PYI11623.1 RTAL-domain-containing protein Aspergillus sclerotiicarbonarius CBS 121057
CBS 115572

XP_025471248.1 RTAL-d taining protein Aspergillus
XP_026624514.1 RTAL like protein-domain-containing protein Aspergillus welwitschiae
100! GCB23054.1 sphingoid long-chain base transporter RSB Aspergillus awamori
100 TKX21838.1 sphingoid long-chain base transporter RSB1 Elsinoe australis
PSK41783.1 hypothetical protein B9Z65_9169 Elsinoe australis
PNS15307.1 hypothetical protein CAC42_5478 Sphaceloma murrayae
KEQ61519.1 putative RTAL domain protein Aureobasidium melanogenum CBS 110374
XP_013426445.1 putative RTA1 domain protein Aureobasidium namibiae CBS 147.97
XP_013339265.1 hypothetical protein AUEXF2481DRAFT_113182 Aureobasidium subglaciale EXF-2481
OCK78255.1 RTA1-domain-containing protein Lepidopterella palustris CBS 459.81
QDS69674.1 hypothetical protein FKW?77_009595 Venturia effusa
KID59626.1 RTA-like protein partial Metarhizium anisopliae ARSEF 549
g1 [ XP_014539493.1 RTA-like protein partial Metarhizium brunneum ARSEF 3297
100 KFGB80777.1 putative RTAL domain protein Metarhizium anisopliae
KID95621.1 RTA-like protein partial Metarhizium majus ARSEF 297
100 KID91343.1 RTA-like protein Metarhizium guizhouense ARSEF 977
KIK77191.1 hypothetical protein H634G_07498 Metarhizium anisopliae BRIP 53293
XP_007817833.1 RTA-like protein Metarhizium robertsii ARSEF 23
78 XP_016631598.1 hypothetical protein Z520_06927 Fonsecaea multimorphosa CBS 102226
100 OQUYE178.1 hypothetical protein CLAIMM_02292 Cladophialophora immunda
100 XP_016614709.1 hypothetical protein Z519_11150 Cladophialophora bantiana CBS 173.52
KIV77670.1 hypothetical protein PV11_09454 Exophiala sideris
XP_013261636.1 hypothetical protein A109_03889 Exophiala aquamarina CBS 119918
1007 XP_008725395.1 hypothetical protein G647_02827 Cladophialophora carrionii CBS 160.54
97]10CT49095.1 Sphingoid long-chain base transporter RSB1 Cladophialophora carrionii
XP_007759455.1 hypothetical protein ALO7_07265 Cladophialophora yegresii CBS 114405
KIW65454.1 hypothetical protein PV04_07713 Phialophora americana
XP_007748314.1 hypothetical protein A105_09545 Cladophialophora psammophila CBS 110553
XP_018696750.1 hypothetical protein AYL99_02610 Fonsecaea erecta
XP_016637544.1 hypothetical protein Z520_00113 Fonsecaea multimorphosa CBS 102226
XP_022494046.1 hypothetical protein AYO20_11763 Fonsecaea nubica
00| XP_022512417.1 hypothetical protein AYO21_05365 Fonsecaea monophora
96 XP_013287530.1 hypothetical protein Z517_02968 Fonsecaea pedrosoi CBS 271.37
TID27048.1 rtal domain-containing protein Venturia nashicola
XP_022472036.1 RTAL like protein Colletotrichum orchidophilum
XP_031002824.1 Sphingoid long-chain base transporter Lachnellula hyalina

PMD30051.1 RTAL-domai ining protein
| CEJ60772.1 hypothetical protein PMG11_09334 Penicillium brasilianum

100‘00Q89996 1RTAL domain protein Penicillium brasilianum
XP_013343086.1 hypothetical protein AUEXF2481DRAFT_5610 Aureobasidium subglaciale EXF-2481

©0AQB8098.1 RTA-like protein Purpureocillium lilacinum
100[ XP_031011857.1 uncharacterized protein FIESC28_09935 Fusarium coffeatum
RFN54187.1 sphingoid long-chain base transporter rsbl Fusarium sp. FIESC_12

100 KIL84622.1 sphingoid long-chain base transporter rsb1 Fusarium avenaceum

FCIR_6_gene_36.35
EXL74126.1 hypothetical protein FOPG_10682 Fusarium oxysporumf. sp. conglutinans race 2 54008
EGU72343.1 hypothetical protein FOXB_17156 Fusarium oxysporum Fo5176

XP_031052589.1 uncharacterized protein FOIG_16250 Fusarium oxysporumf. sp. cubense tropical race 4 54006
0 XP_018245928.1 hypothetical protein FOXG_19948 Fusarium oxysporumf. sp. lycopersici 4287

-
8

EXK36798.1 hypothetical protein FOMG_07697 Fusarium oxysporum f. sp. melonis 26406
TVY64799.1 Sphingoid long-chain base transporter RSB1 Fusarium oxysporumf. sp. cubense
XP_031036448.1 uncharacterized protein FOYG_11721 Fusarium oxysporum NRRL 32031
SC089100.1 related to YER185w Rtalp Fusarium oxysporum

RKL48197.1 hypothetical protein BFJ70_g2553 Fusarium oxysporum

EXA37016.1 hypothetical protein FOVG_11318 Fusarium oxysporum f. sp. pisi HDV247
EXL47870.1 hypothetical protein FOCG_10383 Fusarium oxysporum . sp. radicis-lycopersici 26381

PCD30382.1 hypothetical protein AU210_010064 Fusarium oxysporumf. sp. radicis-cucumerinum
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Figure 3. A representative phylogenetic tree from the group 3 ancestral origin
classification system (unigque gene investigated is highlighted in yellow; FCIR =
Fusarium circinatum). The evolutionary history was inferred by using the
Maximum Likelihood method based on the Le Gascuel model (Le & Gascuel,
2008), along with a discrete Gamma distribution to model evolutionary rate
differences amongst sites. The rate variation model allowed for some sites to be
evolutionarily invariable. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (100 replicates) were
shown next to the branches (= 75%). All positions containing gaps and missing
data were eliminated. Evolutionary analyses were conducted in MEGA 7

(Kumar et al., 2016).

113



XP_031031523.1 uncharacterized protein FOYG_14699 Fusarium oxysporum NRRL 32031

L ENH74731.1 hypothetical protein FOC1_g10003513 Fusarium oxysporum f. sp. cubense race 1
EWZ30769.1 hypothetical protein FOZG_15204 Fusarium oxysporum Fo47

{ PCD25057.1 hypothetical protein AU210_014169 Fusarium oxysporum f. sp. radicis-cucumerinum

XP_018252771.1 hypothetical protein FOXG_13512 Fusarium oxysporum . sp. lycopersici 4287

[ SCO91871.1 related to short-chain alcohol dehycrogenase Fusarium oxysporum

|- PNP78718.1 hypothetical protein FNYG_07860 Fusarium nygamai

|- TV'Y74957.1 putative oxidoreductase Fusarium oxysporum f. sp. cubense

— EGUB6985.1 hypothetical protein FOXB_02508 Fusarium oxysporum Fo5176

RBRO2587.1 cal protein 13894 Fusarium
RBQ68643.1 hypothetical protein FVER14953_13894 Fusarium verticillioides

94|RBQ91263.1 ical protein _13894 Fusarium
XP_018762306.1 hypothetical protein FVEG_13894 Fusarium vertici

KLOB0243.1 short-chain alcohol dehydrogenase Fusarium fujikuroi
SCV38804.1 related to short-chain alcohol dehydrogenase Fusarium fujikuroi
XP_031087274.1 related to short-chain alcohol dehydrogenase Fusarium proliferatum ET1
CVK97702.1 related to short-chain alcohol dehydrogenase Fusarium mangiferae
XP_023434729.1 related to short-chain alcohol dehydrogenase Fusarium fujikuroi IMI 58289
SCO54571.1 related to short-chain alcohol dehydrogenase Fusarium fujikuroi
1 FCIR_8_gene_22.71

RGP72460.1 hypothetical protein FSPOR_2671 Fusarium sporotrichioides
XP_025589343.1 uncharacterized protein FVRRES_02136 Fusarium venenatum

g5 XP_031010637.1 uncharacterized protein FIESC28_02170 Fusarium coffeatum
RFN41874.1 short-chain alcohol dehydrogenase Fusarium fasciculatum
XP_009262751.1 hypothetical protein FPSE_11359 Fusarium pseudograminearum CS3096
XP_011317634.1 hypothetical protein FGSG_01794 Fusarium graminearum PH-1

PTD11447.1 putative oxidoreductase Fusarium culmorum

{ KIL94095.1 hypothetical protein FAVG1_02657 Fusarium avenaceum
OAL03170.1 NAD(P)-binding protein Stagonospora sp. SRC1IsM3a

EMR72648.1 putative short-chain dehydrogenase reductase sdr protein Eutypa lata UCRELL

KLU83190.1 ical protein MAPG_02255 Magnaporthiopsis poae ATCC 64411
XP_018173661.1 short-chain reductase sdr Purpureocillium ilacinum
99 L- 0AQ80647.1 short-chain reductase sdr P illium lilacinum
| ORX95663.1 ical protein BCR34DRAFT_628992 Clohesyomyces aquaticus

RWA10347.1 hypothetical protein EKO27_4752 Xylaria grammica
TGJ78942.1 hypothetical protein E0Z10_g9821 Xylaria hypoxylon
TRX90603.1 protein FHL15_008576 Xylaria flabelliformis

ELA24939.1 short-chain dehydrogenase reductase sdr Colletotrichum fructicola Nara gc5
100 - EQB54180.1 dienelactone hydrolase Colletotrichum gloeosporioides Cg-14

RYP18152.1 protein DL765_004078 Monosporascus sp. GIB2

KAB2570875.1 putative oxidoreductase Lasiodiplodia theobromae

XP_018038950.1 NAD(P)-binding protein Paraphaeosphaeria sporulosa
92 XP_014562336.1 hypothetical protein COCVIDRAFT_32780 Bipolaris victoriae FI3
XP_007711033.1 hypothetical protein COCCADRAFT_35726 Bipolaris zeicola 26-R-13

RMZ71808.1 short-chain reductase sdr inij CCB06
XP_007705478.1 hypothetical protein COCSADRAFT_348498 Bipolaris sorokiniana NDSOPr
XP_007682405.1 hypothetical protein COCMIDRAFT_80246 Bipolaris oryzae ATCC 44560

_:DIWSANZJ NAD(P)-binding protein Coniochaeta ligniaria NRRL 30616

PKS12494.1 hypothetical protein jhhlp_000701 Lomentospora prolificans

OAAB0958.1 NAD(P)-binding domain protein Sporothrix insectorum RCEF 264

84 XP_007674195.1 hypothetical protein BAUCODRAFT_146222 Baudoinia panamericana UAMH 10762

KUI63108.1 putative short-chain type dehydrogenase/reductase yamP Valsa mali var. pyri

RYC58967.1 ical protein CHU8_g7241 Xylaria longipes

KKY14194.1 putative short-chain dehydrogenase reductase sdr Diplodia seriata
86

XP_020132913.1 oxi Diplodia corticola
XP_003654179.1 hypothetical protein THITE_53694 Thermothielavioides terrestris NRRL 8126
100 L SPQ26366.1 70334634-0ffe-4428-9560-b695947be566 Thermothielavioides terrestris
XP_007841666.1 hypothetical protein PFICI_14894 Pestalotiopsis fici W106-1
XP_013281687.1 hypothetical protein Z517_07712 Fonsecaea pedrosoi CBS 271.37

XP_022511176.1 hypothetical protein AYO21_06607 Fonsecaea monophora

XP_022494909.1 hypothetical protein AY020_10870 Fonsecaea nubica

0QV02832.1 hypothetical protein CLAIMM_07959 isoform 2 Cladophialophora immunda

XP_007745830.1 hypothetical protein A105_07051 Cladophialophora psammophila CBS 110553

100 - XP_016619273.1 hypothetical protein Z519_06451 Cladophialophora bantiana CBS 173.52
XP_016631118.1 hypothetical protein Z520_07109 Fonsecaea multimorphosa CBS 102226

0.050

100 0AL23069.1 hypothetical protein AYO22_06684 Fonsecaea multimorphosa

XP_007760341.1 protein A107_08157 Cladophialophora yegresii CBS 114405
100 !

KIW63699.1 hypothetical protein PV04_08682 Phialophora americana

| XP_024726606.1 NAD(P)-binding protein Hyaloscypha bicolor E

PVH79863.1 NAD(P)-binding protein Cadophora sp. DSE1049
CZR63623.1 related to short-chain alcohol dehydrogenase Phialocephala subalpina

KIM99096.1 ical protein OIDMADRAFT_104937 Oidiodendron maius Zn
KXL48876.1 protein FE78DRAFT_104787 Acidomyces richmondensis
&7 — OQD67819.1 hypothetical protein PENPOL_c003G05176 Penicillium polonicum
KXG46286.1 Short-chain dehydrogenase/reductase SDR Penicillium griseofulvum

XP_022482888.1 hypothetical protein PENARI_c045G10090 Penicillium arizonense
KAB8263541.1 hypothetical protein BDV32DRAFT_161729 Aspergillus nomius
XP_022390573.1 hypothetical protein ABOM_005035 Aspergillus bombycis
01761882.1 hypothetical protein ASPSYDRAFT_75877 Aspergillus sydowii CBS 593.65

911 0J195980.1 hypothetical protein ASPVEDRAFT_121242 Aspergillus versicolor CBS 583.65

GES63190.1 hypothetical protein ATETN484_0008047800 Aspergillus terreus
XP_001209943.1 conserved hypothetical protein Aspergillus terreus NIH2624
95 RIE25683.1 short chain dehydrogenase partial Aspergillus sclerotialis
CBF78495.1 TPA: conserved hypothetical protein Aspergillus nidulans FGSC Ad
100! XP_680650.1 hypothetical protein AN7381.2 Aspergillus nidulans FGSC A4
RA066210.1 hypothetical protein BHQ10_002222 Talaromyces amestolkiae

KULB2785.1 hypothetical protein ZTR_10884 Talaromyces verruculosus

PCG91415.1 hypothetical protein PENOC_097410 Penicillium occitanis

84— KFY18280.1 hypothetical protein \V492_00007 Pseudogymnoascus sp. VKM F-4246

KFY45239.1 hypothetical protein V494_01057 Pseudogymnoascus sp. VKM F-4513 (FW-928)
KFY13840.1 hypothetical protein V491_06246 Pseudogymnoascus sp. VKM F-3775

98| OBT91713.2 hypothetical protein VEO1_10275 Pseudogymnoascus verrucosus
XP_018125446.1 hypothetical protein VEO1_10275 Pseudogymnoascus verrucosus
OBT41464.1 hypothetical protein VE0O_08074 Pseudogymnoascus sp. WSF 3629
OBT91276.1 hypothetical protein VE02_00372 Pseudogymnoascus sp. 03VT05

OBT78956.1 hypothetical protein VF21_02800 Pseudogymnoascus sp. 0SNY08
KFY87344.1 hypothetical protein V500_07023 Pseudogymnoascus sp. VKM F-4518 (FW-2643)
KFZ22932.1 hypothetical protein V502_02589 Pseudogymnoascus sp. VKM F-4520 (FW-2644)
OBT66125.1 hypothetical protein VEO3_05121 Pseudogymnoascus sp. 23342-1-11

KFY57870.1 hypothetical protein V496_06321 Pseudogymnoascus sp. VKM F-4515 (FW-2607)
96 L KFY89258.1 hypothetical protein V498_06480 Pseudogymnoascus sp. VKM F-4517 (FW-2822)
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Figure 4. A representative phylogenetic tree from the group 4 ancestral origin
classification system (unique gene investigated is highlighted in yellow; FCIR =
Fusarium circinatum). The evolutionary history was inferred by using the
Maximum Likelihood method based on the JTT matrix-based model (Jones et
al., 1992), along with a discrete Gamma distribution to model evolutionary rate
differences amongst sites. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (100 replicates) were
shown next to the branches (= 75%). All positions containing gaps and missing
data were eliminated. Evolutionary analyses were conducted in MEGA 7
(Kumar et al., 2016).
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RSL85660.1 hypothetical protein CEP52_016080 Fusarium sp. AF-4
97 |RSL71244.1 hypothetical protein CEP51_012094 Fusarium floridanum

RMJ05195.1 hypothetical protein CDV36_014143 Fusarium kuroshium

RTE70171.1 hypothetical protein BHE90_015437 Fusarium euwallaceae

RKL24261.1 hypothetical protein BFJ70_g12684 Fusarium oxysporum

XP_003040185.1 hypothetical protein NECHADRAFT_88709 Nectria haematococca mpVI 77-13-4

% RMJ06467.1 hypothetical protein CDV36_013948 Fusarium kuroshium

RSL53089.1 hypothetical protein CEP51_014949 Fusarium floridanum
RSL94081.1 hypothetical protein CEP52_012862 Fusarium sp. AF-4
KPM46378.1 hypothetical protein AK830_g9 Neonectria ditissima

—— XP_018759416.1 hypothetical protein FVEG_17076 Fusarium verticillioides 7600

98

RBA13187.1 hypothetical protein FPRO05_13614 Fusarium proliferatum

— KL0O93129.1 Uncharacterized protein LW93_6123 Fusarium fujikuroi
L CVL05364.1 uncharacterized protein FMAN_10780 Fusarium mangiferae
TVY63805.1 hypothetical protein Foch16_v015219 Fusarium oxysporum f. sp. cubense

RKK15158.1 hypothetical protein BFJ65_g11699 Fusarium oxysporum f. sp. cepae

RKK46635.1 hypothetical protein BFJ67_g8186 Fusarium oxysporum f. sp. cepae

94

RKL12210.1 hypothetical protein BFJ68_g7966 Fusarium oxysporum

PCD31333.1 hypothetical protein AU210_010988 Fusarium oxysporum f. sp. radicis-cucumerinum
RKK94914.1 hypothetical protein BFJ71_g8780 Fusarium oxysporum

RKL19056.1 hypothetical protein BFJ70_g13992 Fusarium oxysporum
EXL42911.1 hypothetical protein FOCG_14474 Fusarium oxysporum f. sp. radicis-lycopersici 26381
EWZ94219.1 hypothetical protein FOWG_04580 Fusarium oxysporum f. sp. lycopersici MN25

EXK38346.1 hypothetical protein FOMG_08749 Fusarium oxysporum f. sp. melonis 26406

RYC85478.1 hypothetical protein BFJ63_vAg11709 Fusarium oxysporum f. sp. narcissi
EWZ31633.1 hypothetical protein FOZG_14756 Fusarium oxysporum Fo47

KI1L86407.1 hypothetical protein FAVG1_10236 Fusarium avenaceum

RSM08497.1 hypothetical protein CDV31_008134 Fusarium ambrosium

RSL82983.1 hypothetical protein CEP52_016833 Fusarium sp. AF-4

RTE75814.1 hypothetical protein BHE90_009729 Fusarium euwallaceae

RSL79171.1 hypothetical protein CEP51_007591 Fusarium floridanum

RMJ17420.1 hypothetical protein CDV36_002909 Fusarium kuroshium

RSL57236.1 hypothetical protein CEP53_006535 Fusarium sp. AF-6

RFN54351.1 hypothetical protein FIE12Z_1477 Fusarium fasciculatum

XP_031019111.1 uncharacterized protein FIESC28_02716 Fusarium coffeatum

100 |OTA79755.1 hypothetical protein M434DRAFT_17959 Hypoxylon sp. CO27-5

L OTA69234.1 hypothetical protein K449DRAFT_428666 Hypoxylon sp. EC38

RY(C56108.1 hypothetical protein CHU98_g10101 Xylaria longipes

XP_025592044.1 uncharacterized protein FVRRES_08406 Fusarium venenatum

89
96
[
79
78
—
0.20

XP_011319674.1 hypothetical protein FGSG_10665 Fusarium graminearum PH-1

100 [EXL41976.1 hypothetical protein FOCG_15334 Fusarium oxysporum f. sp. radicis-lycopersici 26381

EXK28535.1 hypothetical protein FOMG_15005 Fusarium oxysporum f. sp. melonis 26406
CVL07540.1 uncharacterized protein FMAN_16248 Fusarium mangiferae
PNP79335.1 hypothetical protein FNYG_07411 Fusarium nygamai
FCIR_8 gene 25.95
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Figure 5. A representative phylogenetic tree from the group 5 ancestral origin
classification system (unique gene investigated is highlighted in yellow; FCIR =
Fusarium circinatum). The evolutionary history was inferred by using the
Maximum Likelihood method based on the Le Gascuel model (Le & Gascuel,
2008), along with a discrete Gamma distribution to model evolutionary rate
differences amongst sites. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (100 replicates) were
shown next to the branches (= 75%). All positions containing gaps and missing
data were eliminated. Evolutionary analyses were conducted in MEGA 7
(Kumar et al., 2016).
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RDA92893.1 hypothetical protein CP533_3867 Ophiocordyceps sp. camponoti-saundersi
RDAB3024.1 hypothetical protein CP532_0091 Ophiocordyceps sp. camponoti-leonardi
RCI12828.1 protein L249_0399 O furcata BCC 54312

KJZ78165.1 hypothetical protein HIM_02203 Hirsutella minnesotensis 3608
EQL00245.1 hi P450 3A17 Oy inensis CO18

RDAB4167.1 hypothetical protein CP532_3901 Ophiocordyceps sp. camponoti-leonardi
100 L RC108842.1 hypothetical protein L249_4632 Ophiocordyceps polyrhachis-furcata BCC 54312

XP_018174673.1 cytochrome P450 3A17 Purpureocillium lilacinum

100} 0AQ75198.1 cytochrome P450 3A17 Purpureocillium lilacinum
PWI75628.1 hypothetical protein PCL_06286 Purpureocillium lilacinum
PNY24989.1 c15 T capitatum

KNDB86588.1 in C-15 partial i ides CBS 100239

POR31375.1 c15
PHH67434.1 hypothetical protein CDD81_45 Ophiocordyceps australis

KIZ75438.1 protein HIM_05134 Hirsutella minnesotensis 3608

100 GAO13435.1 hypothetical protein UVI_02014380 Ustilaginoidea virens
KDB14254.1 isotri ¢15 L idea virens

XP_018147367.1 P450 Pochonia ia170

100

100| OAAY5604.1 cytochrome P450 3A17 Metarhizium rileyi RCEF 4871
TWUT78478.1 hypothetical protein ED733_008945 Metarhizium rileyi
KHN95019.1 cytochrome P450 3A17 Metarhizium album ARSEF 1941
XP_007813697.1 cytochrome P450 3A17 Metarhizium acridum CQMa 102
KID99795.1 cytochrome PA450 3A17 partial Metarhizium majus ARSEF 297
KID90467.1 P450 3A17 izium gui ARSEF 977

0| KIK83155.1 Isotrichodermin C-15 hydroxylase Metarhizium anisopliae BRIP 53293
KFG84353.1 cytochrome P450 3A17 Metarhizium anisopliae

XP_014549489.1 cytochrome P450 3A17 partial Metarhizium brunneum ARSEF 3297
EXV04507.1 cytochrome P450 Metarhizium robertsii

XP_007821701.1 Cytochrome P450 CYP561F1 Metarhizium robertsii ARSEF 23
PQK13252.1 hypothetical protein BB8028_0004g01830 Beauveria bassiana

KGQO4627.1 Isotrichodermin C-15 hydroxylase Beauveria bassiana D1-5

PI 1 Cytochrome P450 dtxS2 Beauveria bassiana
XP_008601981.1 Cytochrome P450 CYP561D2P Beauveria bassiana ARSEF 2860
OAA40443.1 cytochrome P450 3A17 Beauveria brongniartii RCEF 3172
OAAT72947.1 cytochrome P450 3A17 Cordyceps confragosa RCEF 1005
OAR03136.1 hypothetical protein LLEC1_06591 Cordyceps confragosa
CEJ92731.1 hypothetical protein VHEMI08364 Torrubiella hemipterigena

100

RFU81695.1 cytochrome p450 3a17 T
1007— KKO98773.1 hypothetical protein THAR02_09113 Trichoderma harzianum
100 XP_024773115.1 hypothetical protein M431DRAFT_521588 Trichoderma harzianum CBS 226.95

100
XP_013952783.1 hypothetical protein TRIVIDRAFT_194303 Trichoderma virens Gv29-8

— PTB75013.1 cytochrome P450 Trichoderma longibrachiatum ATCC 18648

XP_024746515.1 cytochrome P450 Trichoderma citrinoviride
100 OTAO07368.1 Cytochrome P450 Trichoderma parareesei
00| ETR99822.1 cytochrome P50 Trichoderma reesei RUT C-30
100! XP_006966962.1 predicted protein Trichoderma reesei QM6a
RFU79994.1 cytochrome p450 3a17 Trichoderma arundinaceum
XP_024767969.1 hypothetical protein M431DRAFT_501206 Trichoderma harzianum CBS 226.95
100! PKK45019.1 hypothetical protein C1102_12203 Trichoderma harzianum
100 ATY64628.1 cytochrome P450 3AL7 Cordyceps militaris
—{ XP_006670170.1 cytochrome P450 3A17 Cordyceps militaris CMO1
PKS13144.1 hypothetical protein jhhlp_000486 Lomentospora prolificans

XP_007833521.1 hypothetical protein PFICI_06749 Pestalotiopsis fici W106-1

100

PQE21523.1 cytochrome P450 3A17 protein Rutstroemia sp. NJR-2017a BVV2
100 [PQE19378.1 cytochrome P450 3A17 protein Rutstroemia sp. NJR-2017a BBW
90— PQE23100.1 cytochrome P450 3A17 protein Rutstroemia sp. NJR-2017a WRK4

RSL86276.1 hypothetical protein CEP51_002893 Fusarium sp. AF-3

RMJ17070.1 hypothetical protein CDV36_003301 Fusarium kuroshium
RTE75717.1 hypothetical protein BHE90_009819 Fusarium euwallaceae
RSL97567.1 hypothetical protein CDV31_012980 Fusarium ambrosium
RSL42559.1 hypothetical protein CEP54_015439 Fusarium sp. AF-8
01133619.1 ical protein ASPWEDRAFT_184208 Aspergillus wentii DTO 134E9

EQB52814.1 cytochrome P450 Colletotrichum gloeosporioides Cg-14
ELA23519.1 cytochrome p450 317 Colletotrichum fructicola Nara gcs
KFA51273.1 protein 40293 0440 ys chartarum IBT 40293

oo [ KFA70713.1 protein S40288_ hartarum IBT 40288

88/ KEY66239.1 hypothetical protein $7711_09265 Stachybotrys chartarum IBT 7711
QBZ55093.1 hypothetical protein PoMZ_10809 Pyricularia oryzae

TLD29184.1 hypothetical protein PspLS_04028 Pyricularia sp. CBS 133598
QBZ63042.1 hypothetical protein PoMZ_11935 Pyricularia oryzae
N 10 1o ELQ37303.1 istrchodermin C-15 hydroxylase Pyricularia oryzae Y34
XP_003718790.1 isotrichodermin C-15 hydroxylase Pyricularia oryzae 70-15

0CK93822.1 hi P450 Ce geophilum 1.58
KXJ90430.1 P450 3A17 bolleyi
POS70676.1 hypothetical protein DHELO1_v210929 Diaporthe helianthi

100

100 KKY31773.1 putative cytochrome p450 3a17 Diaporthe ampelina
100 POS69936.1 hypothetical protein DHELO1_v211671 Diaporthe helianthi

100 THV50269.1 hypothetical protein BGAL_0157g00030 Botrytis galanthina

80 CZT47152.1 related to P450 i ium secalis

KXH43251.1 ical protein CNYMO1_03226 Colletotrichum nymphaeae SA-01

EXA32487.1 hypothetical protein FOVG_16314 Fusarium oxysporumf. sp. pisi HDV247
'SCOB8860.1 related to cytochrome P450 monooxigenase Fusarium oxysporum

EXL76480.1 hypothetical protein FOPG_08754 Fusarium oxysporumf. sp. conglutinans race 2 54008
EXKB0219.1 hypothetical protein FOQG_15233 Fusarium oxysporum . sp. raphani 54005

|- EXM20052.1 hypothetical protein FOTG_12077 Fusarium oxysporumf. sp. vasinfectum 25433
8 - RKK68115.1 hypothetical protein BFI69_g13910 Fusarium oxysporum

L— XP_031034820.1 uncharacterized protein FOYG_10571 Fusarium oxysporum NRRL 32931

RSL61428.1 hypothetical protein CEP54_006265 Fusarium sp. AF-8
XP_007829979.1 hypothetical protein PFICI_03207 Pestalotiopsis fici W106-1
FCIR_5_gene_0.123

XP_031011973.1 uncharacterized protein FIESC28_09853 Fusarium coffeatum

100 | APY21861.1 FmsD Fusarium equiseti
100 RFNS55284.1 cytochrome p450 3a17 Fusarium fasciculatum
RGP72511.1 cytochirome p450 3a17 Fusarium sporotrichioides

KPA36891.1 cytochrome p450 3a17 Fusarium langsethiae

OBS27831.1 hypothetical protein FPOA_01774 Fusarium poae

XP_025589292.1 uncharacterized protein FVRRES_02084 Fusarium venenatum
EYB24415.1 hypothetical protein FGO5_01740 Fusarium graminearum

XP_011317575.1 hypothetical protein FGSG_01740 Fusarium graminearum PH-1

94| PTD12238.1 Isotrichodermin C-15 hydroxylase Fusarium culmorum

XP_009262808.1 hypothetical protein FPSE_11416 Fusarium pseudograminearum CS3096
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Figure 6. A representative phylogenetic tree from the group 6 ancestral origin
classification system (unique gene investigated is highlighted in yellow; FCIR =
Fusarium circinatum). The evolutionary history was inferred by using the
Maximum Likelihood method based on the Le Gascuel model (Le & Gascuel,
2008), along with a discrete Gamma distribution to model evolutionary rate
differences amongst sites. The rate variation model allowed for some sites to be
evolutionarily invariable. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (100 replicates) were
shown next to the branches (= 75%). All positions containing gaps and missing
data were eliminated. Evolutionary analyses were conducted in MEGA 7
(Kumar et al., 2016).
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TVY77428.1 23-dihydroxybenzoate decarboxylase Fusarium oxysporum f. sp. cubense
SCO82580.1 related to 5-carboxyvanillate decarboxylase Fusarium oxysporum

TVY77427.1 23-dihydroxybenzoate decarboxylase Fusarium oxysporum . sp. cubense
EXA32712.1 hypothetical protein FOVG_16045 Fusarium oxysporumf. sp. pisi HDV247
EXKB1141.1 hypothetical protein FOQG_14386 Fusarium oxysporum . sp. raphani 54005
EGUB7688.1 hypothetical protein FOXB_01784 Fusarium oxysporum Fo5176

EXL68527.1 hypothetical protein FOPG_15414 Fusarium oxysporumf. sp. conglutinans race 2 54008
XP_031051717.1 uncharacterized protein FOYG_02023 Fusarium oxysporum NRRL 32931
EXM20188.1 hypothetical protein FOTG_11777 Fusarium oxysporumf. sp. vasinfectum 25433
EWZ48889.1 hypothetical protein FOZG_04360 Fusarium oxysporum Fod7

- ENH74668.1 23-dihydroxybenzoate decarboxylase Fusarium oxysporum . sp. cubense race 1
XP_018243091.1 hypothetical protein FOXG_07415 Fusarium oxysporum f. sp. lycopersici 4287
EXK46252.1 hypothetical protein FOMG_04458 Fusarium oxysporum f. sp. melonis 26406
RKK25435.1 hypothetical protein BFJ65_g3342 Fusarium oxysporum . sp. cepae

| RKK88635.1 hypothetical protein BFJ71_g12911 Fusarium oxysporum

EWZ93958.1 hypothetical protein FOWG_06596 Fusarium oxysporum f. sp. lycopersici MN25
|- PNP61476.1 hypothetical protein FNYG_13763 Fusarium nygamai
CVK86964.1 related to 5 Fusarium p

SCN92562.1 related to 5-carboxyvanillate decarboxylase Fusarium fujikuroi
SCV/58365.1 related to 5-carboxyvanillate decarboxylase Fusarium fujikuroi

93| |xp L related to 5 Fusarium ET1
RBAO9061.1 hypothetical protein FPRO05_07341 Fusarium proliferatum

CVK87890.1 related to 5-carboxyvanillate decarboxylase Fusarium mangiferae

XP_018748770.1 hypothetical protein FVEG_04344 Fusarium verticillioides 7600

XP_031055309.1 uncharacterized protein FOIG_13864 Fusarium oxysporumf. sp. cubense tropical race 4 54006
88| EMT74466.1 23-dihydroxybenzoate decarboxylase Fusarium oxysporum f. sp. cubense race 4
XP_014076306.1 hypothetical protein COCCADRAFT_42494 Bipolaris maydis ATCC 48331

90| — XP_007718695.1 hypothetical protein COCCADRAFT_42124 Bipolaris zeicola 26-R-13
90 XP_014551001.1 hypothetical protein COCVIDRAFT_42604 Bipolaris victoriae FI3
XP_( 1 protein PENARI_c029G10030 Penicillium arizonense
OQE05696.1 hypothetical protein PENVUL _c022G01046 Penicillium vulpinum
OQE39044.1 hypothetical protein PENCOP_c007G04586 Penicillium coprophilum

XP_022398237.1 hypothetical protein ASPGLDRAFT_50067 Aspergillus glaucus CBS 516.65
XP_016602611.1 Amidohydrolase 2 Penicillium expansum
971KG047900.1 Amidohydrolase 2 Penicillium expansum

FCIR_6_gene_2.35
KAE8451078.1 hypothetical protein EG329_004750 Venturia inaequalis
XP_018078669.1 like protein 2
CZR55273.1 related to 5 subal
RDL42446.1 hypothetical protein BP5553_02425 Venustampulla echinocandica
PMD20851.1 amidohydrolase-like protein 2 Pezoloma ericae

PMD38319.1 amidohydrolase 2 Hyaloscypha variabilis F
XP_024738415.1 amidohydrolase-like protein 2 Hyaloscypha bicolor E
0CL10793.1 amidohydrolase-like protein 2 Glonium stellatum
PVHB83457.1 amidohydrolase-like protein 2 Cadophora sp. DSE1049

XP_008082154.1 Metallo-dependent hydrolase Glarea lozoyensis ATCC 20868

TVY55508.1 23-dihydroxybenzoate decarboxylase Lachnellula suecica

ORY179411 like protein 2 C aquaticus
XP_001792318.1 hypothetical protein SNOG_01684 Parastagonospora nodorum SN15
a8 PSN67783.1 ami like protein 2 C iicola Philippines
OAL01935.1 like protein 2 partial sp. SRC1IsM3a
OALS55383.1 amidohydrolase-like protein 2 Pyrenochaeta sp. DS3sAY3a
XP_018041252.1 like protein 2

XP_003840511.1 similar to amidohydrolase 2 Leptosphaeria maculans JN3
PVH98425.1 amidohydrolase-like protein 2 Periconia macrospinosa
XP_013276910.1 hypothetical protein Z518_00855 Rhinocladiella mackenziei CBS 650.93
XP_013266223.1 hypothetical protein A109_01611 Exophiala aquamarina CBS 119918
EOD44939.1 putative ami family protein i UCRNP2

KAB2569412.1 23-di L

OMP86676.1 23-dihydroxybenzoate decarboxylase Diplodia seriata

XP_020127689.1 hypothetical protein BKCO1_4800055 Diplodia corticola
KAB5513409.1 rn/pmhellcal protein GEOSDRAFT_980796 Coniochaeta sp. 2T2.1
XP. 1 Sporothrix schenckii 1099-18

ERT02462.1 hypothetical protein HMPREF1624_00761 Sporothrix schenckii ATCC 58251
KIH88783.1 Sporothri 5110
EPE02442.1 amidohydrolase family protein Ophiostoma piceae UAMH 11346
OAAS57104.1 Amidohydrolase 2 Sporothrix insectorum RCEF 264

KPM44148.1 hypothetical protein AK830_g2452 Neonectria ditissima
g7 [ XP_003650116.1 hypothetical protein THITE_2141821 Thermothielavioides terrestris NRRL 8126
SPQ23493.1 f67a29¢2-61a3-4e90-bba2-4 Ther terrestris
XP_003661009.1 uncharacterized protein MYCTH_2299911 Thermothelomyces lhermophllus ATCC 42464
XP_ 1 protein CTHT_0064560 Chaetomi var. ilum DSM 1495

XP_001227460.1 hypothetical protein CHGG_09533 Chaetomium globosum CBS 148,51
KXX82711.1 Madurella

VBBB0467.1 Putative 23-dihydroxybenzoic acid decarboxylase Podospora comata
99/ XP_001906405.1 uncharacterized protein PODANS_4_4540 Podospora anserina S mat+
XP. 12

94 PKS12578.1 hypothetical protein jhihlp_000786 Lomentospora prolificans
L XP_030997628.1 uncharacterized protein EOL32_000251 Phialemoniopsis curvata

g7 |KUI66326.1 23-dihydroxybenzoate decarboxylase Valsa mali

KUI57813.1 23-dihydroxybenzoate decarboxylase Valsa mali var. pyri
POS73349.1 hypothetical protein DHELO1_v208258 Diaporthe helianthi
5.1 protein GGTG_04544 Gaeumannomyces tritici R3-111a-1
KABS5515508.1 hypothetical protein GEO9DRAFT_1231293 Coniochaeta sp. 2T2.1
01W33133.1 amidohydrolase 2 Coniochaeta ligniaria NRRL 30616

1 ical protein GEO9DRAFT_691224 Coniochaeta sp. 2T2.1

RKU47SOS 1 hypothetical protein DL546_007496 Coniochaeta pulveracea
RSL68957.1 hypothetical protein CEP54_002598 Fusarium sp. AF-8

LRsuom 1 hypothetical protein CEP53_001880 Fusarium sp. AF-6

RMJ18606.1 hypothetical protein CDV36_001752 Fusarium kuroshium

XP_003044983.1 hypothetical protein NECHADRAFT_43331 Nectria haematococca mpVI 77-13-4
5| RSM20271.1 hypothetical protein CDV31_000765 Fusarium ambrosium

RSM02632.1 hypothetical protein CEP52_007883 Fusarium sp. AF-4

RTE72770.1 hypothetical protein BHES0_012809 Fusarium euwallaceae

RSL83553.1 hypothetical protein CEP51_004430 Fusarium sp. AF-3

_ﬁoqugam 1 hypothetical protein CLAIMM_04249 Cladophialophora immunda
94— XP_008715677.1 hypothetical protein HMPREF1541_03103 Cyphellophora europaea CBS 101466

KIV85062.1 ical protein PVL1_00798 Exophiala sideris
| XP_016219633. hypothetical protein PV10_08989 Exophiala mesophila

99 L RVX65796.1 hypothetical protein BOA2_10327 Exophiala mesophila
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Figure 7. A representative phylogenetic tree from the group 7 ancestral origin
classification system (unique gene investigated is highlighted in yellow; FCIR =
Fusarium circinatum). Evolutionary history was inferred by using the
Maximum Likelihood method based on the Le Gascuel model (Le & Gascuel,
2008), along with a discrete Gamma distribution to model evolutionary rate
differences amongst sites. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (100 replicates) were
shown next to the branches (= 75%). All positions containing gaps and missing
data were eliminated. Evolutionary analyses were conducted in MEGA7
(Kumar et al., 2016).
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RBR12981.1 protein ) 06569 Fusarium

RBQ77281.1 hypothetical protein FVERL4953_06569 Fusarium verticillioides

RBQB88750.1 protein 06569 Fusarium

EXK84360.1 hypothetical protein FOQG_11616 Fusarium oxysporum . sp. raphani 54005
EXM26204.1 hypothetical protein FOTG_07222 Fusarium oxysporum . sp. vasinfectum 25433

XP_031066599.1 uncharacterized protein FOIG_04725 Fusarium oxysporumf. sp. cubense tropical race 4 54006
RKL01716.1 hypothetical protein BFJ71_g5045 Fusarium oxysporum

XP_018245971.1 hypothetical protein FOXG_08974 Fusarium oxysporum f. sp. lycopersici 4287

EWZ34217.1 hypothetical protein FOZG_12218 Fusarium oxysporum Fo47

PCD30436.1 hypothetical protein AU210_010118 Fusarium oxysporumf. sp. radicis-cucumerinum
XP_018245972.1 hypothetical protein FOXG_08974 Fusarium oxysporum . sp. lycopersici 4287
RKK72335.1 hypothetical protein BFJ69_g10252 Fusarium oxysporum

EXA30794.1 hypothetical protein FOVG_17823 Fusarium oxysporum f. sp. pisi HDV247

TVY63350.1 Vacuolar membrane amino acid uptake transporter fnx2 Fusarium oxysporum . sp. cubense
ENH70325.1 Putative MFS-type transporter C3E7.06¢ Fusarium oxysporum f. sp. cubense race 1
SCO87833.1 related to multidrug resistance protein Fusarium oxysporum

RBA18483.1 hypothetical protein FPRO05_10776 Fusarium proliferatum

CVL00421.1 related to multidrug resistance protein Fusarium mangiferae

©
8

CVL12796.1 related to multidrug resistance protein Fusarium proliferatum
XP_023433926.1 related to multidrug resistance protein Fusarium fujikuroi IMI 58289
KLO99752.1 multidrug resistance protein Fusarium fujikuroi

CZR40684.1 related to multidrug resistance protein Fusarium proliferatum ET1
KLO91713.1 uncharacterized protein LW93_4610 Fusarium fujikuroi
XP_018752124.1 hypothetical protein FVEG_06569 Fusarium verticillioides 7600

XP_018752125.1 hypothetical protein FVEG_06569 Fusarium verticillioides 7600

RSL64802.1 hypothetical protein CEP54_004624 Fusarium sp. AF-8

RMJ07548.1 hypothetical protein CDV36_012843 Fusarium kuroshium
781RSL89135.1 hypothetical protein CEP52_014997 Fusarium sp. AF-4
ESZ90157.1 protein SBOR_9462 Sclerotinia borealis F-4128
XP_003345137.1 uncharacterized protein SMAC_07426 Sordaria macrospora k-hell

OCK82914.1 alkaline phosphatase-like protein Lepidopterella palustris CBS 459.81

9810CK82915.1 major facilitator superfamily transporter Lepidopterella palustris CBS 459.81

XP_024720978.1 hypothetical protein M430DRAFT_19225 Amorphotheca resinae ATCC 22711
KAA6415220.1 mfs multidrug transporter Umbilicaria pustulata

00Q91150.1 MFS multidrug transporter Penicillium brasilianum
981 CEJ55741.1 Putative MFS drug transporter Penicillium brasilianum

XP_024735012.1 MFS multidrug transporter Hyaloscypha bicolor E
XP_002555617.1 KLTH0G13464p Lachancea thermotolerans CBS 6340
1001 CUS25051.1 LAQUOS25600782g1_1 Lachancea quebecensis

EPS35935.1 hypothetical protein H072_10580 Dactylellina haptotyla CBS 200.50

82 EWC47312.1 hypothetical protein DRE_03431 Drechslerella stenobrocha 248

RVD87894.1 hypothetical protein DFL_002097 Arthrobotrys flagrans
RDW63810.1 hypothetical protein BP6252_11355 Coleophoma cylindrospora
XP_013329576.1 Multidrug resistance protein Fnx1 Rasamsonia emersonii CBS 393.64
XP_024672071.1 efflux pump antibiotic resistance protein Aspergillus candidus
XP_024692113.1 efflux pump antibiotic resistance protein Aspergillus campestris IBT 28561
PLN78470.1 efflux pump antibiotic resistance protein Aspergillus taichungensis
OQE16175.1 hypothetical protein PENSTE_c025G00063 Penicillium steckii
KZNB83423.1 Vacuolar membrane amino acid uptake transporter Penicillium chrysogenum
OQE06699.1 hypothetical protein PENVUL _c017G00171 Penicillium vulpinum
0QD68742.1 hypothetical protein PENDEC_c031G06597 Penicillium decumbens
011073261 hypothetical protein ASPVEDRAFT_364631 Aspergillus versicolor CBS 583.65
XP_026600490.1 Uncharacterized protein DSM5745_08461 Aspergillus mulundensis
01J54835.1 hypothetical protein ASPSYDRAFT_81724 Aspergillus sydowii CBS 593.65
XP_002484583.1 tetracycline-efflux transporter putative Talaromyces stipitatus ATCC 10500
PCG96455.1 Major facilitator superfamily domain general substrate transporter Penicillium sp. occitanis
KFX45524.1 Vacuolar membrane amino acid uptake transporter fnx2 Talaromyces marneffei PM1

981XP_002149544.1 multidrug resistance protein fax1 putative Talaromyces marneffei ATCC 18224

99 TLD37309.1 multidrug resistance protein Venturia nashicola

TID25016.1 multidrug resistance protein Venturia nashicola
XP_018192311.1 putative transporter Xylona heveae TC161

1

100 [ OCK73579.1 putative tetracycli transporter Lepi palustris CBS 459.81

RDW?79389.1 MFS general substrate transporter-49 Coleophoma cylindrospora

77 — KPA37855.1 mfs general substrate transporter Fusarium langsethiae

RGP64272.1 vacuolar membrane amino acid uptake transporter fx2 Fusarium sporotrichioides
FTEMP_12_gene_1.18

—— XP_018001254.1 Vacuolar membrane amino acid uptake transporter fnx2 Phialophora attae

RSL57738.1 hypothetical protein CEP54_008134 Fusarium sp. AF-8
RSL70862.1 hypothetical protein CEP53_001739 Fusarium sp. AF-6

RTE76729.1 hypothetical protein BHE90_008820 Fusarium euwallaceae
RSM10916.1 hypothetical protein CDV31_007044 Fusarium ambrosium
RMJ17737.1 hypothetical protein CDV36_002563 Fusarium kuroshium

@
*

RSL84881.1 hypothetical protein CEP51_003630 Fusarium sp. AF-3
97 RSL94893.1 hypothetical protein CEP52_012364 Fusarium sp. AF-4

XP_003049089.1 hypothetical protein NECHADRAFT_44983 partial Nectria haematococcampV1 77-13-4

L XP_007827576.1 hypothetical protein PFICI_00804 Pestalotiopsis fici W106-1

XP_016253820.1 hypothetical protein PV07_00440 Cladophialophora immunda
991 0QV04216.1 hypothetical protein CLAIMM_09132 Cladophialophora immunda.

XP_016257141.1 hypothetical protein PV06_10829 Exophiala oligosperma

XP_016241870.1 hypothetical protein PV08_02234 Exophiala spinifera.

KIV83160.1 hypothetical protein PV11_05210 Exophiala sideris

RMZ86482.1 hypothetical protein DV736_g6292 partial Chaetothyriales sp. CBS 134916

RMZ82619.1 hypothetical protein DV738_g1697 partial Chaetothyriales sp. CBS 135597
RMZ75259.1 hypothetical protein DV737_g5386 partial Chaetothyriales sp. CBS 132003
RMD40225.1 hypothetical protein DV735_g4906 partial Chaetothyriales sp. CBS 134920

XP_007786857.1 hypothetical protein EPUS_01529 Endocarpon pusillum Z07020

KKY24555.1 putative major facilitator ily transporter

XP_013274276.1 hypothetical protein Z518_05117 Rhinocladiella mackenziei CBS 650.93
XP_007761719.1 hypothetical protein A107_09541 Cladophialophora yegresii CBS 114405
0CT54260.1 Vacuolar membrane amino acid uptake transporter fx2 Cladophialophora carrionii
XP_008724401.1 hypothetical protein G647_10187 Cladophialophora carrionii CBS 160.54
KIW63362.1 hypothetical protein PV04_10212 Phialophora americana

77/ XP_016621578.1 hypothetical protein Z519_04888 Cladophialophora bantiana CBS 17352
XP_007744633.1 hypothetical protein A105_05845 Cladophialophora psammophila CBS 110553
OAL23291.1 Zinc finger protein Fonsecaea multimorphosa

XP_016631446.1 hypothetical protein Z520_06775 Fonsecaea multimorphosa CBS 102226
XP_018689249.1 hypothetical protein AYL99_10034 Fonsecaea erecta

XP_016246196.1 hypothetical protein PV07_09113 Cladophialophora immunda
XP_013281113.1 hypothetical protein Z517_09751 Fonsecaea pedrosoi CBS 271.37
XP_022505868.1 hypothetical protein AYO21_11974 Fonsecaea monophora
XP_022497914.1 hypothetical protein AY020_07836 Fonsecaea nubica
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Figure 8. A representative phylogenetic tree from the group 8 ancestral origin
classification system (unique gene investigated is highlighted in yellow;
FTEMP = Fusarium temperatum). The evolutionary history was inferred by
using the Maximum Likelihood method based on the Le Gascuel model (Le &
Gascuel, 2008), along with a discrete Gamma distribution to model
evolutionary rate differences amongst sites. The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (100
replicates) were shown next to the branches (= 75%). All positions containing
gaps and missing data were eliminated. Evolutionary analyses were conducted
in MEGA 7 (Kumar et al., 2016).
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Figure 9. Pine-associated unique genes distribution across each of the chromosomes as indicated by the blue lines. The conservation of synteny
and inversion between the relevant genomes are indicated in the brown blocks and red lines. FCIR = Fusarium circinatum.

125



FTEMP chr 1

FTEMP chr 2

FTEMP_chr 3

FTEMP chr 4

o

T IO T T LI T T T T T T T IO T T LI T T T T T T T T T T T T T T T T T T T T T T T I T T I T T I TI T T TIITITTTIT]
0 500 1 15 2 25 3 35 4 4

T T LT T T T T T LT T T T T T T T LT T T T T T L g T T T T T g T T T LT T T LTI T T T T T T oL
500 1 15 2 25 3 35 4 45 5 55 6 6.

T O T LI T T T T T T T T T T LI T T L T T T T T T T I LT T T T I T T T T T T T ITTITITIITITTITTT1T1]
0 45 5

500 1 15 2 25 3 35 4
0
Ee
12
|| K
B | .
I —

F R o D N R P L RN R PR RNE R RS AR RS AR R AR RRRAA R R AR

500 1 15 2 25 3 35 4 45

FTEMP chr 8

FTEMP chr5

FTEMP chr 7

AR AR R D R A P R RN P SRR AR R RN R R D AR R RN

500 1 15 2 25 3 35 4 45

500 1 15

0
Ee
12
N — -
B 1 N ]
‘w wr - Wm | W l-

126



a(\)\\\\\\\\\5{\)0\\\\\\\\\1\\\\\\\\\\1\5\\\\\\\\\2\\\\\\\\\\2\5\\\\\\\ :l““““‘soo ] 15 ]
-S' Ez %| Ei
- |  |B S | I ——
F I | b W e 0
n i
N | [ . <

2 (!)“““‘“‘J{‘)O‘“‘““‘1‘““"“"1‘5‘“‘“““2‘“““““2‘5" (:' 0! “ “ “‘ |H‘\ 560 \‘ ‘\ ‘ ‘
z : 5 e
S — . s °r °rr 1 a
.| [ - ] W
H N | — - ]

[ | Unique genes || Gene density B inversions

H Synteny between F. temperatum m Synteny between F. temperatum Synteny between F. temperatum

CMW 40964 and F. circinatum FSP34 CMW 40964 and F. fracticaudum CMW 40964 and F. pininemorale

CMW 25245

CMW 25243

Figure 10. Poaceae-associated unique genes distribution across each of the chromosomes as indicated by the blue lines. The conservation of
synteny and inversion between the relevant genomes are indicated in the brown blocks and red lines. FTEMP = Fusarium temperatum.
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Figure 11. Integration of SynChro and phylogenetic results of the pine-
associated genes clustering together or those in close proximity to each other.
This is a representation of numerous F. circinatum FSP34 unique genes that are
clustered. The F. temperatum CMW 40964 genes shared 36.4% synteny in (A)
and 9.1% in (B), towards the F. circinatum FSP34 genes. Unique genes can be
located next to each other or in close proximity to each other, and can have the

same or different ancestral origins.
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Figure 12. Integration of SynChro and phylogenetic results of the Poaceae-associated
genes clustering together or those in close proximity to each other. This is a
representation of numerous F. temperatum CMW 40964 unique genes that are
clustered. The F. circinatum FSP34 genes shared 54.5% synteny in (A) and 18.2% in
(B), towards the F. temperatum CMW 40964 genes. Unique genes can be located next
to each other or in close proximity to each other, and can have the same or different

ancestral origins.
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Figure 13. Data retrieved from the Shapiro-Wilk’s test for departure from normality for the unique genes of the pine- and

Poaceae-associated Fusarium species, represented by F. circinatum FSP34 and F. temperatum CMW 40964, respectively.
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SUPPLEMENTAL TABLES

All the supplemental data tables can be retrieved from the following Google drive:
https://drive.google.com/drive/folders/1eK5hGcNRKECBVHwONo6XIOKbKUI43ZLg

?usp=sharing

Supplemental Table 1. BUSCO results for the relevant Fusarium genomes.

Supplemental Table 2. The chromosome fold-difference between four of the six
Fusarium species. Indicated in red is the chromosome which is the largest amongst the

four investigated species.

Supplemental Table 3. Pearson product-moment correlation coefficient calculation.

Supplemental Table 4. The output retrieved from OrthoFinder, including all six
Fusarium genomes. The number indicated after the species identifier is the chromosomal
location of this gene (chromosome 1-12). In F. konzum and F. subglutinans it indicates
the scaffold number.

Supplemental Table 5. The shared genes across all six Fusarium genomes, along with
the amino acid (AA) sequence for each gene. The number indicated after the species
identifier is the chromosomal location of this gene (chromosome 1-12). In F. konzum and
F. subglutinans it indicates the scaffold number.

Supplemental Table 6. The 72 unique genes, along with their multiple copies, shared
between all the pine-associated Fusarium species. The number indicated after the species
identifier is the chromosomal location of this gene (chromosome 1-12).

Supplemental Table 7. The 47 unique genes, along with their multiple copies, shared
between all Poaceae-associated Fusarium species. The number indicated after the species
identifier is the chromosomal location of this gene (chromosome 1-12). In F. konzum and

F. subglutinans it indicates the scaffold number.
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Supplemental Table 8. The EST data for F. circinatum, obtained from Wingfield et al.
(2012) and van Wyk et al. (2019).

Supplemental Table 9. The Blast2GO data for the 72 unique pine-associated genes,

specifically for (A) Fusarium circinatum, (B) F. fracticaudum and (C) F. pininemorale.

Supplemental Table 10. The Blast2GO data for the 47 unique Poaceae-associated genes,
specifically for (A) Fusarium konzum, (B) F. subglutinans and (C) F. temperatum.

Supplemental Table 11. The Fischer exact test data for (A) the 72 unique pine-
associated genes and (B) the 47 unique Poaceae-associated genes.

Supplemental Table 12. The Chi-squared test calculations for the genomic locations of

the unique genes from both F. circinatum and F. temperatum.

Supplemental Table 13. The unique gene density for both F. circinatum and F.

temperatum.

Supplemental Table 14. The SynChro data for genes downstream and upstream of the
unique genes of both the pine- and Poaceae-associated Fusarium species. FCIR =
Fusarium circinatum FSP34 and FTEMP = Fusarium temperatum CMW 40964.

Supplemental Table 15. The Shapiro-Wilk’s test for departure from normality.

132



SUPPLEMENTAL FIGURES

All the supplemental figures can be retrieved from the following Google drive:
https://drive.google.com/drive/folders/1eK5hGcNRKECBVHwONo6XIOKbKUI43ZLg

?usp=sharing

Supplemental Figure 1A. A pie chart of the level 4 GO terms involved with the

biological processes of the 72 unique genes from the pine-associated Fusarium species.

Supplemental Figure 1B. A pie chart of the level 4 GO terms involved with the

molecular functions of the 72 unique genes from the pine-associated Fusarium species.

Supplemental Figure 1C. A pie chart of the level 4 GO terms involved with the cellular
components of the 72 unique genes from the pine-associated Fusarium species.

Supplemental Figure 1D. A pie chart of the level 4 GO terms involved with the
biological processes of the 47 unique genes from the Poaceae-associated Fusarium

species.
Supplemental Figure 1E. A pie chart of the level 4 GO terms involved with the
molecular functions of the 47 unique genes from the Poaceae-associated Fusarium

species.

Supplemental Figure 1F. A pie chart of the level 4 GO terms involved with the cellular

components of the 47 unique genes from the Poaceae-associated Fusarium species.

Supplemental Figure 2A. Unique genes with ancestral origins that emerged within the

FFSC and were retained only in certain lineages.

Supplemental Figure 2B. Unique genes with ancestral origins that emerged due to a
duplication in the FFSC but were retained/acquired only in a few FFSC species.

133



Supplemental Figure 2C. Unique genes with ancestral origins that originated in
FOSC.

Supplemental Figure 2D. Unique genes with ancestral origins within the broader

FOSC+FFSC clade but were only retained in certain species.

Supplemental Figure 2E. Unique genes with ancestral origins that originated in the

Fusarium F2 clade but were retained/acquired only in certain Fusarium species.

Supplemental Figure 2F. Unigue genes with ancestral origins that originated in the

Fusarium F3 clade, excluding Fusarium solani (Nectria haematococca).

the

Supplemental Figure 2G. Unique genes with ancestral origins that emerged from

ascomycetes outside the Fusarium clade.

Supplemental Figure 2H. Unique genes with ancestral origins that emerged due to a

duplication in the Fusarium clade but were retained/acquired only in certain species

complexes.

Supplemental Figure 21. Unique genes with ancestral origins that have no significant

hits based on NCBI results and phylogenetic analyses.
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CHAPTER 3:

CAZyme gene repertoire comparisons of selected
Fusarium species from the American clade of the
FFESC




ABSTRACT

The genus Fusarium is diverse and harbour species that can be organised into different
species complexes. One well-known species complex is the Fusarium fujikuroi species
complex (FFSC) that contains economically and agriculturally important pathogens.
Fungi, in general, are known to occupy diverse niches and utilise many different
strategies for survival and reproduction. The host-pathogen interaction between plants
and fungi is dynamic, complex and co-dependent. The initial phase of host cell
penetration initiates on the epidermal cells, followed by entry into intracellular spaces.
The process of penetration is often facilitated by Carbohydrate-Active enZymes
(CAZymes). In this study, we investigated the CAZyme repertoire of species associated
with Pinus species (F. circinatum FSP34, F. pininemorale CMW 25243 and F.
fracticaudum CMW 25245) and members of Poaceae (F. temperatum CMW 40964, F.
subglutinans NRRL 22016 and F. konzum NRRL 11616). This study aims to identify
CAZymes that could play a role in host defence mechanisms, but that also differ between
the Fusarium species belonging to each host group. For this, we implemented
comparative genomics to illustrate the difference in the CAZyme repertoire between the
two groups of Fusarium species. We found that the glycoside hydrolases (GHs) class was
the most prevalent in all six genomes, followed by the carbohydrate esterases (CES),
auxiliary activities (AAs) and glycosyltransferases (GTs) classes with an almost similar
repertoire of genes, emphasising the carbohydrate degradation and utilisation potential of
these fungi, irrespective of host. The similarities of the CAZyme families between the
Fusarium species associated with monocots and gymnosperms were striking,
emphasising the close relatedness of these fungi. Despite this correspondence, two
CAZyme families were identified as different amongst the two groups of Fusarium
species (GH43 and GH109). These genes differ in ancestral origins, where GH43 have
originated within the Fusarium oxysporum species complex (FOSC), and GH109
originated within the FOSC+FFSC. We found that these two genes were possibly
acquired through horizontal gene transfer.
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INTRODUCTION

Some fungi employ cell-wall degrading enzymes, often referred to as Carbohydrate-
Active enZymes (CAZymes), to penetrate host cells for nutrients (Jones & Dangl, 2006,
Cantarel et al., 2009, Borah et al., 2018, Dracatos et al., 2018). The secretion of these
enzymes is especially prevalent in fungi lacking penetration structures. CAZymes permits
the degradation of host macromolecules and play a part in the host-pathogen interaction.
For example, these enzymes degrade host macromolecules to release nutrients for the
pathogen (Brunner et al., 2013). Host cell walls are enriched in carbon (in the form of
carbohydrates) and nitrogen and provide the pathogen with a sustainable diet to develop
to its full potential (Lowe et al., 2015). Pathogens require carbon as a source of cellular
energy and cell wall remodelling, and nitrogen for the synthesis of proteins and nucleic
acids. Several CAZymes, such as pectinases (Babalola, 2010, Walter et al., 2010),
xylanases (Husaini et al., 2018, Yang et al., 2018, Yu et al., 2018) and cellulases
(Babalola, 2010, Quoc & Chau, 2017, Husaini et al., 2018) are frequently involved in the
host-pathogen interaction. Thus, the nutritional and survival needs of a pathogen are,

therefore, dependant on a successful interaction between the host and a pathogen.

The diverse ecological functions associated with CAZymes allow fungi to adapt to a
specific lifestyle (Zhao et al., 2013b). Alternatively, their diverse nature allows a lifestyle,
which can either be pathogenic or endophytic (Zhao et al., 2013b, Bashyal et al., 2017,
Brown et al., 2017, Sista Kameshwar & Qin, 2018, Yang et al., 2019, Roy et al., 2020).
The contrasting lifestyles employed by fungi can be brought about by differing
circumstances. During evolution, additional genes that were acquired from either external
(e.g., horizontal gene transfer) (Coleman et al., 2009, Maet al., 2010, Stewart et al., 2014,
Glenn et al., 2016, Van Wyk et al., 2018) or internal (e.g., mutations, duplications and
translocations) (Coleman et al., 2009, De Vos et al., 2014, King et al., 2015) processes
possibly enabled various Fusarium species to contain a more extensive arsenal of genes.
Differential expression of genes is also known to play a role in the ability of fungi to

colonise different hosts, as observed for F. graminearum (Brown et al., 2017).

The role of CAZymes has been investigated in different Fusarium species, such as F.

graminearum (Zhao et al., 2013b), F. fujikuroi (Bashyal et al., 2017), F. oxysporum
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(Chang et al., 2016) and Nectria haematococca (F. solani) (Coleman et al., 2009),
amongst others. lIdentified CAZyme-encoding genes from these Fusarium species
indicated that many of these genes are up-regulated during host-pathogen interactions,
emphasising the importance of these enzymes during initial infection towards successful
pathogen colonisation. Genomic analyses have shown that fungi are enriched for a variety
of CAZyme families belonging to the glycoside hydrolases (GHs), carbohydrate esterases
(CEs) and polysaccharide lyases (PLs) classes (Zhao et al., 2013b, Kubicek et al., 2014).
For example, in F. fujikuroi, these enzymes promote the colonisation of root tissue and
the degradation of plant biomass (Bashyal et al., 2017). In F. graminearum these enzymes
induce the degradation of plant cell walls and host cell death (Brown et al., 2010, Brown
et al., 2012), whereas these enzymes promote successful host invasion in F. oxysporum
(Roy et al., 2020). These studies emphasise the role of CAZymes in overcoming the
host’s defence responses, occupying a niche, which will, in turn, promote the survival

and reproduction of fungi.

CAZymes are considered CWDE (cell wall degrading enzymes), which contribute to the
degradation of cellulose, hemicellulose and pectin. Fungi are also more likely to produce
a bigger arsenal of CAZymes at later stages of host infection (Gibson et al., 2011). The
type and quantity of CAZymes produced are dependent on the host plant since the arsenal
of these enzymes will differ for monocots and dicots (Cuomo et al., 2007, King et al.,
2011). CWDEs can be divided into enzymes focussing on fungal cell wall degradation
(FCWDEs) versus plant cell wall degradation (PCWDEs). The FCWDEs are more
focussed on the fungal interaction between the environment and a host, whereas
PCWDEs focuses on the degradation of plant cell wall components (Coutinho et al.,
2009, Battaglia et al., 2011).

Gymnosperms and monocots have plant cell walls that differ significantly in their
composition and structure and have evolved differently to protect them from pathogen
attack (Malinovsky et al., 2014, Houston et al., 2016, Bacete et al., 2018). Plant cell walls
consist of a range of components, which include cellulose, non-cellulose and pectic
polysaccharides, proteins, phenolic compounds and water (Rose et al., 2004, Cosgrove,
2005, Houston et al., 2016). Cell walls of grass monocots and gymnosperms differ in

their amounts of non-cellulose polysaccharides and their associations/linkages (Carpita,
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1996, Vogel, 2008). For example, primary cell walls in grasses are more abundant in
hemicellulose, glucuronoarabinoxylan and glucan, and less abundant in xyloglucan,
pectin and structural proteins (e.g., arabinogalactan). In contrast, primary cell walls in
gymnosperms are highly abundant in mannan and glucomannan as the predominant
hemicelluloses, along with high abundances of pectin and structural proteins (Vogel,
2008). Secondary cell walls differ from primary cell walls in terms of structure and
composition, typically containing more cellulose and less pectin, with the predominant
non-cellulose components in secondary cell walls of grasses being xylan and lignin. The
major non-cellulose components of secondary cell walls in gymnosperms are lignin and
hemicellulose, with galactomannan and glucomannan as the more prominent
hemicelluloses in these cell walls, in addition to xylan (Aspinall, 1980, Capek et al., 2002,
Pauly & Keegstra, 2008). Due to these differences in primary and secondary cell walls,
the expectation is that differing CAZymes would be necessitated by fungal pathogens

attacking these dissimilar plant hosts.

To complement the study into host-specificity, investigations into CAZymes were
undertaken. This study aimed to implement comparative genomics to illustrate the
difference in the CAZyme repertoire between six Fusarium species, all belonging to the
American clade of the Fusarium fujikuroi species complex (FFSC). These Fusarium
species associate either with pine trees or members of Poaceae. The results will provide
insight into the carbohydrate degradation and utilisation potential of these two groups of
fungi. The correlation between the diversity and specificity of CAZyme families between
the Fusarium species associated with gymnosperms and monocots will be established.
Genes that differ between two CAZyme families will be considered at a phylogenetic
level. This is the first study focussing on CAZymes encoded by these Fusarium species.
The results from this study will contribute to the current understanding of how these

enzymes play a role in host colonisation between gymnosperms and monocots.
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MATERIALS AND METHODS

CAZyme identification and distribution across the relevant Fusarium species

A total of six Fusarium genomes were used in this study. Three of these genomes were
from Fusarium species associated with Pinus species [F. circinatum FSP34 isolated from
P. radiata (Gordon et al., 1996, De Vos et al., 2020, unpublished), F. fracticaudum CMW
25245 isolated from P. maximinoi (Herron et al., 2015, Wingfield et al., 2018a) and F.
pininemorale CMW 25243 isolated from P. tecunumanii (Herron et al., 2015, Wingfield
etal., 2017)]. The remaining three genomes were from Fusarium species associated with
members of the Poaceae family [F. konzum NRRL 11616 isolated from prairie grass
(Zeller et al., 2003), F. subglutinans NRRL 22016 isolated from maize (Desjardins et al.,
2006) and F. temperatum CMW 40964 isolated from teosinte (Desjardins et al., 2000,
Wingfield et al., 2015b)]. The sequencing of the F. subglutinans NRRL 22016 and F.
konzum NRRL 11616 genomes were performed by the Illumina Mi-Seq at Peoria
(Ilinois) with one 500 bp paired-end library (unpublished data, kindly provided by
Robert H. Proctor).

The protein sequences predicted for the genes of each of the six Fusarium genomes were
analysed for CAZymes identified by the DataBase for automated Carbohydrate-active
enzyme Annotation (dbCAN2, http://bcb.unl.edu/dbCAN2/) (Zhang et al., 2018). The
putative CAZyme genes were grouped into different classes, based on their catalytic
activities (Ferreira Filho et al., 2017). The Carbohydrate-Active enZymes (CAZy)
database currently covers five CAZyme classes, each containing multiple families (i.e.,
GH43, GH109) that are classified based on amino acid sequences and structural
similarities (Lombard et al., 2014). These classes include glycoside hydrolases (GHS)
that hydrolyse glycosidic bonds and degrade plant biomass (Berlemont & Martiny, 2016),
glycosyltransferases (GTs) that form glycosidic bonds, resulting in the biosynthesis of
oligosaccharides, polysaccharides and glycoconjugates (Breton et al.,, 2005),
polysaccharide lyases (PLs) that cleave uronic acid-containing polysaccharide chains into
unsaturated polysaccharides (Lombard et al., 2010), carbohydrate esterases (CES)
involved in the catalysation of de-O or de-N-acylation to remove esters of substituted

saccharides (Cantarel et al., 2009) and the auxiliary activities (AAs) that depolymerise
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non-carbohydrate structural components (Rytioja et al., 2014). Lastly, the carbohydrate-
binding modules (CBMs) are not considered an official enzyme class but consist of

polypeptides that adhere to carbohydrates (Boraston et al., 2004).

The CAZyme-encoding genes will be compared with the unique genes identified. This
comparison will allow for the identification of any unique genes encoding for CAZymes
which aid in the host-specificity of these Fusarium species. Furthermore, the
chromosomal location of the unique CAZyme-encoding genes will also be investigated.

Hierarchical clustering was performed using ClustVis to visualise the clustering of multi-
variate data and to visualise groups of species with similar enzymatic profiles (Metsalu
& Vilo, 2015). The Euclidean distance was used as the distance metric and average
lineage clustering as the linkage method for the columns. In contrast, the rows were
correlated, and complete linkage was applied. A heatmap was also created using
ClustVis, where CAZyme families with the same number of genes in all species were

automatically removed.

Availability of EST data

Expressed Sequence Tag (EST) data for F. circinatum FSP34 genes were implemented
from previous studies. These include genes expressed during carbon and nitrogen
starvation (Wingfield et al., 2012) and genes expressed on half-strength potato dextrose
broth at room temperature (Van Wyk et al., 2019). These results were compared with the
CAZyme genes in F. circinatum to identify which genes are transcribed. All data were
analysed in CLC Genomics Workbench v. 11. Genes with RPKM (Reads Per Kilobase
per Million mapped reads) values > 0.2 and at least three unique gene reads mapping to

it were considered transcribed (Wickramasinghe et al., 2012).

CAZyme family-based phylogeny of selected genes

CAZyme families with constant (similar for all species in a group) and differing (different
between the two groups) gene counts were selected and studied on a phylogenetic level.

To infer phylogenies, all sequences were aligned with MAFFT (Multiple sequence
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Alignment based on Fast Fourier Transform) v. 7.0 with default settings (Katoh et al.,
2017). MEGA v. 7.0.26 (Kumar et al., 2016) was used to draw trees using the Maximum

Likelihood branch support using bootstrap analyses based on 100 pseudoreplicates.

RESULTS

CAZyme identification and characterisation

Many putative CAZymes with similarity towards those previously characterised from the
five main CAZyme classes, along with the carbohydrate-binding modules, have been
identified in the six Fusarium genomes (Figure 1, Table 1, Supplemental Table 1-6).
These included genes from 302-342 GHs, 107-115 GTs, 112-134 CEs, 113-121 AAs, 23-
26 PLs families and 17-22 CBMs. The percentage of genes encoding for CAZymes in
each genome was relatively similar, ranging from 4.40% of genes in F. circinatum

compared to the 4.63% of genes in F. fracticaudum (Table 2).

Amongst all CAZyme classes, the GHs class was the most prevalent in all six genomes,
followed by the classes CEs, AAs, GTs, PLs and CBMs (Figure 1). GH was also the class
that had the most variation amongst the six Fusarium species (Table 2). All CAZyme
families shared similar profiles amongst the six Fusarium species (Table 1). Fusarium
fracticaudum was the most prevalent genome in the GHs class, having 19 GH-encoding
genes more than the next prevalent genome, F. konzum (Figure 1). This increase extended
over numerous GHs families, so it was not due to an increase in a specific family.
Fusarium fracticaudum was also the most prevalent in the GTs and PLs classes, which
accounts for the larger proportion of its genome encoding for CAZymes (Table 2),
compared to the other Fusarium species. Conversely, the increase in GTs within F.
fracticaudum was in one family (GT1) compared to the other Fusarium species.
Similarly, the increase in PLs was due to the presence of one PL11 2 not found in any of

the other Fusarium species.

CAZyme genes potentially involved in fungal cell wall degradation and plant cell wall
degradation have also been identified (Zhao et al., 2013b, Kubicek et al., 2014). Potential
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FCWDEs (between 63-70 total genes in each genome) involved in the degradation of -
glycan includes the GH16, GH17, GH55, GH71, GH72 and GH81 families. Families
GH18, GH20, GH75 and GH76 involve the degradation of chitin. The genes in families
GH16 and GH18 were much more abundant compared to the other families involved in
FCWDE. The PCWDEs (between 166-184 total genes in each genome) included
CAZyme families playing a role in pectin degradation (e.g., rhamnogalacturonan
exolyase, PL26; B-galactosidases, GH2; galacturonases, GH28; endo-arabinases, GH43;
a-arabinofuranosidases, GH51; endo-B-1,4-galactanases, GHS53; a-L-rhamnosidases,
GH78; exo-a-L-1,5-arabinanases, GH93 and pectin methylesterase, CE8), cellulose
degradation (e.g., GHS5, GH12 and GH45, B-1,4-endoglucanases; GH6 and GH7,
endoglucanases/cellobiohydrolases; GH1 and GH3, B-glucosidases) and hemicellulose
degradation (e.g., GH1 and GH3, B-1,4-glucosidases; GH2, B-1,4-mannosidases; GH10
and GHI11, B-1,4-endoxylanases; GH3 and GHA43, f-1,4-xylosidases; GHS, B-1,4-
endomannanases; CE3, CE4 and CE5, acetylxylan esterases; GH3, GH10, GH43 and
GHS51, a-L-arabinofuranosidases and GH74, B-1,4-endoglucanases). Genes from families
AA3 (cellobiose dehydrogenase, glucose 1-oxidase, aryl alcohol oxidase, alcohol oxidase
and pyranose oxidase) and AA7 (glucooligosaccharide oxidase) are involved in the
degradation of lignin. Genes within families AA7 and GH3 were much more abundant
compared to genes from families CE3, CE4, CE5, GH2 and GH78 which was less

abundant but still more abundant compared to the rest of the PCWDEs.

CAZyme families that are present in all ascomycetes were also present in this study (Zhao
etal., 2013). These families include GH2, GH72, GH76, GH5, GH79, CE3 and CE5. The
number of genes within these families displayed similar patterns to other CAZymes, with

either the same number for each genome or slight variation amongst the genomes.

Distribution of CAZymes across the relevant Fusarium species

Putative CAZyme-encoding genes belonging to specific classes were found to be
dispersed amongst chromosomes and were not necessarily located on the same
chromosome (Supplemental Table 1-3, 6). Graphical distribution of genes in some
CAZyme families is given in Figure 2A-F. The abundance of the different enzymes

within a family was represented by a colour scale from blue to red. The darker the blue,
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the more depleted the enzymes are in a specific family, while a darker red represented an
enrichment of enzymes in a specific family. Fusarium circinatum was generally depleted
in AAs and CBMs compared to the rest of the genomes (Figure 2A and 2B). There was
an enrichment in AA1_2 and AA3 for F. subglutinans and F. temperatum, while F.
subglutinans was enriched in AA1 and F. konzum enriched in AALl_3, AA3_2, AA4 and
AAT7, both species as outliers in comparison to the other Poaceae-associates. An
enrichment for CBM24 was observed in F. subglutinans and F. konzum, while F.
pininemorale, F. subglutinans and F. temperatum were enriched for CBM32, CBM1 and
CBM67, respectively, as outliers in comparison to the remaining pine- and Poaceae-
associates. Fusarium temperatum was generally depleted in CEs, except for CE1, which
was enriched in the genomes of the Poaceae-associated Fusarium species (Figure 2C).
The two pine-associates (F. fracticaudum and F. pininemorale) were generally more
enriched in CE3, CE4, CE5 and CE10. Fusarium konzum and F. subglutinans were
enriched in CE5 as outliers towards F. temperatum. The genome of F. fracticaudum was
generally more enriched in PLs compared to the rest of the genomes (Figure 2D). Figure
2E indicated the severe depletion of GH5 22, GH10, GH12, GH16, GH28, GH29,
GH43_29, GH43 36, GH54, GH67, GH78, GH114 and GH142, which clustered in F.
circinatum. These genes are likely involved in PCWD (GH10, GH12, GH28, GH29,
GH43_29, GH43_36, GH54, GH67, GH78, GH114 and GH142) and FCWD (GH5_22
and GH16). In F. fracticaudum, GH35, GH39, GH43_1, GH43_14, GH106, GH127 and
GH145 was enriched and clustered, where these genes participate in PCWD. The
Poaceae-associated Fusarium species were depleted in GH3, GH5, GH20, GH36,
GH43_13, GH88 and GH106, compared to the remaining genomes. A clear difference in
the CAZyme repertoire existed in GH43 and GH109 between the pine- and Poaceae-
associated Fusarium species. Furthermore, compared to the rest of the genomes, a
depletion of GT8, GT17 and GT64 was observed in F. circinatum, F. temperatum and F.
fracticaudum, respectively (Figure 2F). In contrast, the latter genome was highly enriched
in GT1 compared to the remaining genomes.

Availability of EST data

Expression data for the genes of the pine pathogen, F. circinatum, were obtained from
previous studies (Wingfield et al., 2012, Van WyKk et al., 2019) (Supplemental Table 7).
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The combined results indicated that 647 of the 665 putative CAZyme genes (97.29%)
were transcribed under the described conditions. Overall, the results indicated that a vast
majority the unique genes from the pine-associated Fusarium species are likely actively
transcribed.

CAZyme family-based phylogeny of selected genes

The results from Table 1 and Figure 2E highlighted two CAZyme families (GH43 and
GH109) that differ in genic repertoire between the two host groups. The putative
CAZyme-encoding genes from this study correlated with three of the unique genes. Of
the 72 unique genes from the pine-associated Fusarium species, two genes have been
identified to encode for the CE10 and GH43 CAZyme families. The single gene
(FCIR_3 gene 4.30, FFRAC_3 gene 4.125 and FPIN_3 gene_4.79) within the CE10
family were located on chromosome 3 in all three Fusarium species associated with pine.
Similarly, the  gene (FCIR_6_gene_2.142, FFRAC_6_gene_2.15 and
FPIN_6_gene_2.27) within the GH43 family were located on chromosome 6. The only
CAZyme family identified in the 47 unique genes from the Poaceae-associated Fusarium
species was a CE3 which was located on chromosome 1 of F. temperatum
(FTEMP_1 gene_3.65). The location of this gene in F. konzum and F. subglutinans could
not be traced back to a specific chromosome due to the fragmented condition of these

genomes.

The potential phylogenetic origin of these genes was demonstrated (Figure 3 and 4). A
classification system for ancestral origins was constructed. The ancestral origin for the
GH43 gene falls in group 3 of this system, meaning that this gene has likely originated
from the Fusarium oxysporum species complex (FOSC). In contrast, the GH109 gene
falls into group 4 of the classification system, indicating that this gene likely originated
from the broader FFSC and FOSC, but was only retained in specific lineages (Figure 3
and 4).
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DISCUSSION

This study comprehensively investigates the CAZyme repertoire of Fusarium species
associated with Pinus species and members of Poaceae. CAZymes analyses found
remarkable similarities between all the species investigated, with similar proportions of
the genome encoded by CAZymes. CAZymes were found to be distributed across all
chromosomes and were generally not localised to specific chromosomes. Furthermore,
only two CAZyme families (GH43 and GH109) showed differences between the
Fusarium species associated with the two different host groups. Phylogenetic analyses
revealed that these genes were likely as a result of gene loss and/or gain.

The results of this study demonstrated that these species encode for more CAZymes
compared to other fungi and Fusarium species. The six Fusarium species consist of 683-
754 CAZyme-encoding genes, which differed from other plant pathogens, such as
Sclerotinia sclerotiorum (415 genes) and Botrytis cinerea (441 genes), as well as from
non-pathogenic fungi, such as Neurospora crassa (322 genes) and Aspergillus niger (439
genes) (Coutinho et al., 2009, Amselem et al., 2011). Fusarium species, such as F.
graminearum (biotroph) and F. fujikuroi (necrotroph) contain 109 and 356 CAZyme-
encoding genes, respectively (Bashyal et al., 2017, Brown et al., 2017). The number of
CAZymes per class might differ between different pathogens depending on the host and
pathogen lifestyle (Zhao et al., 2013b, Kubicek et al., 2014). Fusarium circinatum is
considered a hemibiotroph (Martin-Rodrigues et al., 2013, Swett et al., 2016, Swett &
Gordon, 2017, Swett et al., 2018), F. subglutinans and F. temperatum are necrotrophs
(Desjardins et al., 2000, Scauflaire et al., 2011) and F. konzum is an endophyte on prairie
grass (Zeller et al., 2003). The pathogenic status linked to F. fracticaudum and F.
pininemorale is not yet known. Further research can improve current knowledge of how
different lifestyles affect CAZyme gene expression, especially for those pathogens

colonising one host as an endophyte and another as a pathogen.

CAZymes vary slightly in distribution and abundance amongst the Fusarium species of
this study. For example, it was observed that F. subglutinans (AA1l), F. pininemorale
(CBM32 and GH43_28) and F. fracticaudum (PL11 2) contained a single gene in the

specific families and was highly enriched in the respective genomes but these genes were

146



absent in all the other genomes from this study. The presence of laccase (p-diphenol
oxygen oxidoreductase) (AAL) is expected since this enzyme catalyses the oxidative
gelation of feruloylated arabinoxylans (hemicellulosic polysaccharides covalently linked
to each other and lignin) upon the dimerization of their ferulic esters (Rosell & Marco,
2008). Arabinoxylans are present in the cell walls of monocots, hence the need for this
specific enzyme (Hatfield et al., 2017). CBM32 binds to galactose and lactose as a form
of nutrient acquisition for the pathogen (e.g., F. pininemorale) and can also bind to
polygalacturonic acid for the breakdown of plant tissues into simpler molecules which
may also serve as a source of nutrients to a pathogen (Newstead et al., 2005, Abbott et
al., 2007). In addition, B-xylosidase (GH43 28) participates in the biodegradation of
xylan, which is also the main hemicellulose component in the secondary cell walls of
gymnosperms (F. pininemorale) (Aspinall, 1980, Capek et al., 2002, Pauly & Keegstra,
2008). Rhamnogalacturonan endolyase (PL11_2) degrades the rhamnogalacturonan from
plant cell walls to releases oligosaccharides, such as sucrose, lactose and maltose, which
may act as an additional nutrient source for F. fracticaudum (Ochiai et al., 2006). The
absence of the genes mentioned in this paragraph possibly emphasises the diverse

ecological needs and adaptation of different fungal species.

Genes from CBM38, GH43_29 and GH142 were absent in F. circinatum while being
present in the remaining genomes. The CBM38 enzymes bind inulin that promotes the
storage of carbohydrates (Lee et al., 2004). Inulin reduces the energy density of food and
is used to enrich food with dietary fibre or to replace sugar and fat (Lee et al., 2004). The
absence of this enzyme in F. circinatum suggests that this pathogen can survive in the
absence of this enzyme and uses sugars other than inulin as sources of energy. The
enzyme B-xylosidase, encoded by members of the GH43 family, are important in fungi
and bacteria for providing thermostability, increased specificity and more tolerance to
xylose (Zhao et al., 2013a, Mustafa et al., 2016). Fusarium circinatum does not
necessarily require thermostability as much as increased specificity and tolerance to
xylose. The absence of B-xylosidase (GH43_29) from F. circinatum suggests that this
pathogen uses other 3-xylosidases from different CAZyme families to degrade xylan and
overcome the pine host’s defence response (secretion of xylose). Furthermore, B-L-
arabinofuranosidase (GH142) degrade arabinoxylans and arabinogalactans, which are
present in the cell walls of monocots (Hatfield et al., 2017). The absence of GH142
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probably would not significantly affect pathogens associated with gymnosperms. The
minor gains and losses of CBM38, GH43 29 and GH142 genes do not seem to be
involved with host-specificity, as their gain/loss are not uniformly distributed.

Many putative GH families were identified from this study and are predicted to have
activities in cell wall degradation (i.e., PCWDE and FCWDE) (Van den Brink & De
Vries, 2011, Kubicek et al., 2014). This could potentially be due to the multifunctionality
of these enzymes, as well as the variation in function and substrate specificity of enzymes
in the GHs class (Zhao et al., 2013b, Kubicek et al., 2014). Several GH families from
this study have been identified from previous literature to be involved in host cell wall
modification, plant biomass degradation and fungal virulence (McDonough et al., 2004,
Kubicek et al., 2014, Bashyal et al., 2017, Brown et al., 2017).

A large group of putative PCWDEs, potentially targeting pectin, have been identified in
the six Fusarium genomes. Polygalacturonase (GH28) synthesised by fungi are
considered important for pectin degradation and host infection. In this study, all six
genomes contained multiple copies of these genes (8-10). No correlation could be made
with regards to differences in these genes between the Fusarium species associated with
the two host groups. Some CAZyme families involved in pectin degradation, such as
PL1, PL3, PL4 and GH13, were absent from the genomes investigated. However, there
are subfamilies in these categories and the enzymes in these subfamilies have activities
which have the potential to replace these missing enzyme families (Zhao et al., 2013b,
Kubicek et al., 2014).

Some putative PCWDESs have been associated with the degradation of celluloses and
were mainly classified into three groups (i.e., p-1,4-endoglucanases,
exoglucanases/cellobiohydrolases and B-glucosidases). These enzymes are all important
for the internal/external cleavage of a cellulose chain and to convert cellobiose to glucose
monomers, respectively (Vlasenko et al., 2010, Van den Brink & De Vries, 2011). The
CAZyme families involved in cellulose degradation consist of 1-26 copies of these genes,
depending on the family. Differences in this study, in comparison to other studies
(Amselem et al., 2011, Gibson et al., 2011, Van den Brink & De Vries, 2011, Kubicek et

al., 2014), emphasised the differences amongst the species in the genes involved in the
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enzymatic activity of cellulose degradation. This emphasises that pathogens adopt a

lifestyle and synthesise proteins promoting this lifestyle.

The Fusarium species from this study had some CAZyme profiles potentially involved
in the degradation of hemicellulose. After cellulose, hemicellulose is the second most
abundant polysaccharide in plants. Hemicellulose consists of a variety of
polysaccharides, including xylan, xyloglucan, glucogalactomannan and galactan
(Amselem et al., 2011, Kubicek et al., 2014). The Fusarium species from this study had
similar B-1,4-endoxylanases (GH10 and GH11) profiles compared to other pathogens
(e.g., Sclerotinia sclerotiorum, Verticillium dahlia, F. verticillioides and F.
graminearum) (Kubicek et al., 2014), which suggest a role for these enzymes during host

colonisation for a wide range of fungi.

The putative CAZymes involved in the degradation of fungal cell walls are predicted to
participate in various metabolic pathways and processes to modify fungal cell walls
(Zhao et al., 2013b, Kubicek et al., 2014). These enzymes have diverse functions, such
as providing protection to cells during host infection and inferring pathogenicity and
virulence. The B-glucanases from GH16 and chitinases from GH18 were the most
abundant amongst the other identified FCWDEs. This correlates with literature since
fungal cell walls are enriched in polysaccharides such as glucan and chitin (Karlsson &
Stenlid, 2009, Mouyna et al., 2013, Kang et al., 2019). FCWDEs play a crucial part in
host-pathogen interactions since components of the fungal cell wall trigger host defence

responses upon recognition by host immune cells (Geoghegan et al., 2017).

In the current study, investigations focussed into the two classes of CAZymes (GH43 and
GH109) that varied between the two groups of investigated Fusarium genomes. The
GHA43 class is prevalent in most plant pathogens and plays a crucial role in biomass
degradation (Kohler et al., 2015). Compared to other pathogens, the Fusarium species
from this study contain very few genes (1-2). For example, N. haematococca, S.
sclerotiorum, V. dahlia, F. graminearum and F. verticillioides contain 32, 21, 22, 19 and
22 genes, respectively (Kubicek et al., 2014). Pathogens associated with gymnosperms,
such as Dichomitus squalens and Heterobasidion annosum contain less GH43 genes (7

and 5 genes, respectively), which is still more than what was found from this study
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(Kubicek et al., 2014). The GH43 family consists of different enzymatic activities, and
some are known to play roles in host-pathogen interactions (Knoch et al., 2014). The
second CAZyme class, GH109, plays a role in the hydrolysis of the terminal a-O-
glycoside-bonded residues of N-acetylgalactosamine (NAG) from the non-reducing ends
of various complex carbohydrates and glycoconjugates (Bakunina et al., 2013). This
enzyme has some degree of specificity towards substrates, such as glycolipids,
glycopeptides, and glycoproteins containing the structures with the O-glycoside core, and
also oligosaccharides. These enzymes promote the integrity of cell structures, energy
storage, pathogen defence, viral penetration, cellular signalling, fertilization,
development of carcinomas, inflammatory events and lysosomal storage diseases, which
all contribute to the physiological and pathological processes of organisms (Intra et al.,
2008).

The potential ancestral origins of the GH43 and GH109 genes identified in this study
differed markedly. The evolution of these genes is likely as a result of gene gains and/or
losses. The pine-associated Fusarium genes belonging to the GH43 family likely lost
genes with ancestral origins in the FFSC or acquired genes with ancestral origins in the
FOSC, over time. If these genes were lost, it could be suggested that these genes were
not selected for anymore, however, if these genes were gained, then these genes were
possibly selected for. If the GH43 genes were gained, then it emphasises the need of the
pathogen to synthesise the enzymes encoded by these genes in order to adopt a lifestyle.
In contrast, the GH109 genes still share origins in the FFSC and FOSC (Figure 3 and 4).
It remains unsure whether these origins were as a result of gene gains. These two genes
also probably co-evolved over time. Genes that co-evolved and selected for can generate
biological diversity, as observed for the pine- and Poaceae-associated Fusarium species
containing these GH43 and GH109 genes.

CONCLUSIONS

Comparative analysis of the six Fusarium species identified the genes encoding for gene

products involved in plant cell wall alteration, penetration and degradation of and plant
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biomass, which in turn, may significantly impact fungal virulence. CAZymes utilise plant
material as a source of nutrition to a pathogen. Differences in the number of genes, as
well as the presence/absence of particular CAZyme families, are possibly linked to the

lifestyle to be maintained by a pathogen.

In this study, the in silico CAZyme analyses alone was not enough to determine the role
these enzymes play in host-specificity. Downstream applications can be implemented in
this study, such as the integration of RNA sequencing in order to understand the
expression of genes at different stages of infection, but also to determine gene regulation

and the prediction of biological processes encoded by the respective genes.
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Table 1. CAZyme gene identification and count. Genes highlighted in yellow represent FCWDES, green represent PCWDEs. Red blocks identify differing
CAZyme repertoire between the species from each host group.

FCIR! FFRAC! FPIN! FKON! FSUB! FTEMP! FCIR! FFRAC'  FPIN* FKON! FSUB! FTEMP! FCIR'  FFRAC!  FPIN! FKON?* FSUB! FTEMP!

AUXILIARY ACTIVITIES (AAs)

AAl 0 0 0 0 1 0 AA2 4 4 4 4 4 4 AAS5 1 1 1 1 1 1
AAlL 3 7 7 7 8 7 6 AA3_1 5 5 5 5 5 5 AA6 1 1 1 1 1 1
AA12 2 3 3 3 3 3 AA3_3 2 2 2 2 2 2 AA9 13 13 13 13 13 13
AA13 1 1 1 1 1 1 AA3_4 1 1 1 1 1 1
AA14 1 1 1 1 1 1 AAL 3 5 4 5 4 4

CBM1 1 0 1 1 2 1 CBM32 0 0 1 0 0 0 CBM43 1 1 1 1 1 1
CBM20 2 2 2 2 2 2 CBM35 1 1 1 1 1 1 CBM6 1 1 1 1 1 1
CBMm21 1 1 1 1 1 1 CBM38 0 1 1 1 1 1 CBM63 2 2 2 2 2 2
CBM24 1 1 1 2 2 1 CBM42 2 3 3 3 3 3 CBM67 5 7 5 6 6 7

CARBOHYDRATE ESTERASES (CEs)

CEl 4 5 5 6 6 6 1 1 1 1
CE10 73 80 74 81 70 64
CE12 4 4 4 4 4 4
CE16 6 6 6 6 6 6

GLYCOSIDE HYDROLASES (GHs)

GH5_16 1 1 1 1 1 1

GH5_22 1 2 2 2 2 2

GH5_23 2 2 2 2 2 2

GH106 1 2 1 1 0 1 GH30_7 3 3 3 3 3 3 GH5_24 1 1 1 1 1 1
GH109 2 2 2 1 1 1 GH31 8 9 8 10 9 9 GH5_27 1 1 1 1 1 1
GH32 8 7 8 7 8 8 GHb5_31 2 2 2 2 2 2
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Table 1 (continued). CAZyme gene identification and count. Genes highlighted in yellow represent FCWDES, green represent PCWDEs. Red blocks
identify differing CAZyme repertoire between the species from each host group.

FCIR! FFRAC! FPIN! FKON! FSUB! FTEMP! FCIR! FFRAC'  FPIN! FKON?! FSUB! FTEMP! FCIR! FFRAC! FPIN! FKON?* FSUB! FTEMP!
GLYCOSIDE HYDROLASES (GHs)

GH115 2 2 2 2 2 2 GH35 5 8 3 4 3 3 GH5_7 2 2 2 2 2 2
GH125 3 3 3 3 3 3 GH37 2 2 2 2 2 2
GH127 2 4 1 1 1 1 GH38 1 1 1 1 1 1
GH128 4 4 4 5 4 4 GH39 0 3 1 1 0 0 GH54 2 3 3 3 3 3
GH13_1 1 1 1 1 1 1 GH55 2 3 3 3 2
GH13_25 1 1 1 1 1 1 GH43_1
GH13_40 8 7 7 9 7 7 GH43_11 2 2 2 2 2 2 GH62 1 1 1 1 1 1
GH13_8 1 1 1 1 1 1 GH43_13 2 2 2 1 2 2 GH63 1 1 1 1 1 1
GH131 1 1 1 1 1 1 GH43_14 2 4 2 2 2 2 GH64 2 2 2 2 2 2
GH132 2 2 2 2 2 2 GH43_21 1 1 1 1 1 1 GH65 1 1 1 1 1 1
GH134 1 1 1 1 1 1 GH43_22 3 4 4 4 4 3 GH67 2 3 3 3 3 3
GH141 1 2 1 2 2 2 GH43_26 2 2 2 2 2 2 GH71 2 2 2 2 2 2
GH142 0 1 1 1 1 1 GH43_28 0 0 1 0 0 0 GH72 3 3 3 3 3 3
GH146 1 1 1 1 1 1 GH43_30 3 3 3 3 3 3 GHT75 2 2 2 2 2 2
GH15 3 3 3 3 3 3 GH43_33 1 1 1 1 1 1 GH76 9 9 9 9 9 9
GH16 23 28 25 25 26 26 GH43_5 1 1 1 1 1 1 GH79 1 2 2 2 1 1
GH18 17 16 19 20 22 18 GH47 10 10 10 10 10 10 GHss8 3 3 3 2 3 3

GH49
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Table 1 (continued). CAZyme gene identification and count. Genes highlighted in yellow represent FCWDES, green represent PCWDEs. Red blocks
identify differing CAZyme repertoire between the species from each host group.

FCIR* FFRAC* FPIN* FKON! FSUB* FTEMP* FCIR* FFRAC* FPIN* FKON! FSuB* FTEMP FCIR* FFRAC* FPIN* FKON! FSUB* FTEMP!
GH24 1 1 1 1 1 1 GH5_12 2 2 2 2 2 2
GH27 1 1 2 1 1 2 GH5_15 3 3 3 3 3 3
GLYCOSYLTRANSFERASES (GTs)
GT1 1 18 13 14 13 13 GT3 1 1 1 1 1 1 GT58 1 1 1 1 1 1
GT15 5 5 5 5 5 5 GT32 5 5 5 5 5 5 GT59 1 1 1 1 1 1
GT17 2 2 2 2 2 1 GT33 1 1 1 1 1 1 GT62 3 3 3 3 3 3
GT2 Chitin
5 5 5 5 5 5 GT34 3 3 3 3 3 3 GT64 3 2 3 3 3 3
synth_1
GT2 Chitin
13 12 13 13 13 12 GT35 1 1 1 1 1 1 GT66 1 1 1 1 1 1
synth_2
GT2 Glyco
8 9 8 9 9 8 GT39 3 3 3 3 3 3 GT69 3 3 3 3 3 3
tranf_2_3
GT2 Glyco
2 2 2 2 2 GT4 5 5 5 5 5 5 GT71 3 3 3 3 3 3
transf_2
GT20 3 3 3 3 3 3 GT48 1 1 1 1 1 1 GT76 1 1 1 1 1 1
GT21 1 1 1 1 1 1 GT50 1 1 1 1 1 1 GT8 5 7 7 7 7 7
GT22 4 4 4 4 4 4 GT54 1 1 1 1 1 1 GT90 7 7 6 6 7 7
GT24 1 1 1 1 1 1 GT57 2 2 2 2 2 2
POLYSACCHARIDE LYASES (PLs)
PL1_10 1 1 1 1 1 1 PL1_9 1 1 1 1 1 1 PL4 1 1 1 1 1 1 1
PL1_ 2 1 1 1 1 1 0 PL11 2 0 1 0 0 0 0 PL4 3 2 2 2 2 2 2
PL1_7 3 3 3 3 3 3 PL3_2 6 6 6 6 6 6

'FCIR: Fusarium circinatum; FFRAC: Fusarium fracticaudum; FPIN: Fusarium pininemorale; FKON: F. konzum; FSUB: Fusarium subglutinans; FTEMP: Fusarium
temperatum.
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Table 2. Statistics for the genes encoding for CAZymes.

Fusarium species AAL, % CBM? % CE3 % GH* % GT?® % PL®, % Total, %
F. circinatum FSP34 (CMW 51752) 0.73 0.11 0.78 1.95 0.69 0.15 4.40
F. fracticaudum CMW 25245 0.73 0.12 0.81 2.10 0.71 0.16 4.63
F. pininemorale CMW 25243 0.76 0.13 0.81 2.03 0.69 0.15 4.56
F. konzum NRRL 11616 0.74 0.13 0.82 1.98 0.69 0.15 4.51
F. subglutinans NRRL 22016 0.75 0.14 0.78 2.02 0.71 0.15 4.55
F. temperatum CMW 40964 0.74 0.14 0.72 2.01 0.70 0.15 4.46

IAA: Auxiliary activities.

2CBM: Carbohydrate-binding modules.
3CE: Carbohydrate esterases.

4GH: Glycoside hydrolases.

5GT: Glycosyltransferases.

®PL: Polysaccharide lyases.
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FIGURES

Figure 1. Identification of the number of putative CAZyme-encoding genes within each

CAZyme class for all six Fusarium species.

Figure 2. Heatmaps generated by ClustVis to demonstrate gene distribution amongst the

six Fusarium species.

Figure 3. A representative phylogenetic tree for GH43.

Figure 4. A representative phylogenetic tree GH109.
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Figure 1. Identification of the number of putative CAZyme-encoding genes within each CAZyme class for all six Fusarium species.
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Figure 2. Heatmaps generated by ClustVis to demonstrate gene distribution
among the six Fusarium species. The graphical representation follows for genes
grouped in the A) Aas class, B) CBMs class, C) CEs class, D) PLs class, E) GHs
class and F) GTs class, where red blocks indicate CAZymes that are highly
enriched with genes compared to the depletion of families indicated in blue
blocks. All heatmaps contain only the CAZyme families with genic variation
between the six species. FCIR = F. circinatum; FPIN = F. pininemorale; FFRAC =
F. fracticaudum; FKON = F. konzum; FSUB = F. subglutinans; FTEMP = F.

temperatum.
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RBA18348.1 hypothetical protein FPRO05_10643 Fusarium proliferatum
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FCIR_11_gene_20.60

FFRAC_11_gene_21.80

FPIN_11_gene_22.189

FTEMP_11_gene_21.30

XP_018757924.1 hypothetical protein FVEG_10625 Fusarium verticillioides 7600

PNP84145.1 hypothetical protein FNYG_02833 Fusarium nygamai

RBQB0933.1 hypothetical protein FVERL4953_10625 Fusarium verticillioides

SCO76573.1 related to alpha-N Jalpha-L. Fusarium oxysporum
EXA34512.1 hypothetical protein FOVG_14490 Fusarium oxysporumf. sp. pisi HDV247

ENH62808.1 Arabinoxylan arabinofuranohydrolase Fusarium oxysporum f. sp. cubense race 1
EWZ33793.1 hypothetical protein FOZG_13488 Fusarium oxysporum Fo47

EWZ83166.1 hypothetical protein FOWG_13096 Fusarium oxysporum f. sp. lycopersici MN25.
PCD23314.1 hypothetical protein AU210_014837 Fusarium oxysporumf. sp. radicis-cucumerinum
TVY59770.1 Xylosidasefarabinosidase Fusarium oxysporum . sp. cubense

XP_018250457.1 hypothetical protein FOXG_12014 Fusarium oxysporum . sp. lycopersici 4287
XP_031030649.1 uncharacterized protein FOYG_15950 Fusarium oxysporum NRRL 32031
XP_031059703.1 uncharacterized protein FOIG_09938 Fusarium oxysporum f. sp. cubense tropical race 4 54006
KIL87168.1 hypothetical protein FAVG1_09722 Fusarium avenaceum

EYB23983.1 hypothetical protein FGOS_03003 Fusarium graminearum

XP_011322787.1 hypothetical protein FGSG_03003 Fusarium graminearum PH-1

1| c381008.1 unnamed protein product Fusarium graminearum

1 PCD34431.1 hypothetical protein FGRA07_08749 Fusarium graminearum

KAF0641306.1 hypothetical protein FPSE5266_02235 Fusarium pseudograminearum

XP_009253629.1 hypothetical protein FPSE_02235 Fusarium pseudograminearum CS3096
D[[RFNSSAUD 1 hypothetical protein FIE12Z_2225 Fusarium fasciculatum

XP_031012242.1 uncharacterized protein FIESC28_09606 Fusarium coffeatum
RGP77794.1 hypothetical protein FLONG3_4088 Fusarium longipes
XP_025585187.1 uncharacterized protein FVRRES_05903 Fusarium venenatum
RGP71913.1 hypothetical protein FSPOR_3028 Fusarium sporotrichioides
KPA36722.1 glycosyl hydrolase family 43 Fusarium langsethiae
0BS24299.1 hypothetical protein FPOA_04845 Fusarium poae
RSL42668.1 hypothetical protein CEP54_015395 Fusarium sp. AF-8
RSL61340.1 hypothetical protein CEP53_005143 Fusarium sp. AF-6
RSL80292.1 hypothetical protein CEP51_006682 Fusarium floridanum
RTE83536.1 hypothetical protein BHE90_001910 Fusarium euwallaceae
RMJ17168.1 hypothetical protein CDV36_003154 Fusarium kuroshium
RSL91427.1 hypothetical protein CEP52_014260 Fusarium sp. AF-4
RSL94805.1 hypothetical protein CDV31_014169 Fusarium ambrosium
XP_028494269.1 hypothetical protein D7B24_007685 Verticillium nonalfalfae
o] CRK23073.1 hypothetical protein BN1708_013607 Verticillium longisporum
RBQ76904.1 hypothetical protein VDGD_21286 Verticillium dahliae

PNH32977.1 hypothetical protein BJF96_g3867 Verticillium dahliae
78 XP_009656190.1 xylosidasefarabinosidase Verticillium dahliae VdLs.17
RYO73761.1 hypothetical protein DL762_010391 Monosporascus cannonballus
381 RYP04769.1 hypothetical protein DL765_010069 Monosporascus sp. GIB2
21 - RYP02249.1 hypothetical protein DL764_005891 Monosporascus ibericus
EMR62709.1 putative endo- -beta-xylanase protein Eutypa lata UCRELL
OLN91645.1 Xylosidasefarabinosidase 2 Colletotrichum chlorophyti
KPMA40574.1 hypothetical protein AK830_g6013 Neonectria ditissima
00| ODT10765.1 hypothetical protein ABS61_07025 Microbacterium sp. SCN 70-18
WP_053548178.1 family 43 um
SFR70287.1 C in Adlike lecti ily protein CF514

KAF2126661.1 glycoside hydrolase family 43 pmleln Dothidotthia symphoricarpi CBS 119687
OALS56400.1 hypothetical protein 1Q07DRAFT_5969 Pyrenochaeta sp. DS3sAY3a
XP_008028590.1 glycoside hydrolase family 43 protein Exserohilum turcica Et28A

XP_007686679.1 glycoside hydrolase family 43 protein Bipolaris oryzae ATCC 44560
KAF1960321.1 hypothetical protein CCBODRAFT_489503 Byssothecium circinans
PVH96506.1 glycoside hydrolase family 43 protein Periconia macrospinosa
KAF2174607.1 glycoside hydrolase family 43 protein Zopfia rhizophila CBS 207.26
PSN65493.1 hypothetical protein BSS0DRAFT_575489 Corynespora cassiicola Philippines
XP_018040103.1 sporulosa
WP_104258750.1 family 43 glycosylhydrolase Rathayibacter tritici
53] GAW18300.1 hypothetical protein ANO14919_077750 fungal sp. No.14919
RWA13609.1 hypothetical protein EKO27_g1506 Xylaria grammica
TGJ88510.1 hypothetical protein E0Z10_g258 Xylaria hypoxylon
TRX89449.1 hypothetical protein FHL15_009618 Xylaria flabelliformis
KAF2158453.1 glycoside hydrolase family 43 protein Zasmidium cellare ATCC 36951
mo XP_013344972.1 glycoside hydrolase family 43 protein Aureobasidium subglaciale EXF-2481
XP 013427058.1 namibiae CBS 147.97
XP_030989400.1 uncharacterized protein E0L32_010585 Phialemoniopsis curvata
1007 KKY35572.1 putative endo-beta-xylanase Diaporthe ampelina
POS79934.1 endo-14-beta-xylanase Diaporthe helianthi
KAF2226080.1 glycosyl hydrolase Elsinoe ampelina
100]__| PSK60268.1 hypothetical protein B9Z65_1166 Elsinoe australis
1001 TKX18755.1 putative glycosyl hydrolases family 43 protein Elsinoe australis
94 EXK26654.1 hypothetical protein FOMG_16716 Fusarium oxysporum f. sp. melonis 26406
100} RKK83651.1 hypothetical protein BFJ69_g2390 Fusarium oxysporum
100 vaaooae 1 hypothetical protein BFJ63_vAg7007 Fusarium oxysporumf. sp. narcissi
EpI

WP_119323070.1 family 43 glycosylhycrolase Capsulimonascorticalis
100 KRF02285.1 hypothetical protein ASG89_24870 Paenibacillus sp. Soil766
91l \Wp_162250700.1 family 43 glycosylhydrolase Paenibacillus sp. Soil766

WP_ 1family 43 sp. Sil750
WP_057305599.1 MULTISPECIES: family 43 glycosylhydrolase unclassified Paenibacillus
SDD07608.1 Glycosyl hydrolases family 43 Panibacillus sp. cl123
00 Wp_083536901.1 MULTISPECIES: family 43 glycosylhydrolase unclassified Paenibacillus

TLS51841.1 hypothetical protein FE782_13105 Paenibacillus antri
WP_004631237.1 family 43 idium
100 ACB76389.1 glycoside hydrolase family 43 Opitutus terrae PBI0-1
WP_158305454.1 family 43 glycosylhydrolase Opitutus terrae
WP_107829633.1 family 43 yixingensi
WP_135397119.1 family 43 glycosylhydrolase Hymenobacter sp. 9PBR-1
WP_108824566.1 family 43 glycosylhydrolase Ereboglobus luteus
QEH38708.1 exo-alpha-(1-5)-L ArbA precursor Aquisphaera giovannonii
SPE60962.1 Glycoside hydrolase family 43 Verrucomicrobia bacterium
HAK95927.1 hypothetical protein Planctomycetes bacterium
KAB2638425.1 family 43 glycosylhydrolase Verrucomicrobia bacterium
WP_051553430.1 family 43 glycosylhydrolase Paenibacillus sp. URHA00L4
e WP_123535029.1 family 43 glycosylhydrolase Halosimplex sp. YPL4

TFH49847.1 hypothetical protein E4G92_01185 Bacteroidia bacterium

WP_158870008.1 family 43 glycosylhydrolase Prolixibacteraceae bacterium WC007

100l | KIF45331.1 hypothetical protein LH29_08115 Draconmaclenumssdlmlnls

100! Wp_157493612.1 family 43

1 betaxylosid

KXT53146.1 glycosyl hydrolase family 43 Bacteroides intestinalis
WP_022185342.1 family 43 glycosylhydrolase Bacteroides dorei
100WP_149940562.1 family 43 glycosylhydrolase Bacteroides dorei
EGF55151.1 glycosyl hydrolase family 43 Bacteroides clarus YIT 12056
WP 052194228.1 family 43 glycosylhydrolase Chryseobacteriumsp. YR561
100 1 family 43 Chr taiwanense
QEL14975 1 inverting glycoside hydrolase Gemmataceae bacterium PX52
HCZ20920.1 hypothetical protein Porphyromonadacea bacterium
WP_118555838.1 family 43 glycosylhydrolase Lachnotalea sp. AF33-28
100r KRC82739.1 glycoside hydrolase Sphingomonas sp. Root241
WP_037567258.1 family 43 glycosylhydrolase Sphingomonas sp. UNC305MFCol5.2
RYY10129.1 glycoside hydrolase Alphaproteobacteria bacterium
SDF63438.1 Glycosyl hydrolases family 43 Sphingomonas carotinifaciens
100 WP_125656040.1 family 43 glycosylhydrolase Bacillus sp. 2B10
WP_104955384 1fami|y 43 glycosylhydrolase sphmgchium 5p. SCG-L

100

WP_ 103096361 1 lamlly 43
100| ESQ79229.1 hypothetical protein AEYBE204_09475 Asticcacaulis sp. YBE204
WP_052019419.1 family 43 glycosylhydrolase Asticcacaulis sp. YBE204
WP_019922239.1 MULTISPECIES: family 43 glycosylhydrolase Betaproteobacteria

100] WP_047404138.1 family 43 glycosylhydrolase Caulobacter sp. OV484

WP_056054091.1 MULTISPECIES: family 43 glycosylhydrolase unclassified Caulobacter
100] ESQ78927.1 hypothetical protein AEYBE204_10920 Asticcacaulis sp. YBE204
WP_035442041.1 family 43 glycosylhydrolase Asticcacaulis sp. YBE204

PTW93623.1 glycosyl hydrolase family 43 Asticcacaulis sp. CF398

100! WP_107877940.1 family 43 glycosylhydrolase Asticcacaulis sp. CF398

XP_031085712.1 related to alpha-N 1 alpha-L: Fusarium ETL
CVL11762.1 related to alpha-N: /alpha-L Fusarium

KLP04175.1 alpha-N: / alpha-L Fusarium fujikuroi

XP_023437940.1 related to alpha-N / alpha-L Fusarium fujikuroi IMI 58289
CVL03633.1 related to alpha-N: /alpha-L Fusarium mang
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Figure 3. A representative phylogenetic tree for GH43. The genes investigated
are highlighted in yellow and blue; yellow represent the genes unique to pine-
associated Fusarium species, whereas blue represent the genes shared by pine-
and Poaceae-associated Fusarium species. The evolutionary history was
inferred by using the Maximum Likelihood method based on the Le Gascuel
model (Le & Gascuel, 2008), along with a discrete Gamma distribution to
model evolutionary rate differences among sites. The rate variation model
allowed for some sites to be evolutionarily invariable. The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap
test (100 replicates) were shown next to the branches (= 75%). All positions
containing gaps and missing data were eliminated. Evolutionary analyses were
conducted in MEGA 7 (Kumar et al., 2016). FCIR = F. circinatum; FFRAC = F.
fracticaudum; FPIN = F. pininemorale; FKON = F konzum; FSUB = F.
subglutinans; FTEMP = F. temperatum.
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A

ENH62304.1 Putative oxidoreductase yteT Fusarium oxysporum f. sp. cubense race 1
XP_031036695.1 oxidoreductase Fusarium oxysporum NRRL 32931

EXKB86067.1 oxidoreductase Fusarium oxysporum f. sp. raphani 54005

EXM12877.1 oxidoreductase Fusarium oxysporum f. sp. vasinfectum 25433
RKK77744.1 hypothetical protein BFJ69_g6033 Fusarium oxysporum
XP_031070719.1 oxidoreductase Fusarium oxysporum f. sp. cubense tropical race 4 54006
XP_018236449.1 oxidoreductase Fusarium oxysporum f. sp. lycopersici 4287
RBA15491.1 oxidoreductase Fusarium proliferatum
FSUB_168_gene_0.30
FKON_4264_gene_0.13
FTEMP_6_gene_39.23
RBR00913.1 hypothetical protein FVER53263_01590 Fusarium verticillioides
PNP79814.1 hypothetical protein FNYG_06907 Fusarium nygamai
QGI183706.1 hypothetical protein CEK25_010435 Fusarium fujikuroi
o | XP_023432698.1 related to dehydrogenases and related proteins Fusarium fujikuroi IMI 58289
CVL08059.1 related to dehydrogenases and related proteins Fusarium mangiferae
FFRAC_6_gene_39.46
FPIN_6_gene_42.3
SCO86288.1 related to dehydrogenases and related proteins Fusarium oxysporum
XP_031083379.1 related to dehydrogenases and related proteins Fusarium proliferatum ET1
FCIR_6_gene_42.102
. RSL80495.1 hypothetical protein CEP51_006528 Fusarium floridanum

RMJ18413.1 hypothetical protein CDV36_001873 Fusarium kuroshium
RSM16712.1 hypothetical protein CDV31_004484 Fusarium ambrosium
XP_003043554.1 predicted protein Nectria haematococca mpV| 77-13-4
{[RMYSSSOB.l hypothetical protein D0865_04250 Hortaea werneckii

KAF1964551.1 NAD(P)-binding protein Bimuria novae-zelandiae CBS 107.79
KAF1961131.1 NAD(P)-binding protein Byssothecium circinans
K1L92198.1 oxidoreductase Fusarium avenaceum
RGP72896.1 oxidoreductase Fusarium longipes
EYB25116.1 hypothetical protein FG05_08062 Fusarium graminearum
0BS23154.1 hypothetical protein FPOA_03710 Fusarium poae
XP_025583759.1 uncharacterized protein FVRRES_04475 Fusarium venenatum
XP_031015616.1 uncharacterized protein FIESC28_06226 Fusarium coffeatum
RFN41463.1 oxidoreductase Fusarium fasciculatum
RGP68686.1 oxidoreductase Fusarium sporotrichioides
PTDO02167.1 putative oxidoreductase YteT Fusarium culmorum
XP_009253704.1 hypothetical protein FPSE_02310 Fusarium pseudograminearum CS3096
 RMZ66962.1 oxidoreductase Pyrenophora seminiperda CCB06
7| KAEB829254.1 hypothetical protein PTNB85_08442 Pyrenophora teres f. teres
L XP_001938423.1 NAD-binding Rossmann fold oxidoreductase family protein Pyrenophora tritici-repentis Pt-1C-BFP
KNG44567.1 oxidoreductase Stemphylium lycopersici
RARO00058.1 NAD-binding Rossmann fold oxidoreductase family protein Stemphylium lycopersici
OWY43930.1 NAD-binding Rossmann fold oxidoreductase family protein Alternaria alternata
100 | XP_018380363.1 hypothetical protein CC77DRAFT_1013499 Alternaria alternata
XP_028508618.1 hypothetical protein AA0111_g4110 Alternaria arborescens
KAF0320889.1 oxidoreductase domain protein Colletotrichum asianum
|1P_031882986.1 uncharacterized protein CGMCC3_g10262 Colletotrichum fructicola
KXJ93591.1 hypothetical protein MicbolqcDRAFT_174629 Microdochium bolleyi

£OM78041.1 NAD(P)-binding domain protein Cordyceps confragosa RCEF 1005
!

XP_030989720.1 uncharacterized protein EOL32_010340 Phialemoniopsis curvata
0OAA61991.1 NAD(P)-binding domain protein Sporothrix insectorum RCEF 264
XP_016586843.1 oxidoreductase domain-containing protein Sporothrix schenckii 1099-18

KPM44139.1 hypothetical protein AK830_g2472 Neonectria ditissima

KAF2159216.1 hypothetical protein M4A09DRAFT_37978 Zasmidium cellare ATCC 36951
 WP_089199242.1 Gfo/ldh/MocA family oxidoreductase Paenibacillus xerothermodurans
— WP_014369954.1 Gfo/ldh/MocA family oxidoreductase Paenibacillus mucilaginosus

8

'WP_094018350.1 Gfo/Idh/MocA family oxidoreductase Paenibacillus rigui
WP_020616131.1 Gfo/ldh/MocA family oxidoreductase Paenibacillus daejeonensis
'WP_039299776.1 Gfo/ldh/MocA family oxidoreductase Pectobacterium betavasculorum
00 \WP_039473185.1 Gfo/ldh/MocA family oxidoreductase Pectobacterium carotovorum
KAF2153665.1 NAD-binding Rossmann fold oxidoreductase family protein Myriangium duriaei CBS 260.36
— CRG88999.1 Inositol 2-dehydrogenase Talaromyces islandicus

100

—

— KXL48245.1 hypothetical protein FE7TBDRAFT_162765 Acidomyces richmondensis
— KAF2019513.1 NAD(P)-binding protein Aaosphaeria arxii CBS 175.79
i[ XP_018694757.1 hypothetical protein AYL99_03593 Fonsecaea erecta
XP_016630805.1 hypothetical protein Z520_07401 Fonsecaea multimorphosa CBS 102226
TPRO7774.1 galactosyl transferase GMA12/MNN10 family protein Aspergillus niger
9 [ 0JZ90286.1 hypothetical protein ASPFODRAFT_178737 Aspergillus luchuensis CBS 106.47
GCB17269.1 scyllo-inositol 2-dehydrogenase Aspergillus awamori
XP_025561159.1 NAD binding Rossmann fold oxidoreductase Aspergillus vadensis CBS 113365
tPYI09844.1 NAD binding Rossmann fold oxidoreductase Aspergillus sclerotiicarbonarius CBS 121057
XP_025572277.1 NAD binding Rossmann fold oxidoreductase Aspergillus ibericus CBS 121593
— XP_024685614.1 NAD(P)-binding protein Aspergillus novofumigatus IBT 16806
00Q87270.1 NAD-binding Rossmann fold oxidoreductase family protein Penicillium brasilianum
{{ KZNB88514.1 scyllo-inositol 2-dehydrogenase Penicillium chrysogenum
XP_002567815.1 Pc21g07750 Penicillium rubens Wisconsin 54-1255
- KAB8068870.1 hypothetical protein BDV29DRAFT_199096 Aspergillus leporis
— XP_663029.1 hypothetical protein AN5425.2 Aspergillus nidulans FGSC A4
EGADQSG%I predicted protein Byssochlamys spectabilis No. 5

XP_028485303.1 hypothetical protein C8Q69DRAFT_466914 Byssochlamys spectabilis
KXH37026.1 myo-inositol 2-dehydrogenase Colletotrichum simmondsii

[ RFU28094.1 hypothetical protein B7463_g8250 partial Scytalidium lignicola

r KPM42795.1 hypothetical protein AK830_g3756 Neonectria ditissima

RSL85827.1 hypothetical protein CDV31_016496 Fusarium ambrosium

RTEB80885.1 hypothetical protein BHE90_004576 Fusarium euwallaceae

o | RSL86240.1 hypothetical protein CEP51_002908 Fusarium floridanum

RMJ17059.1 hypothetical protein CDV36_003283 Fusarium kuroshium
XP_003041616.1 predicted protein Nectria haematococca mpV|1 77-13-4

RFN47312.1 myo-inositol 2-dehydrogenase Fusarium fasciculatum

XP_031011780.1 uncharacterized protein FIESC28_10015 Fusarium coffeatum

[ RBR00925.1 hypothetical protein FVER53263_01604 Fusarium verticillioides
PNP79844.1 hypothetical protein FNYG_06937 Fusarium nygamai

XP_023432673.1 related to dehydrogenase Fusarium fujikuroi IMI 58289
QG166442.1 hypothetical protein CEK27_010413 Fusarium fujikuroi

SC033669.1 related to dehydrogenase Fusarium fujikuroi

QGI183683.1 hypothetical protein CEK25_010412 Fusarium fujikuroi
FCIR_6_gene_39.14

FFRAC_6_gene_39.17

FPIN_6_gene_41.14

CVK91501.1 related to dehydrogenase Fusarium mangiferae

XP_031083353.1 related to dehydrogenase Fusarium proliferatum ET1

RKL44797.1 hypothetical protein BFJ72_g3448 Fusarium proliferatum
XP_031036713.1 myo-inositol 2-dehydrogenase Fusarium oxysporum NRRL 32931
EXK33575.1 myo-inositol 2-dehydrogenase Fusarium oxysporum f. sp. melonis 26406
EXL44353.1 myo-inositol 2-dehydrogenase Fusarium oxysporum f. sp. radicis-lycopersici 26381
EWZ40729.1 myo-inositol 2-dehydrogenase Fusarium oxysporum Fo47

RKL20124.1 hypothetical protein BFJ68_g2832 Fusarium oxysporum

ENH62288.1 Putative oxidoreductase yisS Fusarium oxysporum f. sp. cubense race 1 1 75
EXK86049.1 myo-inositol 2-dehydrogenase Fusarium oxysporum f. sp. raphani 54005
SC086305.1 related to dehydrogenase Fusarium oxysporum

EGU86365.1 hypothetical protein FOXB_03124 Fusarium oxysporum Fo5176




Figure 4. A representative phylogenetic tree for GH109. The genes investigated
are highlighted in yellow and blue; yellow represent the genes unique to pine-
associated Fusarium species, whereas blue represent the genes shared by pine-
and Poaceae-associated Fusarium species. The evolutionary history was
inferred by using the Maximum Likelihood method based on the Le Gascuel
model (Le & Gascuel, 2008), along with a discrete Gamma distribution to
model evolutionary rate differences among sites. The rate variation model
allowed for some sites to be evolutionarily invariable. The percentage of
replicate trees in which the associated taxa clustered together in the bootstrap
test (100 replicates) were shown next to the branches (= 75%). All positions
containing gaps and missing data were eliminated. Evolutionary analyses were
conducted in MEGA 7 (Kumar et al., 2016). FCIR = F. circinatum; FFRAC = F.
fracticaudum; FPIN = F. pininemorale; FKON = F konzum; FSUB = F.
subglutinans; FTEMP = F. temperatum.
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SUPPLEMENTAL TABLES

All the supplemental data tables can be retrieved from the following Google drive:
https://drive.google.com/drive/folders/1eK5hGcNRKECBVHwWONo6XIOKbKUI43ZLg

?usp=sharing

Supplemental Table 1. Putative CAZyme-encoding genes from F. circinatum as
identified by dbCAN2. The number indicated after the species identifier is the
chromosomal location of this gene (chromosome 1-12).

Supplemental Table 2. Putative CAZyme-encoding genes from F. fracticaudum as
identified by dbCAN2. The number indicated after the species identifier is the
chromosomal location of this gene (chromosome 1-12).

Supplemental Table 3. Putative CAZyme-encoding genes from F. pininemorale as
identified by dbCAN2. The number indicated after the species identifier is the
chromosomal location of this gene (chromosome 1-12).

Supplemental Table 4. Putative CAZyme-encoding genes from F. konzum as identified
by dbCAN2. The number indicated after the species identifier is the scaffold number of

this gene.

Supplemental Table 5. Putative CAZyme-encoding genes from F. subglutinans as
identified by dbCAN2. The number indicated after the species identifier is the scaffold
number of this gene.

Supplemental Table 6. Putative CAZyme-encoding genes from F. temperatum as

identified by dbCAN2. The number indicated after the species identifier is the
chromosomal location of this gene (chromosome 1-12).

Supplemental Table 7. The EST data for F. circinatum, obtained from Wingfield et al.
(2012) and van Wyk et al. (2019).
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SUMMARY

The Fusarium fujikuroi species complex (FFSC) contain a diversity of species
associating with a variety of hosts. These species are economically important due to the
disease caused on respective hosts. Genomic sequences make it possible to study these
fungi using comparative genomics. Some genomic regions tend to be more variable in
terms of genes and genetic structure. These regions are more subjected to the
acquisition of novel genes through horizontal gene transfer, internal mutations,
duplications and translocations. Genes within these regions may also promote host-
specificity of these fungi by encoding for specific gene products and participate in
processes and pathways. This study has provided evidence for two sets of unique genes
promoting host-specificity in Fusarium species associated with pine trees and members
of Poaceae, respectively. The location of these genes was more likely to be found in the
telomeric regions and they were inclined to cluster together or were near another
cluster. This corresponds to what is known about host specificity genes and their
location in variable regions, of which the telomere is considered a part of. The variable
nature of the accessory chromosome in the Fusarium species associated with Poaceae
(chromosome 12) also plays a role in host-specificity, as it possessed more unique
genes than the core chromosomes. These findings emphasise that Fusarium species
employ different molecular mechanisms to successfully infect and colonise pine and
members of Poaceae, respectively.

We furthermore provided evidence for the differences and similarities in the repertoire
of CAZyme genes between the Fusarium species associated with different hosts. Some
CAZyme classes were more prevalent than others and likely have vital roles in fungal
colonisation, nutrient utilisation and plant biomass degradation. Fungi are known to
also utilise different sets of CAZymes depending on the cell wall composition of the
host plant. However, the CAZymes results from this study were similar between
Fusarium species associated with gymnosperms (pine trees) and monocots (members of
Poaceae) which would imply that CAZymes are not intrinsically involved in host-
specificity. Notwithstanding, two glycoside hydrolases (GHs) were identified as
different amongst the two groups of Fusarium species. The roles of each in host-

specificity were not clear and further investigations into these are warranted.
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Future studies investigating the functional characterisation of the host-specific unique
genes identified in this study are merited. Expression analyses into the unique genes and
CAZymes highlighted in this study at different points of infection and in different hosts
would shed some light on their respective roles. Furthermore, the Fusarium population
can be broadened by supplementing this study with additional and complete genomes.
The findings from this study advance the current understanding of the diversity and

evolution of species within the FFSC.
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