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ABSTRACT

Pyrenophora tritici-repentis (Ptr) is a globally distributed and economically important
plant pathogen causing tan spot, a destructive foliar disease of wheat. The relatively recent
emergence of Ptr provides a unique opportunity to better understand how necrotrophic pathogens
evolve in modern agricultural systems. In this thesis, a variety of genomic and bioinformatic
techniques were employed to examine the genomes of a large set of geographically diverse
isolates with representatives from all of the established virulence races. These races contain
different combinations of Ptrs three primary necrotrophic effectors: ToxA, ToxB, and ToxC.
Comparison of total gene content between isolates found that Ptr possesses an open-pangenome,
with a high accessory gene content (57%), and significant differences between pathogenic and
non-pathogenic races. Putative effectors were found to be primarily accessory in nature, while
carbohydrate-active enzymes associated with plant cell wall degradation were conserved. Gene
distances and evolutionary rates suggest that the genomic architecture of Ptr is that of a ‘one-
compartment’ genome despite having a high proportion of transposable elements (~18 to 25% of
the genome). Significant chromosomal rearrangements were observed between isolates including
the translocation of 7oxA4 and the presence of 7oxB within an accessory region. The translocation
of ToxA, along with a 143 kbp region, was facilitated by the Starship transposon Horizon. Within
Horizon, was nested the ToxhAT transposon which was responsible for the horizontal transfer of
ToxA into Ptr. The accessory region which contains 7oxB contained several Starship cargo genes
but lacked other defining Starship characteristics, namely the requisite tyrosine recombinase.
This region may be an accessory chromosomal arm, an ancient derelict Starship, or the beginning
of genome compartmentalization. Detailed examination and extensive manual alignments

between 7oxB containing isolates revealed the presence of a Helitron-like transposable element,
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ToxB-HLE, which is replicating the 7oxB gene in some isolates. Furthermore, two independent
Copia retrotransposon insertions were found to be responsible for the disruption of 7oxB thereby
creating two of the known inactive toxb haplotypes. Finally, a genome wide association study
revealed single-nucleotide polymorphisms significantly associated with the ToxC phenotype
(-log(p) = 5.5). The nature of ToxC is unknown, and this analysis provides a number of candidate
genes which may be involved in ToxC biosynthesis, secretion, or regulation. This body of work
represents one of the most extensive examinations of the Ptr genome and its necrotrophic
effectors preformed to-date and has shown that the pathogen exhibits high genome plasticity
through not only through rearrangements but gene gains and losses as well. It also shows that
transposons play a significant role in the evolution and adaptability of this global plant pathogen

by mobilizing, replicating, and disrupting virulence genes.
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PREFACE

The main body of work in this thesis is presented in manuscript style. Research chapters
are self contained from published or to be published works, each containing their own abstract,
introduction, methods, results, and discussion. These research chapters are preceded by a general
introduction and are followed by a summarizing chapter which brings the research together into a

cohesive body of work.

Chapter 2 is published as: Gourlie, R., McDonald, M., Hafez, M., Ortega-Polo, R., Low, K.E.,
Abbott, D.W., Strelkov, S.E., Daayf, F., and Aboukhaddour, R., 2022. The pangenome of the
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Journal of Plant Pathology as: Gourlie, R., McDonald, M., and Aboukhaddour, R., 2025.
Genome-wide association study reveals SNPs associated with the ToxC phenotype in

Pyrenophora tritici-repentis.
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CHAPTER 1: GENERAL INTRODUCTION
1.1 AN OVERVIEW OF PYRENOPHORA TRITICI-REPENTIS

Pyrenophora tritici-repentis (Died.) Drechs. (anamorph Drechslera tritici-repentis
(Died.) Shoem.) (referred to as Ptr) is a destructive fungal plant pathogen which primarily
infects bread wheat (7riticum aestivum) and durum wheat (7. turgidum sp. durum)
causing the foliar disease tan spot. Initially identified in 1902 from wild grass (Agropyron
repens), it was first described as Pleospora trichostoma (Diedicke, 1902; Wolf et al.,
1998). Later the species was renamed as Helminthosporium tritici-repentis, then updated
to Pyrenophora tritici-repentis to reflect changing fungal classification and the species
pathogenicity on wheat (Diedicke, 1902; Drechsler, 1923; Mitra, 1934; Shoemaker,
1962). Ptr is an Ascomycete, in the fungal order Pleosporales within the class
Dothidiomycetes. The Pleosporales order is home to many other important fungal
pathogens including other leaf spot pathogens which are often confused with Ptr, such as
Parastagonospora nodorum and Bipolaris sorokiniana. Along with Zymoseptoria tritici
(another Dothidiomycete), these pathogens make up what is commonly referred to as the
‘leaf spot pathogen complex’ (Figueroa et al., 2018). These different pathogens can often

be isolated from the same plant, and in some cases, the same lesion.

As a leaf-spot pathogen, Ptr attacks foliar tissue, causing necrotic and/or chlorotic
spots on susceptible hosts. These symptoms are the result of secreted proteins and
metabolites known as necrotrophic effectors (syn. host-selective toxins), which interact
with the host in an inverse gene-for-gene manner. There are three main effectors which
define the current race system of Ptr: ToxA, ToxB, and ToxC which cause necrosis,
chlorosis, and an alternate form of chlorosis, respectively (Figure 1.1) (Strelkov and

Lamari, 2003; Aboukhaddour et al., 2013). Isolates may produce one, two, three, or none



of these effectors resulting in eight defined races (Figure 1.1). Details of each effector are

discussed further in section 1.2.

ToxA ToxB ToxC

Necrosis | ChlorosisB | Chlorosis C

Figure 1.1 The necrotrophic effectors of Pyrenophora tritici-repentis; left: symptoms
caused by the necrotrophic effectors ToxA, ToxB, and ToxC (images credited to
Aboukhaddour Lab); right: current race definitions of Ptr based on the presence or absence
of three primary necrotrophic effectors. Race figure is adapted from Strelkov and Lamari
(2003) and Aboukhaddour et al., (2013).

The life-cycle of Ptr is similar to that of other Ascomycete pathogens, utilizing
both sexual and asexual modes of reproduction. The primary inoculum source for
infections in a new growing season is ascospores (Moffat and Santana, 2018; Oliver,
2024). Ascospores are created via sexual reproduction and are released from small black
pseudothecia which form on crop stubble and straw (Hosford, 1971). Ptr is a homothallic

(i.e. self fertilizing) species which eliminates the need to find compatible mating types,



ensuring sexual reproduction can occur each season (Turgeon, 1998). As ascospores are
produced at ground level, initial infection most often occurs on lower leaves during the
tillering stage if conditions are favorable (Wolf et al., 1998; Moftat and Santana, 2018;
Oliver, 2024). As the season progresses, disease spreads upwards through the canopy
when there is sufficient moisture and temperatures are not extreme (18 to 28°C), though
Ptr is able to grow and cause disease in a wider temperature range (Da Luz and
Bergstrom, 1986; Wolf et al., 1998; Moffat and Santana, 2018; Oliver, 2024). Asexual
spores, conidia, emerge from colonized tissue and are formed on the top of
conidiophores. These conidia are carried by wind and serve as the secondary inoculum
which infects new hosts throughout the growing season. After host senescence, sexual
reproduction occurs. This creates new pseudothecia, allowing Ptr to overwinter in crop
stubble and restart the infection cycle the following spring (Wolf et al., 1998; Moffat and

Santana, 2018; Oliver, 2024).

Foliar fungicides are commonly used to manage tan spot, particularly in varieties
of wheat which are known to be susceptible. Crop scouting combined with weather
forecasting can inform growers of optimal spray timings for their fields, although tan spot
can easily be confused for other leaf-spot diseases. In continuous cereal rotations
fungicides may need to be applied early in the season to deal with the high primary
inoculum loads associated with continuous cereal production. Since the corresponding
susceptibility targets for the Tox effectors are known, selecting varieties which lack these
genes is an effective way of mitigating tan spot, although resistant lines are limited
(Lamari et al., 2005). Breaking the disease cycle through crop rotation can reduce

inoculum loads as well. Planting wheat crops near previously infected fields, particularly



if those fields are upwind, should be avoided, as condia have been shown to travel vast
distances through air currents (Wolf et al., 1998). Additionally, managing crop residues
through tilling or burning can be effective, but must be balanced against other agronomic

considerations such as soil health which can be negatively impacted by such practices.

Wheat is one of the most cultivated crops on the planet and provides an enormous
amount of calories to the world’s population (Erenstein et al., 2022). Grain yields can be
adversely affected by various external sources such as a lack of irrigation, poor soil
health, and other environmental conditions. However, the major continuous drivers of
yield reduction are biological - meaning weeds, insects, and disease. As one of our oldest
crops, wheat is subject to a wide variety of devastating pathogens. Ptr has been observed
across the globe, including areas in which wheat is not grown, making the species a
worldwide problem for wheat production (Lamari et al., 2005a; Strelkov and Lamari,
2003; Savary et al., 2019; Kamel et al., 2019). A recent analysis on the global impact of
pathogens on various crop yields found that diseases account for a 21.5% reduction in
wheat output (Savary et al., 2019). In the Americas, tan spot accounts for approximately
5% of wheat losses in North America and 7% in South America, making it one of the
most damaging diseases on the continent (Savary et al., 2019). The tan spot pathogen is
present in most regions where wheat is cultivated, however, the impact of Ptr is more
limited in regions where other leaf-spot pathogens are dominant. If left uncontrolled and
conditions are ideal severe infections have reportedly reduced yields by up to 50% (Rees

etal., 1982).



1.2 NECROTROPHIC EFFECTORS AND THE TOX GENES OF P. TRITICI-
REPENTIS

Necrotrophic effectors, historically referred to as host selective toxins (HSTs), are
considered pathogenicity or virulence factors which act in a host-specific manner
(Wolpert et al., 2002; Petrov et al., 2018). These compounds are generally only effective
in hosts which can be infected by the pathogen. Necrotrophic effectors follow an inverse
gene-for-gene interaction model which is in contrast to the traditional gene-for-gene
model. In the gene-for-gene model, established by Flor when working with a rust
pathogen, a plant resistance gene (R gene) recognizes a corresponding pathogen
avirulence gene (Avr gene) (Flor, 1971; Strelkov & Lamari, 2003). Most R genes have
since been found to be dominant and encode for receptors containing nucleotide binding
sites and/or leucine rich repeats (NBS-LRRs). In the inverse interaction, necrotrophic
effectors, which are small metabolites or proteins, interact with the host via a dominant
susceptibility factor, directly causing disease symptoms (Wolpert et al., 2002; Friesen et
al., 2008; Virdi et al., 2016). Purified effectors are able to induce symptoms in susceptible
hosts, even at low concentrations, and produce no symptoms on resistant hosts even at
high concentrations. In systems where the effectors are known, purification of the
effectors is a useful tool in breeding programs (i.e. effector assisted breeding) (Walton &

Panaccione, 1993; Oliver, 2024).

The existence of necrotrophic effectors has been known since the 1930°s when it
was suggested such compounds were involved with black spot of pear caused by the
widespread pathogen Alternaria alternata (Tanaka, 1933; reviewed in Tsuge et al., 2013).
This hypothesis was later proven by the discovery of many necrotrophic effectors in

various Alternaria species which contribute to their host specificity (e.g. AM-toxin, AF-



toxin, AK-toxin, ACT-toxin, ACR-toxin, AAL-toxin, AT-toxin, brassicicolin A)

(reviewed in Tsuge et al., 2013; Petrov et al., 2018). Various necrotrophic effectors
(secondary metabolites and proteinaceous) have been discovered in other species
including: several Cochliobolus species (T-toxin, HC-toxin, victorin, ChToxA) (Kono et
al., 1980; Walton et al., 1982; Wolpert et al., 1985; Lu et al., 2015), Bipolaris sacchari
(HS-toxin) (Macko et al., 1983), Didymella maydis (Pyronellaea zeae-maydis) (PM-
toxin) (Kono et al., 1980), Periconia circinate (PC-toxin) (Macko et al., 1992),
Leptosphaeria maculans (phomalide, depsilairdin, maculansin) (Ward et al., 1992; Pedras
et al., 2004; Pedras and Yu, 2008), Corynespora cassiicola (cassiicolin) (Barthe et al.,
2007), and of course the leaf-spot pathogens Parastagonospora nodorum (ToxA, SnTox1,
SnTox2, SnTox3, SnTox4, SnTox5, SnTox6 SnTox7) (Liu et al., 2004; 2009; Friesen et
al., 2006; 2007; 2012; Abeysekara et al., 2009; Gao et al., 2015; Shi et al., 2015),
Bipolaris sorokiniana (ToxA) (McDonald et al., 2018) and Pyrenophora tritici-repentis
(ToxA, ToxB, ToxC) (Ballance et al., 1989; Strelkov et al., 1999; Effertz et al., 2002).
The movement, duplication, and horizontal transfer of necrotrophic effectors have
significant consequences. Movement of effectors intra-specifically can place effectors
into isolates with other adaptive traits such, as thermal adaptation, which may help
expand the regions in which the pathogen can thrive. Duplication of effectors can directly
increase virulence through dosage effects and can lead to evolution of new effectors
through divergence. Horizontal transfers are of particular concern as the mere presence of
a necrotrophic effector may be enough to alter the host range of an existing pathogen or

potentially convert a non-pathogenic species into a pathogen.

1.2.1 ToxA



ToxA has been the most widely studied necrotrophic effector in Ptr and was the
first proteinaceous necrotrophic effector characterized in fungi (Ballance et al., 1989;
reviewed in Aboukhaddour et al., 2023). The 13.2 KDa protein causes necrosis in wheat
by interaction with the transmembrane domain protein TaNHL10 (NDR/HIN1-like
protein), however, it only induces cell death in cultivars which carry the gene Tsn/ (Tuori
et al., 2000; Manning et al., 2007; Tai et al., 2007; Faris et al., 2010; Lu et al., 2014;
Dagvadorj et al., 2022). ToxA is encoded by the single copy gene, ToxA4, which has been
identified in other fungal pathogens: Parastagonospora nodorum, Parastagonospora
pseudonodorum, and Bipolaris sorokiniana (Friesen et al., 2006; McDonald et al., 2013;
McDonald et al., 2018). Previous work has shown that the ToxA4 gene was horizontally
transferred between these pathogens, (Friesen et al., 2006; McDonald et al., 2017). In the
case of Ptr, it is likely that the transfer of 7oxA coincided with the species transition into a
global pathogen sometime around the 1940°s (Lamari et al., 2005a; Friesen et al., 2006).
The horizontal transfer was facilitated via a hAT transposon (7oxhAT), and is one of the
first reported cases of such a transfer in fungi (McDonald et al., 2019). The example of
ToxA highlights the role that mobile DNA plays in pathogen emergence and shows the
need for continued exploration between transposons and pathogen evolution. Indeed, very
recently 7Tox4 was found embedded within another type of transposon, the extremely
large Starship Sanctuary in the species B. sorokiniana (Bucknell et al., 2024). There is
also new evidence showing that 7ox4 has begun to evolve in Ptr, with novel haplotypes
being identified in countries like Japan and in the other 7oxA4 containing species like P,

nodorum (Hafez et al., 2022; Aboukhaddour et al., 2023). Although ToxA is the most



studied of the Ptr effectors, continued research is required to track the evolution and

mobility of this important virulence factor.
1.2.2 ToxB

ToxB is the second effector identified in the tan spot pathosystem and is another
proteinaceous effector which is 6.6 KDa in size (Lamari et al., 1995; Lamari et al., 2003;
Strelkov et al., 1999; Martinez et al., 2001). Similar to ToxA, the corresponding host
interaction target is known and has been identified as 7sc2 (Faris et al., 2013). The ToxB
protein also interacts with the chloroplast and causes chlorosis through the light-
dependent degradation of chlorophyll (Strelkov et al., 1999; Kim et al., 2010). Unlike
ToxA, ToxB is a multi-copy gene with higher disease symptoms correlated with higher
copy numbers (Strelkov et al. 2005; Amaike et al. 2008; Aboukhaddour et al. 2012). An
inactive isoform of the gene, dubbed toxb, is often found within the genomes of non-
producers (Strelkov and Lamari, 2003; Martinez et al., 2001; Hafez et al., 2024).
Furthermore, homologs of ToxB have been found in the related species P. bromi, P.
seminiperda, P. teres as well as 15 more distantly related species such Bipolaris oryzae,
Magnaporthe grisea, and various Colletotrichum species (Andrie et al., 2008; Hafez et
al., 2024). ToxB protein sequences in these distant species shared homology as low as
31% identity but shared key structural similarities indicating potentially active isoforms
(Hafez et al., 2024). It has been traditionally thought that Ptr acquired 7oxB through
vertical inheritance but this hypothesis has not been confirmed or truly explored. With the
recent identification of homologs in more distantly related species the probability that

ToxB has moved horizontally is increased. Additionally, a comprehensive comparison of



ToxB-containing isolates with chromosome resolution assemblies has never been

conducted to determine how 7oxB has become a multi-copy gene.
1.2.3 ToxC

The third primary effector of Ptr is ToxC, whose existence was known prior to
ToxB as races 1 and 3 are predominant in North America and Australia (Lamari and
Bernier, 1991; Lamari, et al., 1991). Unlike ToxA and ToxB however, the identity of
ToxC has since remained a mystery. The first work which attempted to uncover the
nature of ToxC determined it was not proteinaceous like ToxA and ToxB. Rather, ToxC
was likely to be a polar, non-ionic metabolite with a low-molecular weight (Effertz et al.,
2002). Aside from this single work, very little has been done to identify ToxC. Recently
however, through the use of segregating Ptr populations (artificially created as Ptr is
homothallic) a gene was identified which may play a role in ToxC synthesis (Shi et al,
2022). Described as ToxC1, knock-out experiments showed the gene was potentially
necessary but not sufficient by itself to produce ToxC symptoms (Shi et al., 2022).
Interestingly, the host gene 7sc/ was also recently identified, whose presence plays a role
in disease development (Effertz et al. 2002; Liu et al. 2020; Running et al. 2022).
Renewed interest in ToxC suggests that the open question of ‘What is ToxC?’ is now

tractable with modern genomics techniques.
1.2.4 PTR RACE AND TOX GENE DISTRIBUTION

While Ptr has a global presence, the Tox effectors are not equally represented in
the various wheat growing regions of the world. For the past few decades, race testing
combined with PCR testing has painted a clear picture of effector distribution in Ptr

across the globe. In Canada, the Ptr population is predominantly composed of races 1
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(ToxA and C) and 2 (ToxA), with races 3 (ToxC) and 4 (no toxin production) having also
been isolated (Aboukhaddour et al. 2021; Guo et al. 2020; Wei et al. 2020). ToxB-
containing races like race 5 (ToxB) are extremely rare, and races 6 (ToxB and C), 7
(ToxA and B), and 8 (ToxA, B, and C) have not been isolated in Canada (Aboukhaddour
et al. 2021; Guo et al. 2020; Wei et al. 2020). Some isolates have been found with the
toxb homolog however (Aboukhaddour et al. 2021; Guo et al. 2020; Wei et al. 2020;
Hafez et al., 2024). This race structure is mirrored in the United States. In Australia, only
races 1 (AC) and 2 (A) have been found. The 7oxB-containing races appear to be
restricted to North Africa and the Fertile Crescent (i.e. Mid-East and Caucasus regions)
(reviewed in Kamel et al., 2019). Additionally, it is known that ToxA, ToxB, and ToxC
are not the only effectors produced by Ptr. For example, some isolates from Tunisia were
found to cause necrosis on some wheat cultivars but those isolates lack ToxA (Kamel et
al., 2019). The race structure of Ptr populations continues to be monitored and provide
clues into how Ptr has spread in the past as well as how Ptr and its Tox genes are evolving
with respect to the different environmental conditions and host genotypes. Investigations
into other potential Ptr effectors is also an essential component of current and future

work.
1.3 DRIVERS OF PATHOGEN EVOLUTION

Pathogens have been attacking plants and co-evolving alongside them for
millenia. However, with the advent of agriculture some 10,000 years ago, a unique
selection pressure began as humans began to selectively domesticate crops. The relatively
recent, high-intensity, uniform agricultural systems of modern society have placed an

immensely strong selection pressure to enhance virulence and promote the emergence of
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new pathogens (Stukenbrock and McDonald, 2008; Méller and Stuckenbrock 2017; Croll
and McDonald, 2017). Various processes and mechanisms contribute to pathogen
evolution and adaptability including, but not limited to: transposons, genome
architecture, gene duplications, and horizontal gene transfers (Stukenbrock and
McDonald, 2008; Moller and Stuckenbrock 2017). Each of these mechanisms are briefly
discussed below, along with select examples which provide evidence for the roles of each

in plant pathogen evolution.

1.3.1 TRANSPOSONS

Transposons, or transposable elements, are sections of genetic material that are
mobile within or between genomes. These elements are ubiquitous in the genetic code of
both prokaryotes and eukaryotes, and with few exceptions, are often abundant, with most
genomes containing thousands of transposons (Schabel et al., 2009; Lander et al., 2011;
Canapa et al., 2015). In plants, transposons account for a wide range of the total genomic
content, from ~10% in Arabidopsis (Arabidopsis Genome Institute, 2000) to up to 85% in
maize (Schabel et al., 2009). In fungi and animals, a wide range of transposon content has
also been observed, with transposon content less than 1% in metazoans, ~20% many
fungi with some species as high as ~90% (Badet et al., 2020; Gupta et al., 2023), and up
to ~45% in humans and other mammals (Lander et al., 2011; Canapa et al., 2015).
Transposons can vary greatly in size, from hundreds of base pairs to the extremely large
Starships which can be >100,000 base pairs (Arkhipova et al., 2019; Gluck-Thaler et al.,

2021).

Transposons were discovered by the cytogeneticist Barbara McClintock, who

revealed that their movement was associated with colour changes in maize kernels

11



(McClintock, 1948; 1950). This foundational discovery spurred a growing body of
research that has led to important conceptual shifts in evolutionary biology and genetics.
Previously, transposons were commonly considered “junk DNA” that simply acted as
spacers between genes, the truly important sections of DNA. Upon their discovery,
transposons were considered “selfish” (Doolittle and Sapienza 1980; Orgel and Crick
1980), thought to be fulfilling no function besides their own self-replication at the
expense of their host. We now know that transposons play many roles, and over time
have contributed greatly to adaptation and evolution in all branches of life. Moreover,
transposons are now considered by many to be their own evolutionary units with parasitic
lifestyles and whose history predates the emergence of eukaryotes (Jeffares et al., 1998;

Schulmann and Wicker, 2013).
1.3.1.1 CONSEQUENCES OF TRANSPOSONS

Any given transposon insertion has the ability to alter the carrier phenotype,
potentially driving adaptation and carrier fitness. Ultimately, the exact location of an
insertion determines how, and to what level, phenotypes are altered and varies depending
on whether a promoter region, intron, exon, or some other region is interrupted. While
some transposons have a low insertion specificity, and will therefore randomly insert into
host genomes, others are biased towards specific genomic regions or sequences (Sultana
et al., 2017). Such specificity may reduce the probability of causing a detrimental impact
on the host and thereby improve the chances of their own proliferation (Sultana et al.,
2017). Similar to any mutation, the impacts of transposon insertion and proliferation on
carrier fitness can broadly be categorized as neutral, beneficial, or deleterious.

Furthermore, although transposons by definition are mobile within genomes, for certain
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groups, only a fraction are actually capable of mobilization. This is due to truncation of
the sequences necessary to mobilize, because of host defence mechanisms (e.g.
methylation preventing transposase transcription, heterochromatin formation, etc.), or due
to a disruption or lack of the necessarily molecular machinery (i.e they are non-

autonomous).

Insertion within a gene may or may not alter the gene function, depending on
whether insertion occurs within an intron or exon. As introns are non-coding and are
excised during normal gene expression, insertion into these regions may not alter the final
product, so long as the transposon is fully spliced out during transcription and there is no
frame shift that could result in exonization, gene truncation, or alternative splicing of
coding regions (Dubin et al., 2018). Conversely, insertion within an exon is likely to
cause drastic changes to gene function due to gene truncation and/or exonization. Gene
truncation occurs when a transposon introduces a stop codon and prematurely aborts
transcription. Outcomes can include incomplete transcripts or alternative gene splicing,
both of which modify the intended amino acid sequence and consequently the resultant
protein product. Exonization, in contrast to gene truncation, occurs when a new exon is
introduced into a gene. This phenomenon alters transcript sequences and can therefore
create defective proteins or proteins with novel functions. Additionally, transposons have
the ability to create genes de novo through the creation or shuffling of open-reading

frames (ORFs) and/or regulatory elements (Carvunis et al., 2012).

While transposon insertion within a gene can have a substantial influence, so can
an insertion near a gene, due to alteration of regulatory sequences. Particularly,

introduction into the promoter, enhancer, or silencer regions can cause complete
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suppression or significant alteration of gene expression (Sultana et al., 2017; Dubin et al.,
2018). Promoter regions are located upstream of their corresponding gene and control
gene expression by providing a site for enzymes such as RNA polymerase to initiate
transcription. Promoter sequences can be complex and any sequence alterations can
completely suppress or severely alter protein expression profiles, ultimately having a
variable suite of effects on the host. Enhancer and silencer regions serve as binding sites
for transcription factors, either to increase or decrease gene expression, respectively.
Changes in these regions can result in the same suite of responses as alterations to the

promoter region (Dubin et al., 2018).

The potential effects of transposons are not limited to the direct alteration of
genetic sequences and/or the functioning of regulatory elements. Transposon proliferation
can interfere with genomic repair mechanisms that are intrinsic in all organisms, resulting
in a phenomenon known as genome instability (Eichler and Sankoff, 2003; Chadha and
Sharma, 2014; Bhat et al., 2022). Genome instability results in increased mutation rates,
chromosomal rearrangements, and aneuploidy (abnormal chromosome number).
Increased chromosomal rearrangement (i.e. translocations, inversions, duplications,
deletions) in particular have been linked to transposons via an increase in potential break
points and homologous regions during DNA replication (Wostemeyer and Kreibich,
2002; Chan and Kolodner, 2011; Faino et al., 2016; Bourque et al., 2018). Similarly,
aneuploidy can be a consequence of chromosome content imbalances originating from
the disproportionate translocation of mobile elements (Yang et al., 2022). Gene
duplications can also be caused by transposon proliferation due to two main mechanisms:

gene-capture, where duplication occurs during transposon replication, or via unequal
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cross overs caused by additional homologous sequences on which recombination can act

(Reams and Roth, 2015). Gene duplication is discussed further in section 1.3.3.
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1.3.1.2 TRANSPOSON INFLUENCES IN PLANT PATHOGENS

The effects of transposons in plant pathogens has been explored across a variety
of species. There is a growing body of work to suggest transposons play multiple roles in
altering pathogenicity and virulence through gene disruptions, silencing, duplications,
and mobilization. For example, in the tomato pathogen Fusarium oxysporum f.sp
lycopersici a new virulence race was created through the deactivation of the AVRI gene.
AVRI is recognized by many host cultivars, and insertion of a 24T transposon within an
exon resulted in the disruption of AVRI and subsequent non-recognition of the pathogen
by the corresponding host R gene (Inami et al., 2012). A similar gain-of-virulence
occurred in Magnaporthe oryzae via disruption of the avirulence gene AvrPi9, again
resulting in a loss of recognition (Wu et al., 2015). In the widely studied potato pathogen
Phytophthora infestans, effector silencing was shown to occur when multiple transposon
insertions occurred near effector genes resulting in the formation of heterochromatin
(Whisson et al., 2012). Heterochromatin formation is a defense mechanism employed by
eukaryotes to prevent transposon activity through DNA packing, which prevents activity
by restricting access to the DNA from necessary enzymes like transposases. In this case,
the effector genes were unable to be expressed, resulting in an observable decrease in

virulence.

A reduction in spore potential constitutes a major reduction in fitness, particularly
in pathogens where spores are used as the major infecting propagule. In Zymoseptoria
tritici, the multi-copy gene REP9Y-1, which negatively affects pycnidia (sexual spore
bearing structure) production, was shown to be present on and replicating via the DNA

transposon REPY with evidence of active mobility (Wang et al., 2021). Spore production
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was also affected in the rice blast fungus Magnaporthe oryzae, with the insertion of a
MGL LINE element in the conidiophore (asexual spore bearing structure) controlling
gene ACRI/medA. This resulted in decreased appressorium (infection structure)
formation, decreased pathogenicity, and altered conidiogenesis (asexual spore

production) (Nishimura et al., 2000).

Chemical controls are widely used to mitigate damage caused by pathogens, and
fungicide resistance is a major issue in modern agriculture. In Blumeriella jaapi (cherry
leaf spot), resistance to the sterol demethylation inhibitor (DMI) class of fungicides was
conferred by over-expression of the target gene CYP5/ through insertion of LINE-like
elements upstream of the coding sequence (Ma et al., 2006). Over-expression of the
target limits the efficacy of fungicides as the processes which were meant to be inhibited
are still able to take place due to over abundance. Similar insertions which alter
expression, leading to DMI resistance, have been observed in both Venturia inequalis
(apple scab) and Penicillium digitatum (green rot) (Hamamoto et al., 2000; Schnabel and
Jones, 2001). Many more examples can be found in the literature and it is clear that
transposons can directly affect a wide variety of pathogen systems like virulence, spore
production, and chemical sensitivity. However, the role transposons play in shaping
pathogen evolution is even deeper as they are an integral part of defining genomic

architecture in pathogen genomes (Faino et al., 2016).
1.3.2 GENOME ARCHITECTURE AND THE ‘TWO-SPEED’ MODEL

How genes are arranged within a genome can have significant impacts. It has
been known for some time that genes with related functions are often clustered together

(Walton, 2000; Keller et al., 2005; Hoffmeister & Keller, 2007). Indeed the ‘selfish
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clustering’ hypothesis posits that genes with linked functions which are clustered give the
individual genes increased fitness due to the additive selective advantage (Lawrence and
Roth, 1996; Walton, 2000; Slot, 2017). This may be due in part to coordinated gene
regulation, co-selection, and co-adaptation (Gacek and Strauss, 2012; Slot, 2017). This is
particularly true for those involved in metabolic synthesis pathways (i.e. metabolic gene

clusters (MGCs)) (Rokas et al., 2018).

A wide variety of MGCs in fungi have been studied due to their important roles in
fungal biology and ecology. For example, MGCs for the synthesis of the antibiotic
penicillin or the breakdown of substrates like nitrates and sugars (Diez et al., 1990;
Johnstone et al., 1990; Slot and Rokas, 2010). Many MGCs in fungi have been found, but
the most pertinent are those of necrotrophic effectors. Many of the identified necrotrophic
effectors in pathogenic fungi are secondary metabolites. Biosynthesis of these toxic
metabolites requires multiple genes generally consisting of enzymes, regulators,
transporters, and primary synthesis genes, which catalyze the key step. It has been found
that the production of aflatoxins, trichothecenes, and T-toxin (among others) are mediated
by MGCs (Yu et al., 2004; Brown et al., 2004). The grouping of genes in pathogen

genomes is not limited to only MGCs, however.

In bacterial pathogens, the concept of ‘pathogenicity islands’ (PAls) has been used
to explain the organizational structure and crowding of virulence related genes within and
near mobile units like plasmids, insertion sequences (IS), and prokaryotic transposons
like ‘Tn’s (Hacker and Kaper, 2000). A similar structural model to PAIs has been
developed in fungal (and oomycete) pathogens, dubbed the ‘two-speed’ or ‘two-

compartment’ genome (Raffaele et al., 2010; Dong et al., 2015). In this model, virulence
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genes, accessory genes, transposons, and other repetitive elements are clustered together
while core conserved genes are in regions with few repeats or transposable elements
(Raftaele et al., 2010; Dong et al., 2015). The two regions, a.k.a compartments, also have
different rates of mutation and rearrangements, with the accessory and transposon-dense
regions having increased instances of both (Raffaele et al., 2010; Dong et al., 2015). Such
an architecture has wide-reaching implications in pathogens that possess them including
mobilization, duplication, and alteration of virulence genes, genes associated with
adaptation to specific environmental stressors (e.g. heat tolerance, heavy metal tolerance)

or hosts, and MGCs.

Originally the ‘two-compartment’ genome was dubbed the ‘two-speed’ genome.
However, it is well established that regardless of genomic architecture, pathogens have
conserved, slowly evolving core genes as well as rapidly evolving virulence genes, and
thus all have ‘two speeds’. Not all fungal pathogens conform to the ‘two-compartment’
model. In species with ‘one-compartment’ genomes, there are strong links between
transposable elements and virulence genes (Frantzeskakis et al., 2019; Torres et al.,
2020). It is hypothesized that in pathogens with ‘one-compartment’ genomes, rapid
evolution can be attributed to high numbers of copy-number variation, often induced by
transposable elements (Frantzeskakis et al., 2019; Torres et al., 2020). Furthermore, there
is another type of compartmentalization which can create a ‘two-speed’ genome in which
accessory chromosomes (syn. dispensable or mini-chromosomes) harbour large numbers
of virulence genes or other adaptive traits similar to plasmids in prokaryotes

(Frantzeskakis et al., 2019).
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1.3.3 GENE DUPLICATION

Gene duplication is a major driver of evolution and adaptation by acting as a
source of novel genetic material as the additional copies are free to diverge, often with at
least one copy maintaining the original function (Nei et al., 1969; Holland et al., 1999;
Hastings et al., 2009; Ohno et al., 2013; Sacristan et al., 2021). Ancient duplicated genes
which have since diverged are often referred to as paralogous, and together are grouped
into gene families (Zhang et al., 2003). Changes in gene family sizes can reflect
adaptations to specific circumstances. For example, expansion of gene families such as
carbohydrate-active enzymes (CAZymes), which are utilized by pathogens to degrade
cell structures like cell walls, has been linked to host range changes in the Colletotrichum
genus (Baronchelli et al., 2016). Gene duplication is also theorized to be a contributor to
novel effector formation (Fouché et al., 2018; Sacristan et al., 2021). In the widespread
fungal pathogen Rhizoctonia solani, pathogenicity gene duplication has been shown to be
mediated by transposons with paralogs diverging into new functions (Francis et al.,
2023). Differential expression of paralogs during host infection confirmed novel effector

production as well (Francis et al., 2023).

Duplications can occur for a variety of reasons (e.g. non-homologous end joining,
break-fusion-bridge, retroposition, whole genome duplication, etc.) which can produce
segments of differing size (Ohno et al., 2013; Reams and Roth, 2015). As described,
MGC:s consist of clustered genes with related processes, and therefore duplication of
MGC containing regions potentially provides an entire pathway on which selection can
act. Different pathotypes of Alternaria alternata for example, produce different

necrotrophic effectors (e.g. AM-toxin, AF-toxin, etc.) which cause disease on different
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hosts (Tsuge et al., 2013). The evolution of these toxins is linked with complex
duplications and recombination events of MGCs likely involving transposons (Tsuge et
al., 2013). Similarly, the production of trichothecenes in Fusarium sp. is linked to a
previous duplication of a biosynthetic gene cluster followed by gene losses and functional
divergence (Ward et al., 2002; Brown et al., 2004; Proctor et al., 2018; Rokas et al.,
2018). Such duplications support the hypothesis that duplications can result in novel

virulence factors which contribute to pathogen success.

Examining copy-number variation (CNV) across a genome has been difficult in
the past due to collapsing of short-reads during assembly and other issues with genome
resolution. Advances in sequencing technology and improved genome assemblies have
allowed systematic analysis of CNVs across a variety of genomes. In fungi, CNVs are
linked to adaptive traits like heavy metal tolerance and contribute to genome plasticity in
response to stress (Bazzicalupo et al., 2020; Vande Zande et al., 2023). In the plant
pathogen Rhynchosporim commune, CNVs have been linked to azole resistance,
CAZymes, and effectors (Stalder et al, 2023). In Z. tritici, CNVs contribute to climatic
adaptation, and in Melampsora lini (flax rust) CNVs of Avr genes have been shown to

disrupt host recognition (Figueroa et al., 2020; Tralamazza et al., 2024).
1.3.4 HORIZONTAL GENE TRANSFER

Horizontal gene transfers (HGTs) refer to the passing of genetic material through
non-Mendelian mechanisms. Such transfers commonly occur in prokaryotes through
mobile elements like plasmids, however, the extent to which HGTs have shaped
eukaryotic biology is poorly understood. There is a growing body of evidence to suggest

that HGTs have played an important role in eukaryotic evolution, including that of
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pathogenic fungi. Horizontal transfers between fungi likely occur during anastomosis of
hyphae or germ tubes which creates a cell-to-cell cytoplasmic connection through which
DNA can move (Soanes and Richards, 2014). Rather than transferring circular plasmids
as in bacteria, the largest horizontal transfers in pathogenic fungi are facilitated via
accessory chromosomes (syn. dispensable chromosomes), mini-chromosomes,
chromosomal arms, or Starship transposons (Bucknell et al., 2023; Wang et al., 2023;
Barragan et al., 2024; Peck et al., 2024; Urquhart et al., 2024; Habig et al., 2025). Such
significant transfers are often followed by large gene losses due to purifying selection
(Kellis et al., 2004; Bloome et al., 2006; Wolf and Koonin, 2013). However, some genes
acquired through HGT are likely to experience strong positive selection, in particular
when the gene provides immediate benefit. The transfer of 7ox4 into the Ptr genome is a
prime example of this phenomenon as the acquisition provided a large fitness advantage
when infecting its primary host (Liu et al., 2006; Friesen et al., 2006; McDonald et al.,

2018; 2019).

Most smaller HGT events appear to be driven by transposons, as seen with 7ox4
and ToxhAT. For example, the effector gene Avel from fungal pathogen Verticillium
dahlia was identified in the bacterial pathogen Xanthomonas axonopodis, as well as in
other fungal pathogens Fusarium oxysporum, Colletotrichum higginsianum, and
Cercospora beticola (De Jonge et al., 2012; Shi-Kunne et al., 2019). Avel was found to
be associated with the 73/-Copia class of retrotransposons and phylogenetic analysis
combined with gene distributions suggest horizontal movement of 4ve/ between these
species (Nembaware et al., 2004; De Jong et al., 2012; Faino et al., 2016). Avel may not

always provide a virulence advantage when present, and so its gain or loss will confer
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positive or negative fitness depending on the host genotype. For example, in tomato, the
resistance gene that recognizes Avel is Veil, and upon detection of the effector, initiates
an immune response (De Jonge et al., 2012). In tomato populations with Veil the

acquisition of Avel confers a disadvantage to the pathogen, while in populations lacking
Veil, the pathogen has acquired a new virulence tool (De Jonge et al., 2012). The ability

of pathogens to gain and lose virulence factors is a key component of their adaptability.

‘Crinkling-and-necrosis’ (CRN) effectors have been studied for some time as a
highly conserved protein family present in both eukaryotic and prokaryotic plant
pathogens (Zhang et al., 2016; Amaro et al., 2017). Although there is divergence between
the eukaryotic and bacterial CRN families, phylogenetic analysis has suggested the
horizontal movement of CRNs into eukaryotes has occurred multiple times (Zhang et al.,
2016). Recipients of these transfers include both pathogenic fungi and oomycetes. It
appears that CRNs themselves may have once acted as transposases and their functional
shift to act as effectors is a notable example of exaptation (Zhang et al., 2016). Similar to
the Avel effector above, the addition of CRNs to a pathogens genome provides an

advantage when hosts lack the appropriate genes to respond.

As Ptr has experienced at least one confirmed HGT event in its history, it is worth
considering that it may have experienced others in the past, either as the recipient or the
donor. For example, 7oxB is traditionally thought to have been acquired via traditional
vertical inheritance, but it is entirely possible that 7oxB was acquired through an ancient
HGT event. The extent to which HGTs have shaped the evolutionary trajectory of plant

pathogens is an open question and the leaf-spot disease complex is an ideal system in
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which to study not only this phenomenon but all the aforementioned drivers of pathogen

evolution.

1.4 OBJECTIVES

During the course of a comparative genomics project, the trajectory of analysis and
research objectives can shift as new knowledge and insights are gleaned. Having stated
that, the primary objectives were to sequence and annotate a large number of
Pyrenophora tritici-repentis genomes in order to explore the species genetic diversity. In
particular, comparative analysis between isolates with different virulence race profiles
and isolates from different geographical regions. Finally, as it was previously established
that 7oxA was mobile and that 7oxB is present in multiple copies, an assessment on the

potential mobility and duplication mechanisms of the Ptr Tox genes was a high priority.

As work progressed, more specific objectives were created:

1) Sequence a large set of Ptr isolates and create a pangenome;

2) Determine if the Ptr genome has a one or two-compartment architecture;

3) Annotate the transposable element content of the Ptr genome;

4) Assess the relatedness of different Ptr races from diverse geographical backgrounds;

5) Sequence isolates which were known to have the 7ox4 gene on different chromosomes

using long-reads and determine by what mechanism 7oxA4 was translocated;

6) Sequence a large number of isolates containing 7oxB and discover the mechanism by

which the 7oxB gene replicates;

7) Utilize the large amount of sequence data generated to attempt a genome-wide

association study to correlate single nucleotide polymorphisms with the ToxC phenotype.
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CHAPTER 2: THE PANGENOME OF THE WHEAT PATHOGEN
PYRENOPHORA TRITICI-REPENTIS REVEALS NOVEL TRANSPOSONS
ASSOCIATED WITH NECROTROPHIC EFFECTORS 70XA4 AND TOXB

2.0 ABSTRACT

In fungal plant pathogens, genome rearrangements followed by selection pressure
for adaptive traits have facilitated the co-evolutionary arms race between hosts and their
pathogens. Pyrenophora tritici-repentis (Ptr) has emerged recently as a foliar pathogen of
wheat worldwide and its populations consist of isolates that vary in their ability to
produce combinations of different necrotrophic effectors. These effectors play vital roles
in disease development. Here, we sequenced the genomes of a global collection (40

isolates) of Ptr to gain insights into its gene content and genome rearrangements.

A comparative genome analysis revealed an open pangenome, with an abundance
of accessory genes (~ 57%) reflecting Ptr’s adaptability. A clear distinction between
pathogenic and non-pathogenic genomes was observed in size, gene content, and
phylogenetic relatedness. Chromosomal rearrangements and structural organization,
specifically around effector coding genes, were detailed using long-read assemblies
(PacBio RS II) generated in this work in addition to previously assembled genomes. We
also discovered the involvement of large mobile elements associated with Ptr’s effectors:
ToxA, the gene encoding for the necrosis effector, was found as a single copy within a
143-kb Starship transposon (dubbed Horizon) with a clearly defined target site and target
site duplications. Horizon was located on different chromosomes in different isolates,
indicating mobility, and the previously described 7oxhAT transposon (responsible for
horizontal transfer of ToxA) was nested within this newly identified Starship.

Additionally, ToxB, the gene encoding the chlorosis effector, was clustered as three copies
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on a 294-kb element, which is likely a different putative Starship (dubbed Icarus) in a
ToxB-producing isolate. ToxB and its putative transposon were missing from the 7oxB
non-coding reference isolate, but the homolog foxb and ‘Icarus’ were both present in a
different non-coding isolate. This suggests that 7oxB may have been mobile at some point
during the evolution of the Ptr genome which is contradictory to the current assumption
of ToxB vertical inheritance. Finally, the genome architecture of Ptr was defined as ‘one-

compartment’ based on calculated gene distances and evolutionary rates.

These findings together reflect on the highly plastic nature of the Ptr genome which has
likely helped to drive its worldwide adaptation and has illuminated the involvement of

giant transposons in facilitating the evolution of virulence in Ptr.

2.1 BACKGROUND

Pyrenophora tritici-repentis (Ptr) is an ascomycete fungus that causes tan spot,
one of the most destructive foliar diseases of wheat worldwide (Savary et al., 2019;
Aboukhaddour et al., 2021). Tan spot was not considered a significant disease of wheat
until the 1970s, and from an evolutionary perspective, this recent emergence offers an
intriguing case to gain insights into how a weak pathogen rose to a global threat in a short
time span (Aboukhaddour et al., 2021). The Ptr genome is a mosaic of present and absent
effectors and hence serves as a model for examining the evolutionary processes behind

the acquisition of virulence in necrotrophs and how disease emergence develops.

In a fungal species, the genomic variation in contents and structural organization
reflects its evolution and the selection pressures driving its diversification and speciation.

Genome rearrangements, such as chromosomal polymorphisms, duplications, deletions,

40



inversions, and fusions are very common in fungi. These rearrangements in plant
pathogens can facilitate the selection for adaptive traits that enhance pathogenic abilities
on a certain host in a certain niche, as the genome plasticity often will lead to the gain or
loss of functions in the co-evolution arms race between the pathogen and its host. In this
study, we took advantage of a diverse collection of Ptr isolates representing all
pathotypes, from diverse global origins, and applied short- and long-read sequencing
technologies to dissect the Ptr genome. The aim is to gain a better understanding of Ptr
genome plasticity, to answer how a fungal pathogen like Ptr has evolved to have a mosaic
of several effectors in different geographical regions, to explore the role of transposons in
genome expansion or compartmentalization, and to define at the genome level, in a
meticulous way, the link between virulence evolution and transposons. Ultimately, to
release useful genomic resources of well-phenotyped isolates to the research community

to be utilized to advance our knowledge on disease emergence.

Ptr has served as a model species for necrotrophic plant pathogens, as it produces
various necrotrophic effectors, previously known as host-selective toxins that play
essential roles in disease development (Aboukhaddour et al., 2021). To date, three
effectors have been identified and are known virulence factors: ToxA is a necrosis-
inducing effector, while ToxB and ToxC are chlorosis-inducing effectors (Lamari et al.,
2003). Additional effectors may be involved in pathogenicity and await characterization
(Kamel et al., 2019). ToxA and ToxB are ribosomally synthesized proteins, and while
ToxA is encoded by a single-copy ToxA4 gene, ToxB is encoded by multi-copy 7ToxB
genes (Lamari et al., 2003). ToxC is a putative secondary metabolite, and identification

of the ToxC-coding gene(s) and its synthesis awaits further characterization (Effertz et
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al., 2002; Shi et al., 2022). In Ptr, the ToxA4 gene is present only in isolates that secrete the
ToxA effector, and no homolog has been identified in non-producing isolates of
Ptr (Lamari et al., 2003). ToxA has been found in Ptr and in other related species,
whereas ToxB has been reported only in Ptr, but its inactive homologs, termed toxb, were
identified in Ptr and other closely related and distantly related fungal species (Strelkov et

al., 2005; Friesen et al., 2006; Andrie et al., 2008; Lu et al., 2015).

Ptr isolates are designated into eight different races (races 1 to 8) based on which
combinations of these three effectors they secrete (Lamari et al., 2003). There is an
unexplained correlation between Ptr ability to secrete various combinations of effectors
and its geographical origins, and in North America and Australia, Ptr isolates are mainly
ToxA and ToxC producers, with ToxB producers being extremely rare or absent
(Aboukhaddour et al., 2013; Kamel et al., 2019), whereas, in regions encompassing the
wheat centre of origin, like the Fertile Crescent and North Africa, all races and effectors
are found, even in under-surveyed regions (Kamel et al., 2019; Aboukhaddour et al.,
2021), with ToxB producers predominating North Africa (Aboukhaddour et al., 2009;
Aboukhaddour et al., 2011; Kamel et al., 2019). This variation in the presence/absence of

effectors suggests a divergent evolution of Ptr and its effectors worldwide.

An independent origin of these effectors was suggested previously (Friesen et al.,
2006; Andrie et al., 2008; Aboukhaddour et al., 2009; McDonald et al., 2019). In Ptr,
ToxA and ToxB were never localized to the same chromosome (Aboukhaddour et al.,
2009). Yet, ToxA was found to reside on a homolog chromosome of essential nature,

meaning a chromosome is present in all isolates regardless if the isolate possesses ToxA
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or not. An exception was reported in a race 8 isolate, [-73—1, collected from the Fertile
Crescent in Syria. In this isolate, Tox4 was present on a non-homolog and larger
chromosome, which indicates a possible translocation of 7ox4 in the Ptr species
(Aboukhaddour et al., 2009). The ability of ToxA to transfer horizontally between species
and into Ptr has been demonstrated before, and in addition to Ptr, ToxA4 was found in two
related species, Parastagonospora nodorum and Bipolaris sorokiniana (Friesen et al.,
2006; McDonald et al., 2019). ToxA was horizontally transferred via a 14-kb type Il DNA
transposon named ToxhAT, and multiple horizontal-gene-transfer events including
regions surrounding the ToxhAT were likely involved in these species (McDonald et al.,
2019). ToxhAT appears to still be active in B. sorokiniana but has likely decayed in P.
nodorum and may no longer be functional (McDonald et al., 2019). Unlike the horizontal
transfer of ToxA, the ToxB gene is believed to be vertically inherited from ancestral
species. This was indicated by the presence of ToxB homologs or ToxB-like genes in
multiple fungal orders (Ploesporales, Dothideomycetes, and Sordariomycetes) (Ciuffetti
et al., 2014). In this study, we performed a detailed analysis to dissect the regions

surrounding 7oxA4 and ToxB in Ptr.

In addition to the mobility of the effector genes and the surrounding chromosomal
segments, the Ptr genome as a whole has been described as highly plastic, with evidence
of major chromosomal rearrangements, including insertions, deletions, inversions, and
translocations (Aboukhaddour et al., 2009; Manning et al., 2013; Moolhuijzen et al.,
2018; McDonald et al., 2018; 2019). The first full Ptr genome was released by the Broad
Institute in 2007, based on a race 1 isolate (Pt-1C-BFP, abbreviated throughout as BFP)

from the USA, and was assembled to the chromosome level with the aid of optical
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mapping (Manning et al., 2013). In addition, the full genomes of 11 Ptr isolates from
North America and Australia have also been sequenced and are now publicly available
(Manning et al., 2013; Moolhuijzen et al., 2018; 2019). Of those, three (M4, V1, and
DWS5) were assembled from long-read sequences. The role of DNA transposons and long
terminal repeat (LTR) retrotransposons in genome-wide segmental duplications,
insertions, and chromosomal fusions in Ptr was investigated (Ciuffetti et al., 2014).
However, genomic regions with AT-rich content, which are associated with repeat-
induced point mutations (RIP), were not reported at high frequencies in previously
sequenced Ptr isolates from Australia and the USA (Moolhuijzen et al., 2018). RIP is
often associated with the “two-speed genome” model in a number of fungal pathogens;
this model describes a pattern of physical genome compartmentation with repeat-rich
gene-sparse regions and repeat-sparse gene-dense regions with different evolutionary
rates (Raffaele et al., 2010; Dong et al., 2015; Torres et al., 2020). Here, we sequenced 40
Ptr isolates of diverse origins and races and performed a whole pangenome analysis with
the addition of the reference isolate (BFP), for a total of 41 isolates. These isolates
represent all known races including a newly identified atypical race that induces necrosis
but lacks the ToxA gene (Kamel et al., 2019). In addition to the pangenome, we provide a
detailed look at gene contents, phylogenetic relatedness, and effector gene movement.
Furthermore, the polished long-read assemblies representing the full genome of two
isolates (I-73—1 a race 8 isolate from Syria and produces all three effectors, and therefore
known as the most complex race so far in Ptr, and D308, a Canadian race 3 isolate that
produces only the ToxC, and carries inactive homolog of ToxB) were explored. The

structural organization and genome compartmentation in these two isolates were analysed
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and in comparison with three previously published genomes (BFP and DW-5 from USA

and M4 from Australia).
2.2 RESULTS
2.2.1 HYBRID ASSEMBLIES CAPTURE A BETTER ESTIMATE OF GENOME
SIZE

The de novo assemblies of [llumina short-reads indicated a variable genome size
ranging from 34.1 to 36.9 Mb, with an average of 34.82 Mb. The smallest assembly was
for isolate T128-1 (34.12 Mb), which has been identified as an atypical isolate with a
novel virulence phenotype (Kamel et al., 2019). The largest assemblies were for isolates

92-171R5 (36.8 Mb; race 5) and G9-4 (36.97 Mb; race 4).

The hybrid assembly (PacBio RS II and Illumina HiSeq data) of isolate 1-73—1
contained 39 contiguous sequences, with 11 chromosome-sized contigs greater than
2 Mb. Similar results were obtained with isolate D308, whose assembly contained 70
contiguous sequences, and 11 contigs greater than 1 Mb with an additional two smaller
contigs representing the majority of the genome. Genome completeness was assessed by
Benchmarking Universal Single-Copy Orthologs (BUSCO) using a set of conserved
fungal genes, and all isolates (except G9-4) were assessed as > 99% complete. The short-
read assemblies of [-73—1 and D308 were ~ 5.3 Mb smaller than the long-read-based
assemblies, likely due to the collapsing of repetitive regions and duplicated transposons.

Summary statistics for all assemblies are available in Table 2.1.
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Table 2.1 Summary statistics for 40 isolates of Pyrenophora tritici-repentis sequenced
with [llumina HiSeq X and assembled with Shovill/SPAdes, and two isolates sequenced
with PacBio and assembled with Flye/Pilon (table is sorted by race then isolate name).

Isolate Race NE'  Year Location® Host Size Contigs GC TE NSO Ganes BUSCO  Accessory
(MB) (%) (%) (kbp) (%) (%)
ASC1 1 AC 1985 Manitoba T. aestivum 34.78 6495 5085 69 655 13,124 593 225
1-33-1 1 AC 2001 Arzerbaijan T. aestivum 35.06 6850 509 69 752 13,055 995 221
L3-1 1 AC 2016 Alberta T. durum 34.93 geb6 508 69 772 13115 594 224
L4-1 1 AC 2016 Alberta T. durum 34.74 6361 5089 69 724 13,063 996 221
SW20-7 1 AC 2016 Saskatchewan T. durum 35 6368 508 72 762 13116 594 225
SW2-1 1 AC 2016 Saskatchewan T. durum 35.11 6,789 505 69 743 13116 997 213
5W21-1 1 AC 2016 Saskatchewan T. durum 34.62 6,282 509 68 743 12965 994 216
5w21-7 1 AC 2016 Saskatchewan T. durum 34.97 6,741 509 7 747 13,126 994 225
SW21-8 1 AC 2016 Saskatchewan T. durum 34.96 6,631 508 69 75 13,073 994 22.2
SW7-5 1 AC 2016 Saskatchewan T. durum 35.65 6701 50.8 69 737 13490 9596 246
86-124 2 A 1986 Manitoba T. aestivum 349 6832 509 69 60.7 13,208 99.2 23
ABBE-2 2 A 2010 Alberta T. aestivum 34.83 6465 5085 69 753 13,126 9595 225
L2-1 2 A 2016 Alberta T. durum 34.96 6923 5089 71 725 13,130 994 225
SW1-2 2 A 2016 Saskatchewan T. durum 35.08 €399 3508 71 712 13365 594 24
5W15-1 2 A 2016 Saskatchewan T. durum 34.83 6,272 509 66 788 13,201 99.7 229
T132-2 2 A 2017 Tunisia T. durum 3441 6472 5085 68 571 12935 594 213
331-2 3 [ 1985 Manitoba Triticum sp. 34.44 6,828 51 6.9 556 12909 995 21.2
D308 3 C 1985 Manitoba T. aestivum 34.33 6,809 51 6.8 585 12826 9591 nN/A
D3o0s* 3 C 1985 Manitoba T. aestivum 39.6 70 50.8 186 3,667 12501 996 18.7
I-72-1 3 C 2001 Syria Triticum sp. 34.35 6,734 51 6.8 586 13,011 935 218
1-72-7 3 C 2001 Syria Triticum sp. 34.35 6,696 51 7 589 12901 994 21.2
5C29-1 3 C 1999 Saskatchewan T. durum 34.19 6,464 51 6.8 59 12951 995 215
SW21-5 3 C 2016 Saskatchewan T. durum 34.66 6,619 51 7.2 6835 13,029 995 22
a0-2 4 absent 1990 Canada T. aestivum 35.22 3818 508 7.2 2259 12909 995 213
Ge-4 4 absent 2016 Alberta wild grass 36.97 8035 507 98 7821 13148 887 23
Ti26-1 4 absent 2017 Tunisia T. durum 34.15 6,373 51 65 624 12837 596 20.6
92-171R5 5 B 1992 Saskatchewan T. aestivum 36.81 14647 511 10.2 451 13393 993 241
Alg3-24 5 B 1993 Algeria T. durum 343 6,098 5085 66 736 12900 9596 211
Algax-1 5 B 1993 Algeria T. durum 35.71 8072 508 75 71 13,193 994 229
1-17-2 3 B 2001 Azerbaijan T. durum 34.25 6,355 51 7 625 12,820 996 0.7
1-34-5 5 B 2001 Azerbaijan Triticum sp. 34.29 6,315 51 6.8 619 12841 996 20.8
1-35-56 3 B 2001 Azerbaijan T. durum 34.24 6,316 51 69 626 12918 995 213
I-36-1 5 B 2001 Azerbaijan T. durum 34.36 6467 5085 67 624 12881 9595 21
AlgH1 [ BC 1993 Algeria T. durum 34.74 6,902 51 6.9 61.7 13,159 993 227
AZ35-5 7 AB 2001 Azerbaijan T. durum 353 7165 508 7.1 721 13,239 595 23.2
T176-2 7 AB 2017 Tunisia T. aestivum 347 68% 508 73 571 13141 895 226
TiBl-1 7 AB 2017 Tunisia T. durum 34.78 6,718 512 65 575 13583 9594 251
1-34-1 8 ABC 2001 Azerbaijan T. durum 34.38 6405 509 66 645 13,036 995 22
1-35-18 8 ABC 2001 Azerbaijan T. durum 34.85 6,698 5059 7 653 13071 994 22.9
I-73-1 g ABC 2001 3Syria T. aestivum 34.62 6,619 509 68 634 12941 895 N/AY
I-73-1* 8 ABC 2001 Syria T. aestivum 399 39 50.8 183 3,647 12,744 996 20
T128-1 atypical B 2017 Tunisia T. durum 34.12 6,095 51 6.4 59.1 13,002 996 21.7

*NE= Mecrotrophic effector; *Alberta, Saskatchewan, and Manitoba are provinces within Canada; *Long-read assemblies; *not induded in pangenome
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2.2.2 PTR HAS AN OPEN PANGENOME WITH HIGH ACCESSORY GENE
CONTENT AND UNIQUE GENES FOR NON-PATHOGENIC AND WEAKLY
VIRULENT ISOLATES

On average, each isolate contained 13,071 predicted genes, and collectively,
522,848 predicted genes across all isolates were reported. After grouping by amino acid
sequence similarity with a similarity threshold of >90% (E10~*) and local synteny
(conserved gene neighbourhood scores) via Pangloss (McCarthy et al., 2019), we were
left with 23,454 groups of unique homologous genes. It must be noted that Pangloss will
not group more than one gene per isolate into a gene cluster, and therefore, the following
statistics may include genes with multiple copies. In total, 10,159 genes were identified
as core (conserved across all isolates) (43% of total pangenome) (Figure 2.1a). The
remaining 13,295 gene models (~ 57% of the total pangenome) were the accessory
genome, with individual isolates carrying 2661 to 3424 accessory genes. Within the
accessory genome were 7330 singletons (genes present in only one isolate) (55% of the
accessory genome; 31% of the total pangenome) which were parsed via a custom script.
Within the singletons, a large number 3293 (44%) were present only in isolates from the
outgroup of the phylogeny (Figure 2.1a), including 90-2 (435 genes), 92-171R5 (1598
genes), and G9-4 (1204 genes). Additionally, isolate T128-1, which exhibits a novel
necrotic phenotype (Kamel et al., 2019), contained 54 unique genes. Post-Pangloss
BLAST searches of singletons suggest a small number of singletons (~ 6%) are present in
multiple copies (90% identity over 80% of query length) which suggests the number of

singletons is over-estimated.
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Figure 2.1 The pangenome of Pyrenophora tritici-repentis. a Proportion of genes present
in the core, accessory (excluding singletons), and singleton sets for pangenome,
CAZymes, and effectors. b Total number of unique genes and core genes within the
constructed pangenome of Pyrenophora tritici-repentis as genomes are added. Starting
genome was always Pt-1C-BFP, with subsequent genomes added randomly,

iterated % 100, and visualized as boxplots.
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Figure 2.2 Evolutionary relationships of isolates from the constructed pangenome of
Pyrenophora tritici-repentis. a Maximum-likelihood phylogenetic tree of Pyrenophora
tritici-repentis based on aligned and concatenated proteins present in the core genome
(total 10,159 genes). Isolate names are followed by their race (R1 to R8) designation,
necrotrophic effector(s) produced (A, B, and/or C), and their location of origin (isolates
collected within Canada show province names; isolates from outside Canada show
country of origin). Presence of 7oxA (green circles) and ToxB (orange circles), confirmed
via BLAST, and presence of ToxC (grey circles) determined by phenotyping. b
Hierarchical sets of Pyrenophora tritici-repentis accessory genes, set family size
represents the number of genes shared by isolates in each group, where inclusion in a
group is based on any given isolate overlapping with the horizontal bars.
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Genes were binned into sets based on the presence or absence of genes to provide
insights into gene gains and losses in Ptr (Additional file 2.1). Each set is indicative of
how many isolates share a particular gene (e.g. set 2 shows genes shared by two isolates,
set 3 by three isolates, etc.). Sets 1 and 41 were not included, as these represent the
singleton and core gene set, respectively. The result of this sub-setting is groups of genes
(based on how many isolates contain the gene) many of which are likely gene gains and

losses throughout Ptr.

Isolates carrying the ToxA gene had significantly larger accessory genomes (mean
of 2987 genes) compared with isolates lacking ToxA4 (mean of 2820 genes) based on a
two-sample #-test (p = 0.002). No such relationship was found with 7ToxB or putative
ToxC-carrying isolates. An ANOVA followed by Tukey’s HSD test indicated that race 7
(ToxA, ToxB) and race 3 (ToxC) isolates also had significantly different accessory
genome sizes (average of 3162 and 2779 genes, respectively; p = 0.04), with no other
notable differences between races. Additionally, the total number of genes present in the
pangenome increased steadily with each additional genome (Figure 1B), and the number
of core genes appears to have reached a stable level after the addition of 38 genomes
(Figure 1B). The continual increase of genes per genome and the large accessory genome
(57%) are strong indications that Ptr has an open pangenome. It is worth noting as well,
that when the three outlier isolates (902, 92-171R5, and G9-4) are removed from the
analysis, the genome curve is similar (not shown) and still indicates Ptr possesses an open

pangenome.
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2.2.3 PTR CORE PROTEIN AND SNP PHYLOGENIS EXHIBIT CLUSTERING
BASED ON NECROTROPHIC EFFECTOR SECRETION

A maximum-likelihood tree to estimate genetic relatedness among Ptr isolates
was constructed using an alignment of the 10,159 core proteins and showed that most
isolates partitioned into two major clades supported by monophyletic branches
(Figure 2.2a). Clade 1 contained 20 isolates, most of which were ToxA-producing
Canadian isolates classified as races 1 and 2. Few isolates in clade 1 were ToxB
producers; those that were ToxB producers were from Azerbaijan and Algeria. Clade 2
contained 19 isolates, most of which were ToxA non-producing races 3 and 5, which
mostly originated in the Fertile Crescent and nearby regions. The Canadian isolates in
clade 2 were all classified as race 3 (ToxC producers). Three isolates (92-171RS5, 90-2,
and G9-4) clustered as an outgroup defining clade 3. 92-171RS5 is the only race 5 isolate
identified in Canada and was described as weakly virulent (Strelkov et al., 2002). Isolates
90-2 and G9-4 were classified as non-pathogenic race 4 (Aboukhaddour et al., 2011; Wei

et al., 2021).

Heirarchical set groupings based on accessory proteins revealed a similar
structure as the core protein phylogeny (Figure 2.2b), with the only exceptions being in
which major clades the isolates 90-2 (race 4) and SW1-2 (race 1) were placed. These two
isolates shared a high number of genes not present in other isolates, defining their
placement within the hierarchical set. Clusters in the hierarchical sets (horizontal bars)
were defined by the presence or absence of accessory genes and do not take into account
any sequence variation in the homologs used to construct the core protein phylogeny, but

highlight that Ptr isolates in this study were mainly distributed in two clades: one is
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ToxA-producing isolates, with few exceptions, and a second contains mainly ToxA non-
producing isolates of races 3 and 5. These race 3 and 5 isolates were mainly isolated from
durum (tetraploid) wheat, whereas the ToxA producers were mainly collected from bread
wheat (hexaploid). This may reflect on the genetic relatedness accumulated in relation to
the host ploidy adaptation. Additional phylogenetic trees based on SNP data also closely
match the core protein phylogeny and the hierarchical set trees in terms of branching,

with the divergent isolates separating even further (Additional file 2.2).

2.2.4 PREDICTED GENES AND EFFECTORS

Of the 23,454 gene clusters in the Ptr pangenome, only 46% were present in the
Pfam functional database. Of the 10,159 core genes, 6951 (69%) had some described
functionality (e.g. domain, family, etc.). However, of the 13,295 accessory genes, only
3782 (29%) were annotated with a functional domain, the remaining being hypothetical
proteins. Core gene protein lengths were significantly greater than accessory proteins,
with mean lengths of 482 aa and 241 aa, respectively, and medians of 411 aa and 156 aa.
Singleton proteins were marginally smaller than other accessory proteins, with a mean
length of 232 aa (median 156 aa). A small number of proteins (Kelley et al., 2015) were
quite large, with lengths exceeding 2000 aa, and six of those exceeding 5000 aa; the
largest protein was 9750 aa in length. Many of these genes were annotated in previously

published Ptr genomes.

Effectors play a major role in establishing infection in necrotrophic pathogens. In
total, 729 potential effectors (3.1% of the total pangenome) were predicted in Ptr. Of

these, 106 (14.5%) were present as core genes, and 626 (85%) were accessory genes,
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with 313 of the accessories being singletons (Figure 2.1a). Omission of the non-
pathogenic race 4 isolates (902, G9-4, and T126-1) revealed 584 unique effectors, with
127 genes in the core and 457 as accessory (198 singletons). Nearly half of the potential

effectors were singletons present in the weakly virulent isolate 92-171RS.

2.2.5 CAZYMES ARE HIGHLY CONSERVED IN PTR

We identified 305 unique CAZymes from 91 CAZyme families that are known to
be active on cell wall polysaccharides. Of these, 281 (92%) were observed in all isolates;
the number of proteins within the CAZyme families was predominantly conserved across
all isolates (Figure 2.1a). Although numbers were similar between isolates and were
related at the sequence level, there may be functional differences that remain to be
explored. CAZyme families associated with plant cell wall degradation and fungal
phytopathogenesis were abundant (Additional file 2.3). These included GHS5 cellulases
and endoglucanases, GH43 arabinases and xylosidases, AA9 lytic cellulose
monooxygenases, CE1 hemicellulases, and CES5 cutinases (Davies et al., 2000; Lombard
et al., 2013; Zhao et al., 2013; Nakamura et al., 2017; Jagadeeswaran et al., 2021; Rafiei
et al., 2021). Protein sequences within these families accounted for 31% of CAZymes
identified. It should be noted that not all CAZymes are associated with pathogenesis, and
many are likely involved in routine cellular activities, such as fungal cell wall

remodelling and glycoprotein maturation.

2.2.6 EXTENSIVE CHROMOSOMAL STRUCTURAL REORGANIZATION IN
THE PTR GENOME

Full genome alignment between the hybrid assemblies of isolate I-73—1 (race 8)

and the reference BFP (race 1) showed 11 contigs in [-73—1 of comparable size and
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content to the 11 chromosomes of the reference BFP. Alignment of D308 (race 3)
indicated 10 contigs of comparable size, with an additional three smaller contigs
completing a full alignment to BFP. BFP chromosomes 4 and 7 appear to be co-linear
between all three isolates (contigs 12 and 9 in I-73—1 and contigs 5, 11, and 14 in D308)
(Figure 2.3). Chromosomes 3, 5, 6, and 10 in BFP were also mostly homologous with
contigs 2, 7, 17, and 6, respectively, in I-73—1 (Figure 2.3); the only notable exception

was the 7oxA containing region detailed further below (Figure 2.4a).
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Figure 2.3 Full genome alignments of newly sequenced long-read assemblies of Pyrenophora tritici-repentis isolates 1-73—1 (race 8)
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Large-scale chromosomal rearrangements such as chromosome fusions and inversions
were observed between [-73—1 and BFP. This was illustrated clearly by the chr 1 fragmentation
in [-73—1, whereas chr 1 is the largest chromosome in BFP (10.2 Mb). A significant section of
chr 1 aligned with contig 18 in I-73—1, but the remaining sections were found to be distributed
between four contigs: 1, 3, 16, and 20. Additionally, BFP chr 8 was split between 1-73—1 contigs
18 and 20. Approximately 30% of chr 3 (contig 2 in [-73—1) was inverted. Similar

rearrangements on a smaller scale were observable in the alignment dotplot (Figure 2.3).

Similar to I-73—1, a chr 1 fragmentation was observed in D308. However, the
fragmentation in the latter was less severe, with sections aligning to three contigs (D308 contigs
1, 2, and 15). There was a collinearity between D308 contigs 11 and 14 and chr 7 in BFP, and
hence, these two contigs likely represent a single chromosome that would align fully with BFP
chromosome 7 and [-73—1 contig 9. Furthermore, D308 contigs 7 and 25 fully aligned with BFP
chr 2. The genome architectures of D308 and I-73—1 appear to exhibit higher collinearity
between each other than to isolate BFP (Figure 2.3). We found similar types of rearrangements
in alignments with M4 and DW-5 although they were fewer in number (not shown). There was
no evidence for the presence of supernumerary chromosomes in [-73—1 or D308.

2.2.7 TOXA IS PRESENT ON A STARSHIP CLASS TRANSPOSON AND TOXB 1S
PRESENT WITHIN A MASSIVE PUTATIVE TRANSPOSON

ToxA in BFP was located on chr 6 (2.8 Mb), but in [-73—1, ToxA4 was carried on contig 3
(4.0 Mb) which aligns with BFP chr 1 and 9. While BFP chr 6 was present in I[-73—1 as contig
17, the contig lacked ToxA and a 143-kb segment (Figure 2.4a). This validates the previously
reported translocation of 7oxA4 in I-73—1 (Aboukhaddour et al., 2009). Edge analysis and review

of gene content within the 143-kb segment indicated target site duplications (or short direct
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repeats) at the edges and a tyrosine recombinase (gene 09853; DUF3435 domain) at the 5’ end,
initially suggesting this element is a crypton (Wicker et al., 2007). Recently, however, a new
class of large mobile elements called Starships have been defined (Gluck-Thaler et al., 2021). An
examination of other genes present within the transposon suggests that this element is also a
Starship with many similarities, including the DUF3435 tyrosine recombinase ‘captain’,
DUF3273 domains, ferric reductase, ankyrin repeats, heterokaryon incompatibility, NACHT
nucleoside triphosphatase, and target site duplications (Figure 2.4b) (Gluck-Thaler et al., 2021).
A full list of genes present is available in Additional file 2.4. The target site itself was
identifiable in BFP chrl (Figure 2.4b), M4 (not shown), and D308 (not shown). We have named
this new Starship Horizon. Additionally, an alignment of the ToxhAT transposon, which
facilitated the movement of ToxA between Ptr, Parastagonospora nodorum, and Bipolaris
sorokiniana (McDonald et al., 2019), showed that this smaller 14-kb transposon is nested within

Horizon.

Four copies of ToxB were found in the I-73—1 long-read assembly; each copy contained a
single 49-bp exon. Three copies were located within a 12-kb region on contig 12 (homologous to
chr 4 in BFP), and the fourth copy was present on a small 6-kb contig (contig 13) which failed to
assemble with the chromosome-sized contigs. The Australian isolate M4 (race 1) offered a better
scaffolding quality than BFP to examine the 12-kb ToxB region, and the alignment of [-73—1
contig 12 to M4 contig NQIK01000005 indicated an even larger 294-kb gap around the region of
ToxB (Figure 2.5a). Examination of the edges of this gap revealed the presence of terminal
inverted repeats (TIRS) in [-73—1 and a potential target site duplication in M4 (Figure 2.5b). This
same 294-kb transposon with the same TIRs is present in D308 on contig 9, and although the

ToxB gene is missing in D308, its inactive homolog foxb is present within the same transposon as
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a single copy (Figure 2.5b and Additional file 2.5a). While the DUF3435 tyrosine recombinase
‘captain’ was absent in both I-73—1 and D308, the heterokaryon incompatibility gene was present
in [-73—1 while DUF3273 and patatlin-like phospholipase genes were present in D308.
Additionally, DDE endonucleases (D:aspartic acid; E:glutamic acid) commonly present in class
IT DNA transposases were present in both isolates along with many other genes associated with
class I RNA intermediate transposons (Figure 2.5b). These findings taken together suggest this
region may be either disabled or a type of Starship which makes use of something other than a

tyrosine recombinase. We have called this putative Starship Icarus.
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Figure 2.5 Evidence of putative Starship transposon Icarus associated with 7oxB in Pyrenophora
tritici-repentis a Circular alignment of contig 12 from race 8 isolates I-73—1 and contig
NQIK01000005 from race 1 isolates M4. A large 294-kb region which contains three copies of
the 7oxB (black arrow) is visible, and this section did not align with any other contig of M4. The
edges of the 294-kb region revealed terminal inverted repeats suggesting transposon activity. b
Schematic of Icarus Starship (red genes = associated with type Il DNA transposons;

green = associated with type I RNA transposons; yellow = known Starship cargo genes;

purple = ToxB/toxb; brown = annotated gene; black bar = gene with no known function).
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ToxB/toxb genes were found here to be located on an essential chromosome/contig in Ptr,
as the same chromosome/contig is present in other isolates that do not carry the ToxB gene (BFP
and M4). DW5 was reported to carry 10 copies of ToxB (Moolhuijzen et al., 2020). Our BLAST
output indicated 10 copies, but eight of these were on contigs < 126 kb, which may indicate
misassembly. Only two copies of ToxB were on contigs of comparable size to chromosomes
(CM025819 at 3.4 Mb and CM025824 at 2.2 Mb, respectively). These contigs aligned with BFP
chr 5 and 11 and I-73—1 contigs 7 and 16, respectively (Additional file 2.5b). The locations of
ToxB copies in DW-5 do not appear to have co-linearity to the putative transposon in I-73—1 and

D308, which may indicate additional transposon activity associated with ToxB.

The chromosomes and contigs that possess ToxB/toxb were fully (or nearly fully) present
in all isolates examined, indicating they are essential in nature or contain essential genes for Ptr.
Additionally, the presence of core and accessory genes and their ratios in isolates 1-73—1 and
D308 were examined, and for [-73—1 contig 12, the ratio of core to accessory genes was 3.4,
while for D308 contig 9 the ratio was 3.8, supporting the essential nature of these chromosomes

(Additional file 2.6).

2.2.8 PTR EXHIBITS A ‘ONE-COMPARTMENT’ GENOME

The genome of many plant pathogens exhibits a two-compartment arrangement, one with
AT-rich gene-sparse regions (GSR) where effectors and TEs are embedded, and a second with
gene-dense GC-rich regions (GDR) (Raffaele et al., 2010; Dong et al., 2015; Torres et al., 2020).
In order to evaluate if the Ptr genome exhibited compartmentalization, the intergenic distances

(the number of nucleotides between genes) were measured and found to average ~ 4600 bp in
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both I-73—1 and D308. Density plots of the 5" and 3’ intergenic distances showed a single hot
spot at a similar size range (Figure 2.6). A scattering of genes in the upper right portion of the
plot indicates that some genes are in gene-sparse regions, with intergenic distances as high as
100,000 bp in certain cases. The single hot spot (rather than two) is indicative of a ‘one-
compartment’ genome, and although there are a number of genes in gene-sparse regions, their
frequency does not support a ‘two-compartment’ genome. Genes with the highest and lowest
intergenic distances (90th percentiles; labelled GSR set and GDR set respectively; Additional file
2.7) were selected for evolutionary rate analysis by comparison of non-synonymous (dN) and
synonymous (dS) substitutions. The I-73—1 GDR set contained 163 genes and the GSR set
contained 134 genes, and of these, the majority (> 88% for each set) had dN/dS ratios <1
indicating negative selection pressure. Comparison of dN/dS means from the GDR and GSR sets
revealed no difference in evolutionary rates between the sets (p =0.6207) (Figure 2.6). Similar
results were found with D308 (Additional file 2.8). Additionally, analysis with RIPper showed
that <2% of the I-73—1 and D308 genomes were affected by RIP, with <40 large RIP affected

regions (LRARs) present in each.
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Figure 2.6 Intergenic distances of all genes in Pyrenophora tritici-repentis isolate 1-73—1. The 3’
intergenic length (x-axis) is the distance (bp) from the 3’ end of the current gene to the 5" end of
next, and the 5’ intergenic length (y-axis) is the distance from the 3’ end of the previous gene to
the 5" end of the current gene. Inset (top right) shows dN/dS ratios for genes from the 90th ITL
percentiles (i.e. genes furthest from others and genes nearest to others; outliers omitted for

clarity.

2.2.9 PTR GENOME AND EXPANSION BY TRANSPOSABLE ELEMENTS

Transposable element (TE) content in the short-read assemblies ranged from 6.4 to 10.2%
of the assembled genomes (Figure 2.7a). The highest TE content occurred in isolates 92-171R5
(10.2%) and G9-4 (9.8%). A large proportion of the TEs in 92-171R5 were classified as

‘unknown’ repetitive elements. In G9-4, however, the increased number of TEs was primarily
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class I-LTRs. The high TE content in these two isolates also correlates with larger genome sizes
relative to the other assemblies (Figure 2.7b). TE content in 12 isolates (excluding 92-171R5 and
(G9-4) exceeded 7%, and the remaining 26 isolates have TE content ranging between 6.4 and
7.0%. All assemblies contained significant numbers of ‘unknown’ repetitive elements. The
program EDTA (Extensive de-novo TE Annotator) uses structural features to identify intact TEs
at the beginning and then classifies them into families based on coding features. RepeatModeler2
was used to identify repeats not initially reported, but due to a lack of homology and coding

features, they were labelled as ‘unknown’ TEs.
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Figure 2.7 Transposable element content and genome size variation of Pyrenophora tritici-
repentis from short-read assemblies. a Contribution of TEs (%) to total genome size across 40
isolates. b Contribution of each TE class to genome size for individual isolates.

The long-read assemblies of isolates I-73—1 and D308 showed a significantly larger
number of transposable elements (> 150%) when compared to short-read assemblies of the same
isolates. TEs represented 6.8% and > 18.3% for the short- and long-read assemblies, respectively.

In both isolates, the increased TE content was due to a greater incidence of class I transposons,
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primarily Copia and Gypsy elements. Additionally, many previously uncategorized transposons
(labelled as “‘unknown’ in the short reads) were reclassified with accurate transposon labels.
Almost all groups of transposons identified in the short-read assemblies showed some increased
incidence in the long-read assemblies, with the exceptions of the Tc1-Mariner, Helitrons, and

PIF-Harbinger classes, which were consistent between assembly types.

2.3 DISCUSSION

In this study, we performed a global pangenome analysis of Ptr, an important foliar
pathogen of wheat. In total, 40 newly sequenced genomes were added and 41 carrying various
combinations of all known and unknown effectors were analysed. These isolates represent
various geographical origins, extending from regions where wheat is of relatively recent
introduction to regions encompassing the centre of wheat origin. We identified major
rearrangements at the chromosomal level among five assembled Ptr genomes, two of which were
generated in this study (I-73—1 and D308) and three of which were previously described (BFP,
M4, and DWS5). These rearrangements included chromosomal fusions, segment inversions, and
translocations. We showed that the Ptr genome appears to tolerate large-scale structural
reorganizations, genome size variation, and has remarkable plasticity. Previously, a worldwide
collection of Ptr isolates, some of which were included in this study, had shown the independent
chromosomal location of the virulence genes ToxA4 and ToxB and extensive genome plasticity
(karyotypes), where aneuploidy, proliferation of repetitive DNA, and transposon activities were
suggested as driving mechanisms (Aboukhaddour et al., 2009). Here, we showed plasticity in the
Ptr genome is likely to be facilitated by the proliferation of TEs and the expansion of the

accessory genome, in addition to the role of transposable elements in virulence gene shuffling.
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Fungi are known to display high variability in their genomes, and the ability of plant
pathogenic species to gain virulence genes embedded in a ‘pathogenicity island’ and carried on
supernumerary chromosomes that transfer horizontally as whole or in part is well described
(Vanheule et al., 2016). Recently, more reports have emerged on the ability of virulence genes to
transfer on large transposons among plant pathogens (Gluck-Thaler et al., 2021). Overall, the
ability of pathogenic fungi to evolve rapidly to invade their hosts or cause outbreaks is illustrated
through their ability to recombine, mutate, and shuffle their genetic components either vertically
or horizontally. Traditionally, a ‘two-compartment’ genome has been associated with a ‘two-
speed’ genome in pathogenic fungi. In this case, Ptr appears to possess a ‘one-compartment’
genome; however, this does not preclude the species from having a ‘two-speed’ genome driven
by copy-number variation and TEs not associated with compartmentalization (Torres et al.,
2020), as we know ToxB is present as multiple copies in Ptr. Other effectors or genes associated
with virulence may be present in multiple copies, but this remains to be explored.

2.3.1 THE MOBILITY OF TOXA IN PTR IS FACILITATED BY THE STARSHIP
TRANSPOSON HORIZON

ToxA is present in other fungal species such as Parastagonospora nodorum and Bipolaris
sorokiniana (Friesen et al., 2006; McDonald et al., 2019). The independent horizontal transfers
between these species have been explored in detail, with the transfer being facilitated via a hAT
transposon dubbed ToxhAT, which is 14 kb in size (McDonald et al., 2019). Previously, ToxA
was found to be located on the same essential chromosome in all tested Ptr isolates with the
exception of [-73—1, where it was shown to be translocated to a larger non-homologous
chromosome, as indicated by pulse-field gel electrophoresis followed by southern hybridization

(Aboukhaddour et al., 2009). Although ToxhAT is present, we validate the location of Tox4 in I-
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73—1 within ToxhAT, but also nested on a much larger putative 143-kb Starship transposon,
which we have named Horizon. This mobile element was integrated into an essential
chromosome (contig 3; 4 Mb) in [-73—1, corresponding to chr 9 in BFP. The ToxA coding gene
in all Ptr isolates tested here has a very conserved sequence belonging to one haplotype (PtrH1)
(Hafez et al., 2022) (data not shown), and this supports the hypothesis of its recent integration
into the Ptr species (Friesen et al., 2005; 2006). This new class of transposable elements,
Starships, are extremely large cargo-carrying elements associated with the movement of diverse
gene sets such as biosynthetic clusters, virulence factors (e.g. ToxA4, Agol, and OCH1) (Bates et
al., 2006; Habig et al., 2021), heavy metal resistances, and metalloreductases. Starships were
identified in a broad set of Ascomycete fungi sharing a common ancestor approximately 400
million years ago. There is also evidence for the involvement of Starships in at least two

horizontal-gene transfer events (Gluck-Thaler et al., 2021).

The movement of 7Tox4 in different types of mobile elements in Ptr and the nesting of
transposons is indicative of this pathogen’s ability to evolve and acquire virulence rapidly. The
nesting of mobile elements with virulence factors has been linked to the evolution of
pathogenicity in other species as well (Dhillon et al., 2014; McDonald et al., 2019; Mat Razali et
al., 2019) and the association of TEs with effectors has been well documented in other fungal
pathogens, most recently in another wheat pathogen Zymospetoria tritici, which is consistent
with our findings (Lorrain et al., 2021). Intrachromosomal translocation of 7oxA4 was also
described in B. sorokinaina (McDonald et al., 2019) and highlights the mobility of Tox4 within
Ptr and B. sorokinaina via transposon activity and/or genomic recombination. Multiple HGT
events were previously suggested for 7oxA4 and its 14-kb surrounding region, the ToxhAT

transposon (McDonald et al., 2019). In this study, we showed the nesting of ToxhAT in a larger
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mobile element Horizon which was not present in other 7oxA4 containing isolates like BFP and
M4. These findings support that ToxhAT may have been transferred to Ptr multiple times, with

one HGT event nesting ToxhAT within Horizon.

2.3.2 THE TOXB GENE IS EMBEDDED ON A LARGE PUTATIVE TRANSPOSON

For the first time, we showed the possible movement of 7oxB as a multi-copy gene on a
large 294-kb putative Starship transposon dubbed Icarus. While Icarus appears to lack the
tyrosine recombinase ‘captain’, genes with DDE endonucleases are present where the captain is
normally positioned. DDE endonucleases are associated DNA transposons transposases and are
known to bind to TIRs which were identifiable at the edges of Icarus (Figure 2.5b) (Wicker et
al., 2007; Nesmelova et al., 2010). This could indicate an alternative transposase associated with
the mobility of Icarus. Alternatively, there appears to be a number of introgressed class I RNA
transposons suggesting this putative Starship is rather old, having had the time to accumulate
other transposons and expanded in size. The DDE endonucleases may also indicate the
introgression of class II DNA transposons, and not be associated with Starship mobility.
Combined with the fact that different Starship cargo genes are present within [-73—1 compared to
D308 (NLR — HET, and DUF3723/phospholipase respectively) suggests that /carus has been
disabled. No clear evidence of 7oxB horizontal transfer has been found to date, but homologs of
ToxB are present in closely and distantly related species (e.g. P. bromi, Cochilobolus sativus,
Alternaria alternata, Magnaporthe grisea) (Andrie et al., 2008). It has been suggested that 7oxB
was acquired vertically from a common ascomycete ancestor (Andrie et al., 2008; Ciuffetti et al.,
2014). However, our discovery of ToxB/toxb on a large, potentially ancient, putative transposon
inserted into an essential chromosome provides the new possibility of an alternative mechanism
of acquisition via a horizontal transfer event older than that of 7oxA (given the higher variability
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in ToxB/toxb reported sequences). Moreover, our limited analysis of DW-5 suggests a possible
transposon associated with 7oxB in that isolate. We found no co-linearity between the region
containing 7oxB in DW-5 and the reference isolates BFP or M4 and found no co-linearity with
the putative transposon Icarus from 1-73—1 provides additional support of potential mobility of

ToxB within Ptr or between species.

2.3.3 CAZYMES ARE AN ESSENTAIL PART OF THE PTR GENOME

Ptr is a necrotrophic pathogen that possesses the ability to directly penetrate the host
epidermal cells soon after spore germination (Aboukhaddour et al., 2016), and this penetration is
likely facilitated by the fungus ability to secrete cell wall degrading enzymes. The CAZymes and
CAZy families identified in the Ptr pangenome support that Ptr is adapted for plant cell wall
degradation, as > 30% of the total CAZome belongs to families involved in dismantling
structural polysaccharides, such as cellulose, hemicelluloses, and the plant cuticle.
Phytopathogenic fungi are known to deploy a number of CAZymes for invasion and infection
(Davies et al., 2000; Zhao et al., 2013; Jagadeeswaran et al., 2021). As an example, Fusarium
culmorum has been shown to degrade cellulose, xylans, and pectins during invasion of wheat
spike tissues (Kang et al., 2000). While previous work has linked the relatedness of CAZymes to
fungal taxonomy (Barrett et al., 2020), it is not known if there is functional specialization in
different Ptr isolates. CAZomes may be tailored to accommodate unique structures in cell wall
polysaccharides of different wheat varieties or plants growing in different geographic regions.
Indeed, the diversification of AA9 structure, sequence, and expression levels in isolates of the
phytopathogen Rhizoctonia solani has been proposed to be essential for the differential
pathogenicity of these strains in rice and soybean (Yamamoto et al., 2019), and the same may be

true for Ptr and its hosts.
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2.3.4 PTR HAS AN OPEN PANGENOME WITH A HIGH ACCESSORY GENE
CONTENT

In an open pangenome, each added genome increases the number of accessory genes,
while the number of core genes decreases (Richard, 2020). In this work, we have shown that Ptr
has an open pangenome. We also showed that Ptr, unlike other ascomycetes, contains a large
proportion of accessory genes (57%) with a relatively small core gene set (43%). This is a
significantly smaller core than the estimated 69% core previously reported in the pangenome of
11 Ptr isolates (Moolhuijzen et al., 2018), and the 60% core estimated in the pangenome of the
wheat pathogen Z. tritici, which was based on 19 isolates (Badet et al., 2020). Our method of
analysis assigns at most a single gene per isolate into a gene cluster (Fouts et al., 2012;
McCarthy et al., 2019); additionally, although the pipeline attempts to account for gene
truncation, it is not always successful. For these two reasons, the number of accessory genes may

be over-estimated relative to these other studies which used different grouping algorithms.

It has been suggested that plant pathogens possess accessory genomic elements related to
pathogenicity (Croll and McDonald, 2012). However, we showed that the Ptr pangenome
possesses a higher number of accessory genes in the non-pathogenic and weakly virulent
isolates; these isolates also exhibited a larger proportion of orphan (singleton) genes.
Approximately 70% of singleton genes had unknown functions, but perhaps these genes are
involved in adaptation for a lifestyle divergent to wheat pathogenesis (Wei et al., 2021). The
open pangenome of Ptr may explain its ability to adapt to a wide variety of hosts, geographical
regions, and environmental conditions. Despite its homothallic mating style, this pathogen
evidently acquired virulence by the horizontal transfer of a large segment of DNA from other

fungal species (Friesen et al., 2006; McDonald et al., 2019). The core genome is usually
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protected from high recombination and mutation rates in order to preserve its essential biological
function, and the accessory genome is assumed to be under rapid evolution (Croll and
McDonald, 2012). It is still unclear how the accessory genome in Ptr evolves and why the non-

pathogenic isolates exhibited higher contents of accessory genes and TEs.

The observed separation of isolates based on ToxA production in the core protein
phylogeny and the accessory protein hierarchical sets may be due to the host specialization of Ptr
between bread and durum wheat. A similar observation has been made before, using simple
sequence repeats on a similar collection of isolates (Aboukhaddour et al., 2011). The non-
pathogenic isolates (except T-126—1 from Tunisia) were also distantly related to the rest of the
isolates, and we observed a divergence in TE and effector content in these isolates, which is also

an indicator of host specialization.

We also found variation in the genome size, particularly between pathogenic and non-
pathogenic isolates. The genome size in the Dothideomycetes, based on the analysis of 101
species, varies tenfold: from less than 17 Mb to more than 177 Mb (Haridas et al., 2020). Our Ptr
genome size based on the more accurate long-read assemblies averaged at 39.8 Mb, which was
very consistent with previous genome size estimates for long-read Ptr in previous studies
(Moolhuijzen et al., 2018; 2019; 2020). However, we showed that the non-pathogenic race 4 and
weakly virulent race 5 isolates, G9-4 and 92-171RS5 genome size were ~2 Mb larger than the
average pathogenic isolates, and both isolates have an average of 3.1% more TE content than the
other isolates. This clearly indicates an expansion of TEs in the genomes of these isolates. This
larger genome size in non-pathogenic isolates was not expected, as previous reports of Ptr

genome sizes indicated that pathogenic isolates have larger genomes, which was not consistent
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with our observations (Moolhuijzen et al., 2018). The larger genomes reported in pathogenic
races/species relative to their non-pathogenic counterparts have been attributed to the presence of
more repetitive elements, and it was posited that the need of pathogenic species to evolve in an
arm’s race with its host could explain such genome expansion (Kelkar and Ochman, 2012).
Indeed, in some plant pathogens, the acquisition of an entire supernumerary chromosome, often
rich with repetitive sequences, by horizontal transfer is evident (Ma et al., 2010). However, not
all pathogenic species follow this trend of a larger genome (Friesen et al., 2005). A reduction in
pathogen genome size may be an evolutionary mechanism to aid adaptation to specific
environments or other niches and could explain the recent specialization of pathogenic species
from related generalist non-pathogens (Ochman and Moran, 2001; Lawrence, 2005; Nagendran
et al., 2009; de Man et al., 2016). Many pathogens adapt to exploit a limited number of species
efficiently, and in some species, even a limited number of genotypes within a species
(Aboukhaddour et al., 2016) with rapid gene gains and losses previously linked to virulence

adaptation in other studies (Badet and Croll, 2020; Fouché et al., 2018).

Nonetheless, while a larger genome size was found in the non-pathogenic race 4 isolate
(G9-4 and the weakly virulent race 5 isolate 92-171RS, this was not the case for the other race 4
isolates, 90-2 and T126-1, which had genome sizes similar to the pathogenic strains. As such, it
is not easy to make a clear conclusion regarding genome size and pathogenicity in Ptr, and there
is a need to explore additional non-pathogenic genomes. In previous studies, comparisons with
Ptr non-pathogenic genomes were based on a single race 4 isolate (SD20-NP) (Manning et al.,
2013; Moolhuijzen et al., 2018). Additionally, in many other ascomycetes, the number of non-
pathogenic genomes studied is limited in comparison with pathogenic genomes (Aylward et al.,

2017). It is worth noting that non-pathogenicity in Ptr often has been assumed based on an
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isolate’s inability to cause disease symptoms on a limited number of host genotypes. However,
what were assumed to be non-pathogenic race 4 isolates were recently found to cause extensive

necrosis on specific durum wheat genotypes (Guo et al., 2020).

2.3.5 CONCLUSIONS

Collectively, this work highlights the high plasticity and potential adaptability of Ptr as a
global wheat pathogen. The large-scale chromosomal rearrangements, open pangenome, and the
extensive accessory gene and TEs content of its genome reflect its cosmopolitan nature. In
addition, the nesting of the virulence genes Tox4 and ToxB within multiple transposon types is a
significant indication of the rapid evolutionary nature of this pathogen and the contribution of

transposons to virulence evolution and disease emergence.

2.4 METHODS

2.4.1 ISOLATES, DNA EXTRACTION, AND SEQUENCING

Isolate details are provided in Table 2.1. Virulence phenotypes were previously confirmed
(Aboukhaddour et al., 2009; 2011; Kamel et al., 2019; Wei et al., 2020). Isolates collected before
2016 and received from other labs were subjected to single spore isolates and their phenotypes
confirmed on a wheat differential set as described by Aboukhaddour et al. (2013). Isolates were
grown in 100 mL 1/4 concentration PDB and cultures incubated in a shaker (100 RPM) at room
temperature (~ 25 °C), without light, until the fungal mat covered the surface of the medium.
Fungal mats were harvested and washed twice using autoclaved mili Q water. Mats were placed
in whirl pack bags on dry ice until freeze-dried. Dried mats were stored at —20 °C until DNA
extraction (no longer than 14 days). Genomic DNA was extracted using a ‘Genomic-tip 20/G’ kit

(Qiagen) and sequenced with 150-bp paired-end, 400-bp inserts at 100 x coverage with Illumina
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HiSeq X. DNA from [-73—1 and D308 was extracted using a ‘Genomic-tip 100/G’ kit (Qiagen)
and long-reads sequenced with PacBio RS II at 100 x coverage. All sequencing was performed
by the Centre d’expertise et de services Génome Québec (Montreal, Canada). The reference
isolate BFP (accession GCA 000149985) (Manning et al., 2013) was included in the pangenome
analysis and used for full genome alignments. Isolates M4 (GCA 003171515) (Moolhuijzen et
al., 2018) and DW5 (GCA 003231415) (Moolhuijzen et al., 2020) were also included for 7ox

gene and transposon analysis.

2.4.2 DE NOVO ASSEMBLIES

Read quality was assessed with FASTQC (Andrews, 2010) and poor-quality reads
filtered. Reads were filtered using the standard Kraken2 database (Woods and Langmead, 2019)
and any reads tagged as non-fungi were omitted. A subset of isolates (90-2, AB88-2, ASC1,
AZ35-5, and 1-72—1) were selected to test assembly program suitability using the Illumina reads.
The assemblers were Shovill with SPAdes (Bankevich et al., 2012; Seemann, 2020), Shovill with
MEGAHIT (L1 et al., 2015), SOAPDenovo2 (Luo et al., 2012), and CLC Genomics Workbench
12 (Qiagen) all program arguments available in the GitHub repository. QUAST (Gurevich et al.,
2013) output and BUSCO scores were used to assess assembly quality. All remaining short reads
were assembled with Shovill/SPAdes. Long reads were assembled with Flye (Kolmogorov et al.,
2019) and polished with short-read data using Pilon (Walker et al., 2014). Completeness of the

long-read assemblies was also assessed by the alignment of raw reads (Additional file 2.9).
2.4.3 GENE ANNOTATIONS
FunGAP (v1.0.1) is an annotation pipeline specifically for fungi (Min et al., 2017).

FunGAP makes use of many programs: RepeatModeler (Smit and Hubley, 2008), RepeatMasker
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(Smit, 2004), HISAT (Kim et al., 2015), Trinity (Grabherr et al., 2011), Augustus (Stanke et al.,
2006), MAKER (Cantarel et al., 2008), BRAKER (Hoff et al., 2019), InterProScan (Quevillon et
al., 2005), and BLAST + (Altschul et al., 1990). MAKER and BRAKER utilize RNA-seq reads.
RNA-seq reads from vegetative Ptr mycelia were retrieved from BioPlatforms Data Portal

(https://data.bioplatforms.com/; Sample ID: 102.100.100.14350) (Moolhuijzen et al., 2018).

FunGAP provides a script to select a prediction model for Augustus, with Botrytis cinerea
selected as the model in this case. Default settings provided by FunGAP were used to annotate
all assemblies. After pangenome analysis (discussed below), representatives from the core and
accessory gene clusters were used for functional annotation with Pfam v28.0 (Bateman et al.,
2004). All predicted gene sets were assessed for completeness using the Ascomycota BUSCO

gene set (0db9) (Simao et al., 2015; Seppey et al., 2019).
2.4.4 PANGENOME ANALYSIS

Pangloss is a pangenome pipeline designed for microbial eukaryotes like fungi
(McCarthy et al., 2019). Panoct (Fouts et al., 2012) is the primary program for calculating a
pangenome. A custom bash script was used to modify *.gff3 files from FunGAP into *.attributes
format required by PanOCT. Output from all-vs-all BLASTp (E10~*) was used to determine if a
gene belongs in the core or accessory genome. Pangloss does not distinguish singletons from the
accessory genome, a custom bash script separated singletons. Singletons were run through
Pangloss for a second iteration. Binary gene presence or absence tables were parsed to generate
figures showing the percentage of the genome comprised by core, accessory or singleton genes,
total genes in the pangenome as new genomes were added, and the number of genes in accessory
clusters. Statistics including #-tests, ANOVA, and Tukey’s HSD were performed with R (v3.4.3)

in RStudio.

75


https://data.bioplatforms.com/

2.4.5 CAZYMES AND EFFECTORS

Phobius v1.01 (with —short) (Kéll et al., 2005) was used to filter amino acid sequences for
signal peptides and transmembrane domains. Sequences with signal peptides and without
transmembrane domains were used as input for EffectorP-2.0 (Sperschneider et al., 2018). Genes
identified as potential effectors (probability > 50%) were extracted from gene sets and used as
input for Pangloss to assess the presence/absence between isolates. Predicted protein sequences
produced by FunGap from all isolates were annotated by dbCAN2 (Zhang et al., 2018) and
manually curated for selected GH, CE, PL, and AA families relevant for plant cell wall

degradation from the CAZy database (Lombard et al., 2014).

2.4.6 PHYLOGENY AND ACCESSORY SETS

Individual alignments for each of the 10,159 amino acid core orthologue clusters were
performed using MUSCLE (v3.6) (this may include multi-copy genes which would have been
treated individually) (Edgar, 2004). Bash and python scripts were used to concatenate and
combine the aligned core amino acid gene set for each isolate creating a single alignment. The
core alignment was input for RAXML (Stamatakis, 2014) to generate a maximum likelihood
(ML) phylogeny using the PROTGAMMA model, 1000 bootstrap replicates, and a starting seed
of 10. Variant call files were generated via GATK HaplotypeCaller (McKenna et al., 2010) using
BFP as a reference. SNPs were converted to fasta format with vef2phylip (Ortiz, 2019) and input
into RAXML for a ML tree using the GRTCAT model. The ML trees were visualized with
FigTree (Rambaut, 2007) and the Tox/location content added manually. Binary data was filtered
to include only accessory genes and was input for the R package HierarchicalSets with default

settings (Pedersen, 2017).
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2.4.7 TRANSPOSABLE ELEMENT CONTENT

Transposable elements (TEs) were identified and categorized using EDTA with the higher
sensitivity setting (—sensitive 1) (Ou et al., 2019), which utilizes several programs: LTRharvest
(Ellinghaus, et al., 2008), LTR_FINDER (Xu and Wang, 2007), LTR_FINDER parrallel (Ou and
Jiang, 2019), LTR retriever (Ou and Jiang, 2018), TIR-Learner (Su et al., 2019), Generic Repeat
Finder (Shi and Liang, 2019), HelitronScanner (Xiong et al., 2014), and TEsorter (Zhang et al.,
2019). Output was aggregated and the total TE content per genome (stacked histogram) and TE

content as a function of genome size (Mb) visualized.
2.4.8 GENOME ORGANIZATION

Pair-wise full genome alignments of long-read assemblies: I-73—1, D308, BFP, M4 (1.1),
and DW-5 were performed with minimap2 (Li, 2018) and visualized with dotPlotly (Porten,
2018). For chromosomes with 7ox4 and 7oxB putative transposons, syntenic blocks with a
minimum length of 6500 bp were generated using Sibelia (v3.0.7) (Minkin et al., 2013) then
visualized using Circos (v0.69-8) (Krzywinski et al., 2009). Selected proteins within the putative
transposons were modelled with Phyre2 (Kelley et al., 2015). Mauve (Darling et al., 2010)
alignments were used to identify target sites and target site duplications for transposons
associated with 7Tox4 and ToxB/toxb. Gene annotations (gff3), functional annotations (pfam), and
BLAST outputs were used to manually construct the transposon schematics. Intergenic distances
were calculated from gff3 files using an adapted R-script (Frantzeskakis et al., 2018) and plotted
using a hexagonal heatmap of 2d bin counts geom hex with 50 bins. Potential GDR and GSR
genes were selected based on the 90th percentiles of ITL distances, with potential GDR genes
having 5" and 3' ITLs <2070 bp and GSR genes having 5" and 3' ITLs > 7394 bp. GDR and GSR

genes were codon aligned to homologs of BFP using PRANK (Loytynoja and Goldman, 2008;
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Jeffares et al., 2015) with some sequences being reverse complimented prior to alignment.
Alignments were assessed for evolution rates via dN/dS ratios using codeml from the PAML
package (Yang, 2007). dN/dS ratios were subject to unpaired Welch two-sample 7-test assuming
unequal variance to test significant differences. Long-read genomes were uploaded to RIPper
(Van Wyk et al., 2019) to assess RIP and LRAR content. The core vs. accessory nature of contigs
was assessed by alignment (i.e. presence in all isolates) and evaluation of the ratio of core to

accessory genes, percentage of total genes, and genes per Mb on each contig.
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CHAPTER 3: THE VIRULENCE GENE 7TOXB IS BOTH AMPLIFIED AND
DISRUPTED BY TRANSPOSONS IN THE WHEAT PATHOGEN PYRENOPHORA
TRITICI-REPENTIS

3.0 SUMMARY

» Mechanisms that drive virulence gene duplication in plant pathogenic fungi remain poorly
understood. In Pyrenophora tritici-repentis (Ptr), responsible for tan spot of wheat, 7ToxB is a
multicopy virulence gene encoding a proteinaceous necrotrophic effector. 7oxB exhibits a
virulence dosage effect, where higher copy numbers are associated with increased disease
severity. In this work, we sought to resolve a 25-year old question as to what drove the

proliferation of 7oxB within Ptr.

* To investigate this, 23 long-read assemblies were generated and analyzed from a collection of
globally distributed isolates with various 7oxB copy numbers, with a specific focus on regions

containing ToxB.

 Extensive comparative alignments identified a Helitron-like element, 7oxB-HLE, that appears
to be driving the duplication of 7oxB in an accessory region of chromosome 4. This region is
entirely absent in isolates lacking 7oxB or its nonfunctional homolog toxb. In addition to gene
amplification by transposons, multiple independent transposon insertion events were identified in

several isolates that disrupted the 7oxB open reading frame creating inactive toxb haplotypes.

+ This study provides strong evidence supporting the hypothesis that transposons play dual roles
in the rapid evolution of fungal pathogenicity by both amplifying and disrupting a key virulence

gene in a globally distributed plant pathogen.
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3.1 INTRODUCTION

Gene duplications are fundamental drivers of functional diversification and play a key
role in shaping adaptation in eukaryotes by generating genetic redundancy that facilitates the
emergence of novel functions (Nei et al., 1969; Holland et al., 1999; Hastings et al., 2009; Ohno
et al., 2013; Sacristan et al., 2021). When duplication occurs, this creates an opportunity for
natural selection to modify gene functions. The happens because purifying selection is relaxed on
the additional gene copies, allowing them to evolve new functions, while positive pressure
maintains the original gene activity (Kimura, 1983; Long et al., 2003). The impact of a
duplication event is dependent on not only the mechanism (e.g. retrotransposition, break-fusion-
bridge, unequal cross over, etc.) and size (i.e. whole genome, local region, single genes) of a
duplication but on the evolutionary pressures the organism faces.

For example, whole genome duplication in the ancestors of Arabidopsis is thought to
have occurred three times (Simillion et al. 2002; Bowers et al. 2003). Ancient whole genome
duplications have been identified in many other plant species, including crops such as barley,
rice, and grape (Tian et al., 2005; International Rice Genome Sequencing Project, 2005; Jaillon
et al., 2007; Thiel et al., 2009). These duplications are distinct from alloploids such as wheat
where the additional genetic material is gained through species hybridization. Whole genome
duplication is also thought to have occurred in other higher eukaryotes such as yeast
(Saccharomyces cerevisiae) and vertebrates which shows the phenomenon is widespread and
extremely influential (Kellis et al., 2004; Berthelot et al., 2014). Whole genome duplications are
often followed by a large reduction in duplicated genes as redundant copies are removed through

purifying selection (Kellis et al., 2004; Bloome et al., 2006; Wolf and Koonin, 2013).
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As with other organisms, gene duplications in fungi are known to have led to functional
diversification of many orthogroups, especially in genes that aid fungi in responding to stress or
environments that confer strong selective pressure (Wapinski et al., 2007). For example, it has
been shown that duplication of biosynthetic gene clusters have played an important role in the
evolution of trichothecene production in Fusarium sp. (Ward et al., 2002; Brown et al., 2004;
Proctor et al., 2018; Rokas et al., 2018). Trichothecenes provide pathogens with a powerful
chemical weapon during host infection and confers a strong advantage compared to isolates
which lack toxin production. Duplication of single genes rather than whole genomes or gene
clusters can also have significant impact. For example, an ancient duplication of the Sir5 gene,
creating Sir2 in Zymoseptoria tritici (a major leaf-spot pathogen), was recently reported to be
significantly associated with thermal adaptation (Moser Tralamazza et al., 2023). It is likely that
Sir2 significantly contributed to, and shaped, Z. tritici’s ability to survive in highly variable
environments (Moser Tralamazza et al., 2023). In Z. tritici, the Sir2 gene remains closely
associated with transposable elements that may have driven the duplication event, indicating that
these elements can play an important role in initiating gene duplication in fungi.

There are a growing number of examples that demonstrate that gene duplications can
occur very rapidly under strong selective pressure and remain polymorphic within a fungal
population. For example, the duplication of the CYP5/ gene (syn. ERG11) decreases sensitivity
to azole fungicides (Liu et al,. 2011; Stalder et al., 2022; Fan et al., 2023; Arnold et al., 2024).
Purifying selection of resistance gene duplications may occur when the high selective pressure of
fungicides are removed (Hawkins and Fraaije, 2018). Recently, a virulence gene duplication was
explored in the genus Rhynchosporium which contains several pathogens of grasses such as

bromegrass, barley, triticale, and rye. The necrosis inducing effector NIPI was found to have
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substantial copy-number variations between the related pathogen species with higher copy-
numbers linked to increased virulence (Mohd-Assaad et al., 2019). In these examples, long-read
genome assemblies or large-scale population genomics data were key to uncovering the gene
duplication events, because the gene duplications were still highly identical at the nucleotide
level. These high-identity copies collapse in short-read assemblies into a single sequence and can
be difficult to detect. This makes determining the exact sequence of events that led to
duplications difficult to describe in detail, as these regions often fall into unassembled regions of
the genome.

In plant pathogens, transposable elements are drivers of adaptation in regions encoding
effectors, small secreted proteins or metabolites that interact and modulate host defense systems
(Raffaele et al., 2010; Dong et al., 2015; Torres et al., 2020). In addition transposons can also
alter expression profiles of nearby genes and facilitate genome instability by increasing the
likelihood of deleterious rearrangements (Eichler and Sankoff, 2003; Mita and Boeke, 2016;
Bhat et al., 2022). The reportedly rapid evolution facilitated by transposons also means that
mutations driven by transposons are highly variable within the larger pathogen populations and
thereby transient in nature (Fouché et al., 2018; Sigh et al., 2021). This variability can have both
positive and negative impacts on pathogen evolution. For example, in the tomato pathogen
Fusarium oxysporum f.sp lycopersici the insertion of a hAT transposon within the effector gene
AVRI resulted in a loss of function mutation (Inami et al., 2012). While seemingly a negative
event, due to the loss of a functional virulence gene, this transposon insertion under the right host
environment leads to a gain of virulence on host genotypes carrying the / resistance gene (Inami
et al., 2012). The tension or conflict between transposon activity and adaptive evolution in fungal

pathogen genomes has recently been termed “the devil’s bargain” (Fouché et al., 2022).
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However, there remains a limited number of examples where transposons have been shown to
behave in antagonistic ways on the same fungal protein with a characterised function in
virulence.

Differential gene gains and losses within a species are also known to impact pathogen
virulence and host ranges (Lawrence et al., 2005; Friesen et al., 2006; Powell et al.,2008). In the
leaf-spot pathogen Z. tritici for example, large numbers of genes with copy-number variations
associated with virulence factors and secondary metabolite gene clusters were found near to
transposable elements (Hartmann and Croll, 2017). Strong divergent selection on the presence-
absence polymorphisms were also linked to local adaptation. Previous work found high numbers
of differential gene gains and losses Pyrenophora tritici-repentis as well, however their links to
adaptation remain to be explored (Gourlie et al., 2022).

The ToxB gene in P. tritici-repentis (Ptr), causing tan spot of wheat, is one rare example
where a known multi-copy virulence gene, that is critically important for disease development,
has also been impacted by transposon insertions to create inactive copies (Strelkov et al., 1999;
Hafez et al., 2024). ToxB is the second proteinaceous effector identified in the tan spot
pathosystem, after the necrosis-inducing effector, ToxA (Orolaza et al., 1995; Lamari et al., 1995;
Lamari et al., 2003). Both effectors function in an inverse gene-for-gene manner, whereby
necrosis/chlorosis is only observed in wheat genotypes carrying the corresponding susceptibility
genes (Lamari and Bernier, 1989; Lamari et al., 1995; Lamari et al., 2003). When purified ToxB
protein is infiltrated into wheat leaves, it induces chlorosis in sensitive wheat genotypes that
carry the corresponding sensitivity gene, designated 75c2 (Faris et al., 2013). ToxB was found to
be present in field isolates in as many as 10 copies through both PCR techniques and southern

hybridization experiments (Martinez et al, 2001; 2004; Strelkov et al., 2005). Through a series of
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cloning experiments these 7oxB duplications were determined to be identical to each other, but
the surrounding sequences were different (Martinez et al., 2004). This left a question as to how
ToxB was duplicated in these genomes.

Importantly the number of ToxB copies has been shown to contribute additively to
virulence leading to quantitative (dosage) effects (Amaike et al. 2008; Aboukhaddour et al.,
2012). While these data suggest that the evolution of virulence in this pathogen is driven by
duplication of the 7oxB effector, there also exists a non-functional homolog, designated foxb, that
is unable to induce chlorosis found in some Ptr isolates and other Ascomycetes (Hafez et al.,
2024). Recent work found 7oxB present in 21% of a worldwide P#r population (422 isolates)
while foxb was identified in 6%, indicating that both active and inactive forms persist in the
global pathogen population (Hafez et al., 2024). The majority of chlorosis-inducing Ptr isolates
carry the same 7oxB haplotype (allele), 7oxB1, though at least three functional 7oxB (ToxB1, B4,
and B)5) and six non-functional toxb haplotypes (foxb2, b3, b12, b13, b14, and b15) have been
identified in Ptr (reviewed in Hafez et al., 2024).

Understanding how 7oxB was duplicated in the tan spot pathogen has been complicated
by its multi-copy nature combined with the limited access to 7oxB coding isolates
(Aboukhaddour et al., 2023; Hafez et al., 2024). ToxB is absent from Australian isolates and very
rare in isolate collections from North America, and is mainly found in isolates from the Fertile
Crescent and the encompassing regions. As such, the 7oxB containing isolates we have obtained
from these regions offered a unique opportunity to further explore 7oxB evolution. Our previous
work using long read assemblies of isolates [-73-1 and D308 showed that 7oxB (and its homolog
toxb) were carried on chromosome 4 (Chr04) within what appeared to be an accessory region

that shared several common features with a Starship transposon, but was missing the tyrosine

92



recombinase captain, and hence it was thought it may be an ancient/derelict Starship transposon
(Gourlie et al., 2022). Earlier research using southern hybridisation approaches indicated that
ToxB can be carried on two different chromosomes in the same isolate (Aboukhaddour et al.,
2009). Recently, a Copia-like retrotransposon (Copia-1 Ptr) was identified in some races of Ptr
which has disrupted the open-reading frame of 7oxB, resulting in an inactive form of foxb (Hafez
et al., 2024). Together, these studies suggest that transposon activity may be a key driver in both
the expansion and inactivation of the ToxB gene in different populations. To address these
questions, 23 new long-read assemblies of Ptr from 7 countries were generated including 8
isolates with ToxB, as well as 9 isolates with the inactive foxb allele and 6 isolates completely
lacking either 7oxB or foxb based on previous PCR and southern blot hybridization analyses
(Aboukhaddour et al., 2009; 2013; Kamel et al., 2019; Wei et al., 2021; Hafez et al., 2024). This
comprehensive collection of diverse isolates provides a framework to dissect the genomic
mechanisms that led to 7oxB duplication and pseudogenization.

3.2 METHODS
3.2.1 ISOLATES, DNA EXTRACTION, AND SEQUENCING

Twenty four isolates in total were included in this study and isolate details presented in
Table 1. DNA was extracted as described in Gourlie et al., (2022). Briefly, isolates were grown in
100 mL PDB flasks @ 25°C in the dark. Mycelia mats were harvested after ~2 weeks then
washed several times with milli-Q water and freeze-dried. Genomic DNA extracted using
Genomic Tip 100/G kits from Qiagen. A subset of isolates were sequenced in 2022 by Genome
Quebec using PacBio Sequel, and the remaining isolates were sequenced at Mayo Clinic in 2023

using PacBio RS II.
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3.2.2 GENOME ASSEMBLY

The subset of isolates sequenced at Genome Quebec were assembled using CANU (v2.2)
after converting subread.bam files to fastq using SAMtools (v1.9) (Li et al., 2009; Koren et al.,
2017). The set sequenced at Mayo Clinic were assembled using HiCanu (v2.2) (Nurk et al.,
2020). For both CANU and HiCanu the default settings were used. QUAST (Gurevich et al.,
2013) and BUSCO scores were used to assess assembly quality using the Pleosporales db10
dataset (Simao et al., 2015). Completeness and 7oxB regional confidence was also assessed by
aligning raw reads to the assemblies.

3.2.3 ALIGNMENTS

Alignment of reads to assemblies was done with Bowtie2 (Langmead and Salzberg,
2012) and SAMtools (v1.9) (Li et al., 2009) then visualized with either IGV (Robinson et al.,
2011) or dotplotly (Porten, 2018). Whole genome alignments were done with minimap2 (v2.18-
r1015) (Li, 2018) and visualized with dotplotly (Porten, 2018). Genome alignment also done
with progressiveMauve (Darling et al., 2010). Regional/local alignments were done within
Geneious built-in dotplotter (Biomatters Ltd.), MAFFT (v1.5.0) (Katoh and Standley, 2013),
LASTZ (v7.0.3) (Haris, 2007), or gggenomes R package (Hackl et al., 2024). Circular
alignments were done with Sibelia (v3.0.7) (Minkin et al., 2013) and visualized with Circos
(v0.69-8) (Krzywinski et al., 2009). Reference genomes Pt-1C-BFP and M4 2.2 were retrieved

from NCBI for alignments (Manning et al., 2013; Moolhuijzen et al., 2018).

3.2.4 IDENTIFICATION OF THE TOXB HELIRON-LIKE-ELEMENT (TOXB-HLE)
AND OTHER TRANSPOSONS

Total transposon content of each isolate was assessed with EDTA (v2.2) (Ou et al., 2019).

Each copy of 7oxB from each genome including various amounts of upstream and/or
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downstream sequence. The up/down stream sequences ranged between 50 bp to 15 kbp ,
stopping at the next ToxB copy when in tandem. Multiple iterations of alignments (described
above) were used to identify where sequence similarity ended between copies to establish
putative edges/edge sequences. Putative edge sequences were used to extract copies of the
repetitive region containing 7oxB. Open-reading frames were identified within and just beyond
the putative edges using Geneious ORF finder with default settings. ORFs were used to BLAST
the UniProt database (Consortium, 2015) to provide functional information or identify putative
domains. The shortest edge-to-edge sequence was used as a reference to compare copies.
Variations were manually catalogued. Hairpins were identified using VectorBuilder (v2.1.813).
Insertions >50 bp were further explored using similar methods: identifying edges, determining
edge type (i.e. LTR or TIR), search for target site duplications, ORF prediction and annotation,
BLASTN of RepBase (vSep2020), and literature comparison. Transposon schematics were
created manually.

3.3 RESULTS

3.3.1 LONG-READ ASSEMBLIES REVEAL GENOME EXPANSION IS DRIVEN BY
TRANSPSONS

The isolates selected for sequencing represent diverse geographical regions from North
America, Japan, North Africa, and Caucasus region with sampling times that spanned from 1955
to 2020 (Table 3.1). Isolates were selected based on their estimated number of 7oxB copies, along
with a subset known to carry the inactive homolog, toxb. Six isolates that completely lack 7oxB
or toxb as determined previously were also selected (Kamel et al., 2019; Hafez et al., 2022). All
isolates were de novo assembled with CANU or Hi-CANU (depending on sequencing
technology used) with an expected genome size of ~40 Mb based on the reference M4 2.2.

Assembled genome sizes varied from 34.5 to 44.7 Mb (Table 3.1). Genomes assembled from
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HiFi data (circular consensus) contained more contiguous sequences than genomes assembled
from older continuous long-read sequencing data. All assemblies had greater than 96% BUSCO
scores based on the Pleosporales database (pleo _db10). The transposon annotation pipeline
EDTA identified variable transposon content across isolates ranging from 12 to 26% of total
genome content (Table 3.1). Genome size increased linearly with total predicted transposon
content (R?=0.58; p<0.001) (Figure 1). The reported R? value suggests transposons are
responsible for 58% of the observed genome expansion with some other unknown variable(s)
contributing the remaining ~42%. The main drivers of transposon expansion are LTR
retrotransposons (i.e. Copia, Ty-3, and unknown elements with LTRs) as well as DNA hAT

transposons.
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Table 3.1 Assembly statistics and ToxB information of Pyrenophora tritici-repentis genomes used in this study. Table is ordered by
ToxB copy number, followed by isolates with toxb, then isolates without ToxB or toxb (alphabetical by isolate name within groupings).

Contigs ToxB
Size N50 TE content ToxB

Isolate Location Year Assembler b \ contig
(MD)  Total  >1Mb (kbp) (%) copies

(size)

35 (3.4 Mb)
112 (2.2 Mb)
113 (152 kbp)
127 (84 kbp)
133 (39 kbp)

Alg3-24 Algeria 1993  Hi-Canu 424 119 11 3,402 21.1 13 131 (38 kbp)

63 (29 kbp)
136 (28 kbp)
128 (24 kbp)
129 (23 kbp)
130 (23 kbp)

AlgH1 Algeria 1993 Hi-Canu 42,5 103 12 3,698 20.5 5 21 (3.8 Mb)

12 (3.6 Mb)
13 (6 kbp)

182 (229 kbp)

[-73-1* Syria 2001 Flye 39.9 39 11 3,647 19.9 4

T103-1 Tunisia 2017 CANU 39.3 236 5 570 21.2 4 183 (209 kbp)
T128-1 Tunisia 2017 CANU 39.8 553 11 3,243 20.3 4 E ((287 Ii\t/)lgk))))
1-34-1 Azerbaijan 2001 Hi-Canu 43.3 150 12 3,253 21.7 3 151 (3.6 Mb)
92-171-R5 Canada 1992 Hi-Canu 447 36 14 2,880 26.4 2 4 (4.9 Mb)
Tptr3-1 Tunisia 2017 Hi-Canu 42.8 126 13 3,604 21.9 1 129 (3.7 Mb)
107224 Canada 1955 Hi-Canu 37.5 35 18 2,075 13.6 toxb 26 (911 kbp)
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331-2
90-2
D308*
SC22-2
SC29-1
SC29-8
SW21-5
GO-7
Denl7
1-33-16
K11
K6

K9
T126-1

Canada
Canada
Canada
Canada
Canada
Canada
Canada
Canada
Denmark
Azerbaijan
Japan
Japan
Japan

Tunisia

1985
1990
1985
1999
1999
1999
2016
2016
2009
2001
2020
2020
2020
2017

Hi-Canu
CANU
Flye
Hi-Canu
CANU
Hi-Canu
Hi-Canu
Hi-Canu
Hi-Canu
Hi-Canu
Hi-Canu
Hi-Canu
Hi-Canu
Hi-Canu

43.7
36.2
39.6
44.6
41.5
43.2
42.1
43.3
42.7
41.3
41.2
40.0
40.5
42.5

123
310
70
160
490
175
96
135
97
75
150
135
130
175

12
12
11
12

13
13
11
12
13
12
11
12
12

3,470
2,960
3,667
3,161
468
2,933
2,768
3,552
3,465
2,705
3,271
3,071
2,812
3,241

23.4
12.0
20.2
22.7
22.8
211
21.9
171
20.1
20.4
17.6
15.2
16.5
211

toxb
toxb
toxb
toxb
toxb
toxb
toxb

toxb

o O o o o

43 (3.7 Mb)
344 (3.1 Mb)
5 (3.7 Mb)
160 (3.7 Mb)
457 (33 kbp)
184 (3.9 Mb)
39 (3.7 Mb)
69 (2.6 Mb)
51 (3.3 Mb)
51 (2.7 Mb)
47 (3.2 Mb)
61 (3.0 Mb)
146 (2.7 Mb)
206 (3.6 Mb)

*Assembled previously in Gourlie et al., 2022
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Figure 3.1 Comparison of genome size to total transposon content (predicted by EDTA)
as a percentage of genome size. Each dot represents an individual isolate and the dot
color indicates the ToxB/toxb genotype as indicated by the legend.

3.3.2 WHOLE CHROMOSOME ALIGNMENT SHOWS ACCESSORY
CHROMOSOME ARM ASSOCIATED WITH TOXB PRESENCE/ABSENCE

BLASTN of the 7ToxB open reading frame (ORF) revealed 7oxB copy-numbers in
each isolate, their chromosomal location and their relative positions to other copies
(Figure 3.2). Isolates found completely lacking ToxB/toxb were Denl7, T126-1, K11, K9,
K6, and I-33-16, which matches previous PCR genotyping and phenotypic screens
(Kamel et al., 2019; Hafez et al., 2022; unpublished data). 7oxB in its functional form
was found as multiple copies in isolates: Alg3-24, AlgH1, I-34-1, I-73-1, T103-1, 92-171,
and T128-1. Isolate Tptr3-1 contained only a single functional copy of ToxB. Isolates
with a single non-functional foxb were 90-2, 331-2, D308, G9-7, SC22-2, SC29-1, SC29-
8, SW21-5, and 107224. No isolates contained multiple toxb copies, and no isolate

contained a combination of 7oxB and foxb together. Of the 17 ToxB/toxb containing
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isolates, 13 assemblies harbour the gene on chromosome sized contigs (defined here as
>1 Mb). The remaining 4 assemblies contained 7oxB/toxb on contigs ranging from 300
kbp down to only 27 kbp (Table 3.1). Based on alignments with the reference isolates Pt-
1C-BFP (non-carrier; USA) and M4 2.2 (non-carrier; Australia) ToxB/toxb is located on
Chr04 in 11 isolates. The exceptions being isolate Alg3-24, 92-171RS5, and G97. In this
Algerian isolate, Alg3-24, one ToxB copy was found on Chr05 and an additional two
copies were found on Chr10 (Figure 3.2). Alg3-24 had 10 additional copies of ToxB
found on contigs > 150 kbp. It is not clear if these smaller contigs represent additional
copies in other chromosomes and attempts to manually align these smaller contigs
yielded inconclusive results. As such they were omitted from further analysis. Isolates 92-
171RS and G9-7 are phylogenetically distant from the other Ptr isolates (Gourlie et al.,
2022) so it is not surprising 7oxB/toxb was found on Chr03 and Chr(07 respectively, rather
than chromosome 4 as with most isolates. For three isolates (107224, SC29-1, T103-1)
ToxB/toxb assembled into small contigs where we could not determine its precise location
in the genome. Chromosome alignment of Chr04 ToxB/foxb isolates with isolates that do
not contain either ToxB/toxb revealed a large accessory region (Figure 3.3). This
ToxB/toxb containing region was variable in size depending on which isolates were
aligned with sizes ranging from ~50 kbp to ~420 kbp suggesting an expansion of Chr04

(Additional File 3.1).
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Figure 3.2 Relative positions of ToxB/toxb copies in isolates with chromosome sized
contigs. Orange boxes indicate active 7oxB isoforms and green boxes indicate inactive
toxb haplotypes. Grey caps indicate telomeric repeats (TTAGGG/CCCTAA) were found.
The number on the far right represents the corresponding chromosome number when
aligned with M4 2.2.
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Figure 3.3 Representative dotpot alignments of 7oxB/toxb containing and non-containing
contigs. The x-axis in all alignments is a section of Chr04 from isolate Tptr3-1 which
contains a single copy of 7oxB. The y-axis in plots A-D are the same section of Chr04
from different isolates: a alignment with I-73-1 which contains three 7oxB copies. Area
containing 7oxB is highlighted in the red circle; b alignment with toxb isolate D308,
region containing toxb is highlighted in a blue circle; c alignment with isolate AlgH1,
which contains five copies of ToxB marked by a red circle; and d alignment of K11 that
does not contain 7oxB or foxb. The accessory region is marked in an orange dashed circle.

3.3.3 TOXB COPIES ARE PRESENT AS TANDEM DUPLICATIONS

The BLASTN results reported above identified five isolates where multiple copies
of 7ToxB were localized to the accessory region of Chr04 in close proximity to each other.
Closer inspection of this region showed that 7oxB and some flanking DNA were arranged
in tandem copies (or direct repeats). In AlgH1, we identified five tandem copies and in

each of [-34-1, [-73-1, T103-1, and T128-1 we identified three tandem copies (Figure 3.2
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and 3.4). In order to assess whether this tandem array of 7oxB was not due to a mis-
assembly of this region, the raw PacBio reads were aligned against the de novo assembly
for each isolate. Isolates I-73-1, T103-1, I-34-1, and T128-1 all have single reads
spanning all three copies along with high coverage (30x to 50x), providing high
confidence that the tandem array of 7oxB was assembled correctly (Additional File 3.2).
For AlgH1, with five tandem copies, we identified five reads with two of the five tandem
copies present and no single read that spanned the full 56 kbp region due to its large size.
Coverage of the region is high however (30x to 50x). In Alg3-24, we did not observe the
same tandem copy structure seen in other isolates, rather two copies were found on a
chromosome sized contig with inverted orientation and a single copy on a separate
chromosome sized contig (Figure 3.5). In this assembly, there were several other 7oxB
copies on smaller contigs, all with very high transposon content likely explaining their
inability to be assembled more contiguously. All ToxB containing reads from Alg3-24
contained only single copies of 7oxB, therefore it is difficult to conclude if the
chromosome assemblies with two copies is correct (Additional File 3.3).

All isolates carrying toxb, or lacking both 7oxB and foxb, had high quality
assemblies with high coverage (>30x) around toxb (where applicable), except for isolates
SC29-1 and 107224 (Table 3.1). For isolate 107224, the contig containing 7oxB is
relatively small (0.9 Mb), and likely does not represent a full chromosome. Overall the
assembly accuracy is high; however, for isolates Alg3-24, SC29-1, T103-1, 92-171RS,
and 107224, coverage and contiguity near some 7oxB/foxb sites are variable with
coverage dropping to 10x in some regions, leading to possible inaccuracies in these

assemblies. In summary, we have high confidence with high coverage in one assembly
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with a single 7oxB copy, four assemblies with multiple 7oxB copies, seven assemblies
with toxb, and six assemblies which lack 7oxB or toxb entirely.

While the BLASTN results above indicated that each 7oxB copy was identical and
closely spaced along the chromosome. However it did not clarify whether the DNA in
between the copies was also included in the duplication event. Leveraging the variation
observed in copy number (i.e. isolates with one, three or five tandem copies), the
genomic region carrying ToxB/toxb was extracted and aligned to all other isolates,
including self-alignments. These alignments revealed distinct edges for the start and end
of the replicated sequence (Additional File 3.4). In Tptr3-1, the only isolate carrying a
single copy of 7oxB this region was 8,416 bp, but ranged from 5,798 bp (I-73-1) to
11,434 (AlgHI1) in multicopy isolates. When Tptr3-1 was compared to isolates with
tandem arrays of this repeat (three copies or five copies) this region was nearly identical
but each copy was separated by a conserved 251 bp “sequence junction”, which is not
present in isolates with a single copy of 7oxB or foxb (Figure 3.5). An alignment of
representative ToxB/toxb regions is shown below in Figure 3.4. These alignments also
show that 7oxB was not the only gene duplicated within this region. In addition, two
small open reading frames (ORFs) were identified, as well as a conserved hAT
transposon (Figure 3.4). The ORF near the 5’ end of the duplicated sequence shared
homology to domains in DUF3505 and C2H2-type zinc-fingers, while the second ORF
near the 3’ shares homology with reverse transcriptase (RVT _1; PF00078) and RNases
(RNase H; PF00075). Both ORFs are quite small, 333 and 444 bp respectively,

suggesting they may be gene fragments rather than fully functional genes.

104



AlgH1 Chro4 O—HIO—HIOC—<FO—=I—H3

==

I-73-1 Chr04 —F—R—H Identity (%)
wm 100
95
T128-1 Chro4
90
|
Tptr3-1 Chro4 Features
ptr r I Copia-1_Ptr
[® Copia-2_Ptr
[ Copia-4_Ptr
D308 Chr04 —lD~ B Copia-5_Ptr
[ hAT-1_Ptr
> ORF
VI sequence_junction
SC29-8 Chr0o4 {@E-@EHE] [ toxb
V& ToxB
0 20k 40k 60k

Figure 3.4 Linear alignments of the ToxB/toxb regions of Chr04 in Pyrenophora tritici-
repentis. Colored arrows along the chromosome (black line) show ToxB (yellow), ftoxb
(white), ORFs (green), transposons (reds and oranges), and the sequence junction
between duplicated regions (black). Due to the alignment scale, vertical yellow and black
arrows have been added to aid in locating the positions of 7oxB and the sequence junction
respectively. The grey blocks drawn between isolates show aligned DNA with >85%
identity. Region duplications in isolates 1-73-1 and AlgH1 are apparent when compared to
the single 7oxB containing isolate Tptr3-1. The position and number of hAT-1 Ptr
transposons in the multi-copy isolates T128-1, I-73-1, and AlgH1 combined with the
conserved edges suggest independent duplication events via the same mechanism. 7oxB
disruption via Copia retroelements is also visible in isolates D308 (Copia-1_Ptr) and
SC29-8 (Copia-2_Ptr).

3.3.4 TOXB IS PRESENT IN A DYNAMIC LANDSCAPE OF REPETITVE
ELEMENTS

In annotating the features surrounding 7oxB and performing detailed pairwise
alignments between all isolates it was clear that there were many unique sequence
differences between different isolates with variable copies of ToxB/toxb. However, these
differences were primarily driven by the nesting of other transposons near, or even

within, the 7oxB open-reading frame (Figure 3.5; Additional File 3.5). After extensive
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manual curation of each sequence, we have classified 14 unique transposon insertions (5
DNA and 9 retrotransposons) near 7oxB with an additional two insertions which appear to
be transposons that we could not confidently classify (likely to be retrotransposons)
(Table S1). We also identified three fragmented LTRs, two of which match the LTRs of
the classified retrotransposons. Numerous copies of each were found throughout the Pt
genomes (Additional File 3.6). Independent annotation of these contigs after manual
curation with the software EDTA confirmed the presence of these transposons and
allowed quantification of the transposon density within the accessory region (Additional

File 3.7).
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Figure 3.5 Schematics of features surrounding 7oxB (yellow arrow) and the duplicated
regions. Features which may explain region replication are noted: blue = 5’ left-terminal-
sequence repeat; purple = original 3’ end; light pink = 3’ end in duplicated regions; grey =
251 bp sequence junction with right-terminal-sequence; green = open reading frames; red
= transposons; orange = abandoned LTRs; loop icon = loop structure. The sequence
junction is only present in the duplicated copies. The sequence junctions holds the 3’
right-terminal-sequence need for ToxB-HLE to replicate. Figure is not to scale only
reflects orientation and relative positions.
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3.3.4.1 INDEPENDENT COPIA TRANSPOSON INSERTIONS CREATE
INACTIVE TOXB HAPLOTYPES

In an attempt to explain the inactivation of this effector, we examined each foxb
containing contig by comparing foxb and its flanking sequences with copies of 7oxB from
isolates I-73-1 and Tptr3-1. Recently, we showed that a single insertion of a 5.6 kbp
Copia-like element, named Copia-1 _Ptr, disrupts the 5’ end of the 7ToxB open-reading
frame in isolate D308 (Hafez et al., 2024). The two isolates, SW21-5 and SC22-2, shared
the same foxb haplotype (Hafez et al., 2024). Sequencing in this study revealed that both
contained the same Copia-1_Ptr insertion (Figure 3.4 and 3.5). In this study, we
sequenced another isolate with a different toxb haplotype, SC29-1, which had high
variability in the 3’ of the gene (Hafez et al., 2024). In this isolate we identified a novel
5.1 kbp insertion which had disrupted the ToxB open-reading frame (Figure 3.6). Within
this 5.1 kbp insertion we identified three large ORFs which contained capsid protein
(GAQ), integrase (INT), retrovirus-related polyprotein (Pol), and reverse transcriptase
(RT) domains. At the edges of the insertion, a four bp target site duplication was
identified and the insertion site (5’-AAGT-3") was found using isolate 1-73-1 that carries
an uninterrupted copy of 7oxB. Adjacent to both TSDs were 165 bp LTRs. A search of
RepBase revealed relatively high homology to the retrotransposon Copia-3 PaNo-I
reported in Parastagonospora nodorum (67% identity over 46% of query) (Kojima,
2023). A pairwise alignment of this region with Copia-1 _Ptr (which has disrupted the
ToxB ORF in D308) was performed to determined similarity with the previously reported
retrotransposon. Based on the alignment of the two retrotransposons and the large
difference in LTR sequences the two Copia elements are unrelated (51% pairwise

identity) (Additional File 3.8) and following RepBase convention this transposon was
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named Copia-2 Ptr. Copia-2 Ptr is inserted at base 222 within the 7oxB ORF, which
places it further towards the 3’ end of the gene relative to the Copia-1 Ptr insertion in
isolate D308 which was inserted at base 11. A second isolate SC29-8, that shares the
same haplotype, has and identical copy of Copia-2 Ptr inserted in the same location.
These data indicate that the inactive toxb haplotype has arisen independently by the

insertion of two different Copia transposable elements.
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Figure 3.6 Schematic of a Copia-like transposon, Copia-2_Ptr, inserted within the 3’ end
of the ToxB (purple) open-reading in isolate SC29-1 creating the inactive toxb13 haplotype.
A target site duplication (green) flanking long-terminal repeats (white) mark the transposon
edges when compared with the non-transposon containing sequence of 7oxB from isolate
I-73-1. Open-reading frames within the transposon are marked by yellow arrows which
show orientation (RT = reverse transcriptase; Pol = polyprotein; INT = integrase; GAG =
capsid protein). Figure is not to scale.

3.3.4.2 HISTONE REPLICATING HAT TRANSPOSON CONFIRMS MULTIPLE
INDEPENDENT TOXB DUPLICATIONS

The most commonly observed insertion within the putative 7oxB replicative unit
is 2,603 bp in length. This insertion appears near 7oxB in the majority of the sequenced
isolates, including all the multi-copy isolates and four of the single-copy (Z7oxB/toxb)
isolates (Figure 3.5). At the edges of the insertions are 6 bp TSDs with the target site
observable in non-insert containing versions and 17 bp TIRs adjacent to the TSDs. Four

ORFs were identified within these edges with similarity to: histone H3, DNA polymerase
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phi, HAT C-terminal dimerization, and topoisomerase domains (Figure 3.7). A search of
RepBase returned no meaningful results. Copy numbers of this putative TE within entire
genomes ranged from 0 to 35 copies, with more likely to be found if the stringent search
(90% ID over 90% query) was loosened. The presence of multiple copies in close
proximity likely created a composite transposon in AlgH1 as evidenced by an inversion
event (Figure 3.5).

A similar, but significantly larger element (5.6 kbp) was describe by Manning et
al., (2013) who previously reported the replication of histone by a putative hAT
transposon near 7oxB. Upstream of 7oxB a larger version 5,873 bp in length was
identified in isolate I-73-1. However this larger element is in fact the 2,603 bp hAT
transposon with a different 3,278 bp hAT transposon nested inside (6 bp TSD [5°-
ATAGTC-3’] identifiable). The nested hATs is likely what was described by Manning et
al. (2013), however, the authors did not have access to other high quality assemblies for
comparison. We believe the true replicative unit for histone H3 in P#r is this smaller hAT
which we are naming hAT-1 Ptr.

The activity of hAT-1 Ptr offers a key insight into the replication of 7oxB, in
particular when comparing the Tptr3-1, T128-1, 1-73-1, I-34-1, and AlgH1. The single
ToxB isolate Tptr3-1 and the triple-copy isolate T128-1 both contain h47-1 Ptr in the
exact same relative position (no matter which copy is considered) (Figure 3.4 and 3.5). In
the case of T128-1 the replication of 7oxB must have occurred after the insertion of 247~
1_Ptr, as three insertion events in the same relative position is highly improbable.
However, in multi-7oxB AlgH1, there are two copies of #47-1 Ptr present near 7oxB, one

upstream and one downstream. Each duplication event contains the same two copies of
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hAT-1 Ptr indicating two insertions of #74AT-1 Ptr occurred prior to the duplications. In
isolates I-73-1 and I-34-1, only a single copy of #47-1 Ptr is present and it is located
near only one of three 7oxB copies. This indicates that duplication of 7oxB must have
occurred prior to the insertion of 24T-1 Ptr in these isolates. This is clear evidence that
duplication of 7oxB and the surrounding regions has occurred multiple independent times

in Ptr via the same mechanism.
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Figure 3.7 Schematic of a histone replicating hAT transposon present near 7oxB in
Pyrenophora tritici-repentis isolate T128-1. Target site duplications (green) flanking
terminal inverted repeats (white) mark the transposon edges when compared with the
non-transposon containing intergenic sequence (grey) of isolate I-73-1. Open-reading
frames within the transposon are marked by yellow arrows which show orientation.
Figure is not to scale.

3.3.4.3 ASMALL SEQUENCE WITH BIG IMPLICATIONS

In between each tandem repeat of the 7oxB region, there is a small sequence of
251 bp which we refer to as the sequence junction (SJ) (Additional File 3.4). The SJ is
adjacent to the 7oxB region only in duplicated versions; in single ToxB/toxb carriers the
SJ is not adjacent suggesting this sequence may be the lynch-pin for the duplication
(Figure 3.5). The SJ is present many times (28 to 85 copies) in all Pt genomes
with >98% similarity over 90% of the query (Additional File 3.5; Additional File 3.6).
Due to the high abundance of the element, we selected random instances for closer

inspection. In some cases the SJ appears to be a conserved domain within reverse

111



transcriptases or LINE transposable elements (a type of retrotransposon). However, many
instances of the SJ were not part of any ORF, annotated gene, or transposon. BLAST
searches of NCBI and UniProt yielded limited similarity to reverse transcriptase,
RNaseH1, hAT-Tnp-dimer, and DUF3824 sequences. This could indicate the SJ may be a
truncated transposon which has somehow retained mobility, or is in some other manner
being propagated throughout the Pt genome. The potential mobility of the SJ makes
untangling the observed genotypes a simpler task. In our proposed model, we assume a
random insertion of the SJ near to the 7oxB region provided the right-terminal sequence
necessary to create a Helitron with the other structural features being present already

(Figure 3.8).

3.3.5 DIAGNOSTIC FEATURES SUPPORT A HELITRON-LIKE-ELEMENT
ASSOCIATED WITH TOXB

Transposons are a common mechanism by which duplications can occur. Other
mechanisms of duplication are possible, such as microhomology break induced
replication, however, given the unique sequence junction found between the tandemly
arrayed copies that was absent in the single copies, micro-homology repair mechanisms
did not seem to fit with the observed sequence data. Other mechanisms like break-fusion-
bridge were also considered due to the lack of telomeric sequences on the ends of many
isolates Chr04. However this was also rejected as BFB cycles produce inverted repeats in
addition to the large distance that 7oxB resides from the chromosomal end. Furthermore,
the hAT-1 Ptr transposon indicates that whatever mechanism is driving duplication, it is
not a ‘one-off” event, with duplication occurring independently at least three times based

on the observed genotypes. Given the high density of transposons in the area, we
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explored the role that transposons might have played in duplicating the ToxB region. In
isolates with tandem repeats, the edges identified via self and non-self alignments were
unmatching sequences, meaning they were neither long-terminal repeats (LTR) nor
terminal inverted repeats (TIR) common to most transposon families. Additionally, no
discernable target-site duplication (TSD) was identifiable when compared to isolates
without ToxB/toxb due to the genes presence in an accessory region. This excluded the
hAT transposase located within the duplicated sequence as the driver of the duplication,
as well as most described Class I or Class II transposons. Additionally, the presence of a
conserved UTR 5’ UTR intron (Hafez et al., 2024) would seem to rule out retropositional
duplication (Magadum et al., 2013). Not all transposons have repeated edges however,
nor do all create TSDs upon insertion.

We therefore expanded our search to less common transposon families. One such
family of transposons are Helitrons. Helitrons are DNA transposons that are hypothesized
to use a rolling-circle mode of replication. These transposons lack TSDs, are structurally
asymmetrical (i.e. non-matching edges), and can produce copy-paste style tandem (or
near tandem) duplications (Kaptinov and Jurka, 2001; 2007; Thomas and Pritham,
2015). Most Helitrons are non-autonomous, utilizing existing molecular machinery to
mobilize themselves, however some do carry Replication initiator/helicase (RepHel)
and/or replication protein A (RPA) domains (Boa and Jurka, 2013; Thomas and Pritham,
2015; Grabundzija, et al., 2016). All of these characteristics, with the exception of the
RepHel/RPA domain, are observed within the repeating ToxB region. Furthermore,
Helitrons are known to capture genes and/or gene fragments, which fits with the

duplication of 7oxB and other observed ORFs within the replicon.
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To initiate replication in canonical Helitrons, the 5’ end of a Helitron contains a
“TC’ dinucleotide, where the Rep/Hel protein binds, known as the left-terminal sequence
(LTS). This replication continues along the sequence until it reaches a 20-40 bp hairpin
loop followed by a nearby ‘CTRR’ (R = A or G) sequence, known together as the right-
terminal sequence (RTS) (Kaptinov and Jurka, 2007; Thomas and Pritham, 2015;
Grabundzija, et al., 2016). The 5’ end of the 7oxB region in both single and multi-copy
isolates contains two 17 bp repeats separated by a ‘GC’ dinucleotide (i.e. 36 bp total)
(Figure 5). This 36 bp contains several potential ‘TC’ dinucleotide initiation sites.
However in isolates with tandemly duplicated copies, this region has been truncated to 24
bp for each subsequent 7oxB copy (Figure 3.5). In all cases, the ‘TC’ dinucleotide is not
precisely at the defined edge which contains an additional ‘TG’ dinucleotide (i.e.
sequence is ‘“TGTC’) which has been observed in other fungal Helitrons (Chellapan et al.,
2016). The 3° “CTRR’ sequence for canonical Helitrons is created by the 5’ end of the SJ
at the 3’ end of the 7oxB region which may be a potential RTS and was considered.
However, it is more likely the 3° end of the SJ, whose sequence is ‘CTATAT’ (i.e. ‘CTR
TAT’) is the RTS as it creates a simpler replication model (i.e. fewer steps) (Figure 3.8).
The terminal 3’ region copy in multi-copy isolates and in the single copy sequences is
consistently ‘CTCGA’ (purple rectangles in Figure 5) suggests replication is occurring
within the bounds of the conserved 5’ 36 bp repeat and the conserved terminal 3’
‘CTCGA’ end (Figure 3.5).

As described, the RTS of Helitrons contains a ~20 to 40 bp GC dominant stem-
loop upstream of the 3’ ‘CTRR’ sequence. We used VectorBuilder to establish whether

the sequences upstream of the putative 3’ end formed such a loop structure (Additional
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File 3.9). We found a multiple stem loops upstream of the SJ 3’ ‘CTATAT’ sequence,
however the most likely candidates begin 32 bp and 72 bp upstream of ‘CTATAT’. The
AG for the nearest stem loop was -4.20 and with a 57% GC content (Additional File 3.9).
A AG of -4.20 indicates stem loop formation is spontaneous and energetically favorable
but only moderately stable. The stem loop further upstream (72 bp) has a AG of -5.90.
The second stem loop is considerably further upstream than stem loops reported in other
Helitrons. The 5’ end also contains a stem loop structure with a AG of -6.20.

Some Helitrons contain RepHel and/or RPA domains which facilitate their
mobility, however we did not observe any within the putative replicon edges, indicating a
non-autonomous nature. Functional gene annotations revealed at least ~80 Helicase genes
are present within the Prr genome, with at least three associated with Helitrons (i.e. Pifl-
like helicases) (Heringer and Kuhn, 2021; Castanera et al., 2014; Thomas et al., 2014).
Several DNA2-NAM?7 helicases were also identified which have been linked to rolling-
circle replications in viral plant pathogens but not Helitron activity specifically (Sahu et
al., 2010; Maredza et al., 2016). Most annotated helicases were of the DEADbox class
which have limited support for Helitron involvement in plants (Tuteja, 2003). Gene
annotations also identified at least two RPA-like genes. Based on the presented features
and the confirmation that replication has occurred independently multiple times (see
histone replication hAT transposon above) we conclude that a Helitron-Like Element,
which we’ve named ToxB-HLE, is a likely candidate to explain duplication of 7oxB in the
genome of P, tritici-repentis. A structural comparison of established Helitrons along with

ToxB-HLE is provided in Figure 3.9.
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Figure 3.8 Steps which could lead to the observed genotypes through insertion, rolling-

circle replication, and unequal crossing over. In this model, 7oxB-HLE is composed of the
ToxB region (orange) containing the left-terminal sequence ‘TGTC’ (red), and the
sequence junction (blue) which contains the right-terminal sequence ‘CTATAT’ as well as
the requisite hairpin loop (not pictured here). Observed genotypes are on a green
background. Figure is partially adapted from Thomas and Pritham (2015), Chellepan et
al., (2016) Grabundzija et al., (2016), and Harmer et al., (2022).
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Figure 3.9 Generalized schematics of known Helitrons elements. Canonical Helitronl
adapted from Kaptinov and Jurka (2007); Helitron2 adapted from Boa and Jurka (2013);
Helentron adapted from Thomas and Pritham (2015); and Fusarium Helitrons adapted
from Chellapan et al. (2016). RepHel element may be present in all Helitrons however
the majority of documented Helitrons lack these domains so are omitted from all but the
canonical Helitron1. Stem loops and asymmetrical terminal inverted repeats (arrows) are
shown along with the left-terminal sequences and right-terminal sequences where R = A
or G.

3.4 DISCUSSION

The multi-copy nature of 7oxB has remained largely unexplored since it was first
identified (Strelkov et al. 1999; Martinez et al., 2001; Lamari et al., 2003). In an attempt
to analyze 7oxB replication, we’ve utilized the genomes of 23 isolates representing a time
scale spanning 65 years with diverse geographical origins (Table 3.1). Many of these
isolates have been used in the past 30 years to explore virulence on host plants, infection
cytology, gene content, variation in effector copy numbers and 7oxB gene silencing
experiments (Strelkov et al., 2005; Amaike et al., 2008; Kim et al, 2007; 2010; Lamari et
al., 2003; Aboukhaddour et al., 2009, 2012; 2013; Gourlie et al. 2022; Hafez et al., 2024).
Here we provide the most comprehensive insight into the evolution of 7oxB providing
evidence that a non-autonomous Helitron-like-element, ToxB-HLE, is responsible for the
replication of this important necrotrophic effector within an accessory region. This is an
important finding as 7oxB duplication has been directly linked to increased virulence on
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wheat and is one of the few known examples of recent necrotrophic effector duplication
(Strelkov et al., 2002; Martinez et al., 2004; Aboukhaddour et al., 2012). This is also an
important example, in a growing number of studies, of how transposon activity appears to
be driving adaptation in fungal plant pathogens, not only in virulence, but climate

adaptation and spore production as well (Wang et al., 2021; Feurtey et al., 2023).

3.4.1 TOXB IS PRESENT IN AN ACCESSORY REGION RICH WITH
TRANSPOSONS

In Ptr, the ToxB carrying chromosome is homologous to Chr04 as defined by the
reference isolates Pt-1C-BFP and M4 2.2 (accession GCF_ 000149985 and
GCF _003171515) (Manning et al., 2013; Moolhuijzen et al., 2018). In ToxB/toxb
carrying isolates, both the active and inactive homologs were located near the ends of the
carrying chromosome, generally ~400 to 600 kbp from the contig end. In isolates
completely lacking ToxB/toxb, Chr04 appears to be intact but a large variable region (~50
to 420 kbp) harbouring ToxB/toxb is absent suggesting the region may be accessory in
nature. The accessory genome of fungal pathogens is known to be enriched in virulence
genes and contain many repetitive elements, which makes these regions subject to higher
rates of rearrangement and mutations (Bertazzoni et al., 2018). Within fungal genomes,
some accessory regions can be easily identified by either their high ‘AT’ or transposon
content (Raffaele et al., 2010; Croll and McDonald, 2012; Dong et al., 2015; Torres et al.,
2020). This led to the development of the “two-speed” or “multi-speed” genome
hypotheses for fungal genomes, that these repeat-rich regions were hotbeds for the
accumulation of mutations that could then be selected for under environmental or host

stresses (Raffaele et al., 2010; Croll and McDonald, 2012; Dong et al., 2015; Torres et al.,
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2020). Accessory regions commonly possess high numbers of transposons and repetitive
elements and also tend to be subject to higher rates of rearrangements and mutations and
are associated with the two-speed genome model (Raffaele et al., 2010; Croll and
McDonald, 2012; Dong et al., 2015; Torres et al., 2020). Interestingly, Pt does not have
these signature genomic compartments based on recent work (Gourlie et al., 2022). It is
possible however, that the genome of Ptr is in the process of compartmentalization, with
the creation or acquisition of the 7oxB accessory region being a potential early step.
Alternatively, based on two isolates previously sequenced (I-73-1 and D308) it was
suggested the region may be an ancient and derelict Starship due to the large size and the
presence of several known Starship cargo genes. The region lacks the signature tyrosine
recombinase captain however, so this hypothesis remains to be explored. Unfortunately it
was beyond the scope of this paper to confirm if this accessory region is or is not an
ancient Starship.

There are a number of previous examples in which virulence genes are embedded
within accessory regions in the fungal clade Pleosporales, to which Ptr belongs. For
instance, an accessory region in Cochliobolus heterostrophus (southern corn leaf blight)
was found containing the Tox1 biosynthetic cluster, responsible for T-toxin production
(Condon et al., 2013; Haridas et al., 2023). T-toxin is a race defining effector in this
pathogen which significantly increases the virulence of C. heterostrophus (Haridas et al.,
2023). Similarly in Alternaria alternata, various biosynthetic toxin clusters have been
found within accessory regions, including ACT-toxin, ACR-toxin, AF-toxin, AM-toxin
and AAL-toxin (Akamatsu et al., 1999; Hatta et al., 2002; Masunaka et al., 2005;

Miyamoto et al., 2008; Akagi et al., 2009). A more comprehensive list, including fungi
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outside the Pleosporales, is reviewed in Bertazzoni et al. (2018). In this context, it is not
surprising that another necrotrophic effector, ToxB, is present in an accessory region
within Ptr. Several of the toxins found in other species are also present as multiple copies
where copy-number is directly correlated to increased virulence similar to 7oxB (Amaike
et al. 2008; Strelkov et al. 2005; Aboukhaddour et al. 2012).

Significant transposon activity was apparent within the accessory region and very
near to ToxB. We observed independent inactivation of the effector gene through the
insertion of two different Copia retrotransposons within the 7oxB open-reading frame
resulting in toxb haplotypes. Isolates with these foxb haplotypes were confirmed to have
no expression (Aboukhaddour personal communication)Virulence gene disruption by
transposons have been reported in other species including Fusarium oxysporum where
the Avr gene SLX1-H was shown to be deactivated by a hAT transposon (Rep et al., 2005).
A hAT transposon was also found to be replicating a histone H3-like protein, a
component of nucleosomes and chromatin. H3 histone proteins are known to have been
anciently replicated and, though they are generally conserved, can have functionally
distinct variants (Waterborg, 2012). Manning et al., (2013) explored H3 replication in Ptr
previously, and found distinct variants duplicating within the genome. Post-translational
modifications to H3 variants could lead to alterations in transcription, DNA repair, and
meiosis (or any process involving chromatin) (Kouzarides, 2007; Waterborg, 2012). This
is also not the first case of histone proteins being replicated within an HLE, with histone
gene capture observed in a Helentron of Drosophila melanogaster (Thomas et al., 2014).
Within this dynamic genomic region 7oxB has replicated, and we have provided evidence

that a Helitron-like element (HLE) may be responsible.

120



3.4.2 HELITRON-LIKE ELEMENT IS LIKELY RESPONSIBLE FOR TOXB
DUPLICATION

The mechanisms of gene duplication and copy number variation are
relatively diverse, some of which are difficult to tease apart ex post facto (e.g. template-
switching, break-fusion-bridge, illegitimate cross overs, etc.) (Reams and Roth, 2015).
Through careful pair-wise alignments and sequence comparisons, we have examined and
identified a number of structural features surrounding 7oxB copies which provide strong

evidence for Helitron activity.

Relative to other transposable elements, Helitrons are poorly understood and
difficult to identify due to their odd characteristics (Kaptinov and Jurka, 2001; 2007,
Thomas and Pritham, 2015; Grabundzija et al., 2016; Chellapan et al., 2016). As such
they are likely to be under represented in transposon annotation pipelines and databases,
particularly if they do not conform to the standard Helitron model. Despite this, examples
of Helitrons with captured genes have been identified and documented in plant species, in
for example Zea mays, Oryza sativa, Brassica rapa, and Arabidposis thaliana (Kapitonov
and Jurka 2001; 2007; Sweredoski et al., 2008; Fu et al., 2013). In fungi specifically
however, fewer examples have been identified. In the oyster mushroom Pleurotus
ostreatus, HELPO1 and HELPO2 Helitron families were identified, with several
HELPOI1 Helitrons capturing genes with unknown functions (Castanera et al., 2014).
HELPOL1 also experienced incursion by retrotransposons within the Helitron boundaries,
creating chimeric transposons similar to what we have observed within Ptr ToxB-HLE
(Castanera et al., 2014). In the pathogen Fusarium oxysporum, Helitrons have captured at
least 27 genes including a reverse transcriptase (Chellapan et al., 2016). Many novel

Helitrons in F. oxysporum were very near to pathogenicity-related genes (e.g. SIX9a,
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SIX9b, SIX6, ORX1-like, and ARG1) though none of these were captured (Chellapan et
al., 2016). Other researchers have suggested that ectopic recombination or unequal
crossing over caused by the presence of Helitrons may have played a role in the
divergence of pathogenic races and the creation of accessory elements in F. oxysporum
which is again reminiscent of what we observe with Pt (Schmidt et al., 2013;
Vlaardingerbroek et al., 2016; Biju et al., 2017). A genome-wide study of R. commune,
found only a small number of Helitrons associated with increased copy-number (Stalder
et al., 2022), however this may be due to the limited ability of pipelines to annotate these
odd elements. In P. tritici-repentis, Helitrons appear to comprise only ~0.5% of the
genome though this is likely a low estimation (Gourlie et al., 2022).

The first notable feature of the 7oxB replication is the tandem nature of the
duplication. Helitrons transpose via rolling-circle replication which is capable of
generating such tandem repeats and is what allows the transposon to capture neighboring
genes (Thomas and Pritham, 2015; Grabundzija et al., 2016; Xiong et al., 2016). While
Helitrons do not possess repetitive edges as often seen in other transposons (i.e. LTRs in
retrotransposon or TIRs in DNA transposons) they do possess key base pair sequences at
their 5’ and 3’ ends, though both ends have been shown they can be variable in other
fungal species (Chellapan et al., 2016). Standard Helitrons contain at their 5’ end a ‘TC’
dinucleotide, while 7ToxB-HLE contains a conserved ‘TGTC’ sequence at the 5’ end.
Some Helitrons from Fusarium oxysporum however were found to have ‘TA’ or
‘TGCCT’ 5” sequences (Chellapan et al., 2016). Similarly, we observed the sequence
‘CTATAT’ at the 3’ end of the ToxB-HLE. Again, Helitrons in F. oxysporum had 3’

sequences as diverse as ‘CTCCTGT’ (Chellapan et al., 2016). The presence of a stem
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loop near the 3’ end and, in some cases, the 5’ end as well, is also diagnostic feature and
we have found both are present in 7oxB-HLE (Thomas and Pritham, 2015). The 5’ loop
could indicate the 7ToxB-HLE belongs to the subgroup Helitron2 (or possibly Helentrons),
however the characteristic asymmetrical inverted repeats (ATIR) of Helitron2 were not
found (Boa and Jurka, 2013). The 5’ loop may be coincidental, or 7oxB-HLE may share
only partial features of Helitron2, perhaps being an intermediate type between Helitron1
and Helitron2. Helitronl elements have shown a preference for insertion between an
‘A/T’ dinucleotides while Helitron2 and Helentrons have a preference for “T/T’ or ‘T/C’
insertions (Thomas et al., 2014; Thomas and Pritham, 2015; Grabundzija, et al., 2016;
Chellapan et al., 2016). Grabundzija et al., (2016) found Helraiser insertions between
almost all possible dinucleotide pairs. In our model we expect ToxB-HLE to have a
preference for ‘T/T’ dinucleotide insertion sites. The lack of the RepHel/RPA domains is
noteworthy but it has been established that the majority of Helitrons are non-autonomous
and therefore most will lack these domains, and we were able to find helicases and RPA
genes within the Pfr genome which may support 7oxB-HLE replication (Boa and Jurka,
2013). The activity of ToxB-HLE may not be the only mechanism implicated in 7oxB
copy-number variation. As the copy-number of 7ToxB-HLE increases it is possible other
mechanisms may also begin to replicate 7oxB such as compound transposons or unequal
crossing over (Figure 8). Furthermore, as the region expanded with higher numbers of
nested transposons in some isolates, other unexplained mechanisms may also replicate
ToxB as seen in Alg3-24 where features of 7ToxB-HLE present but scattered within a large
duplicated region which is also inverted (Figure 5). The structure surrounding copies in

Alg3-24 could also be explained by genomic rearrangements which have broken up the
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previously tandem copies. Additionally, in isolate 92-171R5 we observed two copies of
ToxB but did not find any signature of 7oxB-HLE in the region, rather the duplicated
regions are flanked by undefined LTR retrotransposons (as annotated by EDTA)
(Additional File 3.10). The poor coverage of this region in 92-171R5 combined with the
abundance of transposons makes it difficult to draw confident conclusions for this isolate.
However if the assembly is accurate, its possible the duplication of 7oxB was driven by

retroposition in 92-171RS.

3.4.3 UNEQUAL CORSSING OVER MAY PLAY A ROLE IN FURTHER
REPLICATION TOXB

During meiosis, homologous chromosomes pair and undergo recombination,
exchanging large sections of genetic material by physical crossing over at homologous
regions. This process relies on the accurate pairing of homologous sequences; however,
in regions with high repeat content misalignment can occur, leading to unequal crossover
events in which genetic material is unevenly exchanged between chromosomes. Uneven
transfer leads to a duplication in one chromosome and a deletion in the other. Tandemly
duplicated regions become more likely to undergo further unequal crossing events due to
the increased homology in the region, expanding the number of tandem duplications
(Anderson and Roth, 1977; Silver, 2001; Taylor and Raes, 2004). These duplicated
regions can vary greatly in size, from small sections of a few hundred base pairs to tens
of thousands. We know that 7oxB is located in a region with a high amount transposon
activity, and it has been shown that transposons are able to provide the repetitive
sequences necessary for unequal crossing over or ectopic recombination to occur. As an

early example, Roeder (1983) showed unequal crossing over was possible between Ty
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elements in yeast (Tyl are Copia LTR retrotransposons). It has also been suggested that
homothallics may themselves arise from unequal crossing over of heterothallics (Yun et
al., 1999). For example, in some Neurospora species, unequal crossing over of mating
type genes facilitated by LTR retrotransposons appear to have prompted the transition
from heterothallism to homothallism (Gioti et al., 2012). Furthermore, the genome of F.
oxysporum is hypothesized to have developed accessory regions and pathogenicity gene
gains/losses (race changes) linked to unequal crossing over caused by repetitive elements
(Biju et al., 2017). It bears repeating here that the variable positions and numbers of the
transposon hAT-1_Ptr indicate the duplication event is a conserved mechanism which has
occurred multiple times independently.

Unequal crossing over seems likely to have played a role in 7oxB replication due
to the number of transposons and repetitive elements which creates homology in the 7oxB
region on which the process could act. This process is able to create tandem duplications
such as those observed with 7oxB (and its surrounding region) (Figure 8). The mechanism
also allows for large changes in copy-number variation which is as seen with 7oxB, with
the copy-number able to double with each successive event. It is also difficult to explain
why the terminal copies do not have the sequence junction unless has been removed by
unequal crossing over or perhaps through remodelling processes (Reams and Roth,
2015). Additionally, unequal crossover may account for some isolates of Pt which
completely lack 7oxB or its inactive homolog, foxb, by creating a duplicate in one
genome and a deletion in the other. We know, as a homothallic (selfing) species, Ptr can

easily undergo sexual reproduction via the creation of ascospore containing pseudothecia
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which are abundant on crop stubble so there is ample opportunity for such events to
occur.

3.4.4 THE ROAD AHEAD

Over 25 years after the identification of 7oxB we have provided the most detailed
examination of the duplicated DNA region and provided a possible model to explain
ToxB duplication and pseduogenisation in Ptr. This work highlights the double-edged
nature of transposable elements, providing gene duplication and gene disruption (Fouché
et al., 2022). The evolutionary history of 7oxB and its homolog foxb in Ptr is still
presenting an intriguing puzzle.

Unlike 7oxB, which is unique to Ptr and primarily exists as a multicopy gene, foxb
exists in numerous species within the Pleosporales order, with some species even
carrying multiple copies (Hafez et al., 2024). In North America, toxb is abundant in Ptr
and in other related species collected from grasses, whereas the 7oxB gene is almost
entirely absent in this region. In contrast, 7oxB is prevalent in isolates from the Fertile
Crescent, North Africa, and surrounding regions, suggesting a geographical adaptation
and likely these two forms of the gene are following separate or independent evolutionary
trajectories.. Interestingly, some of the explored Canadian Ptr isolates in this study, were
collected mainly from durum and were shown to carry the non-functional foxb alongside
other effectors, such as ToxC.. This raises the question of whether 7oxB in the wheat
infecting isolates is undergoing purfiying selection in North America, or if the lack of
active ToxB on the continent is the result of a genetic founder effect. Cultivars sensitive to
ToxB are widely grown in Canada, suggesting that retaining a functional 7oxB would
provide a fitness advantage which is support for a founder effect rather than selection

against 7oxB. To resolve this evolutionary mystery, further research on the fitness cost
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related to 7oxB in Ptr may be needed however. Additionally, studies on grass-infecting
isolates are essential to better understand the diversity and distribution of zoxb.
Expanding sampling efforts beyond North America to underexplored regions may offer
critical insights into the origins and evolutionary pressures shaping 7oxB and its
homologs.

Despite the extensive analysis, the exact replication mechanism of 7oxB has yet to
be determined with complete certainty. Long-read sequencing improved our confidence
in determining the number of 7oxB copies carried in a given Ptr genome. However,
challenges persist with some isolates due to the high transposon and repeat content
surrounding 7oxB. To address these issues we suggest that future sequencing efforts
utilize higher than average coverage to help ensure these regions can be assembled.
Additionally, incorporating Hi-C data would also be advantageous for resolving existing
assembly challenges, such as seen with Alg3-24, which have high copy numbers that
remain unresolved.

The development of a qPCR protocol for determining 7oxB copy number is a
logical step forward in understanding the ToxB effector and it’s evolution. Using isolates
from our collection with high confidence copy numbers should allow for qPCR curve
comparison and rapid copy number determination in new isolates. Such a protocol would
also help in confirming that future genome assemblies reflect the correct number of 7oxB
copies. Combining a qPCR protocol with a crossing-population, it should be possible to
identify isolates with novel 7oxB duplications by comparing parents with progeny. Such

an approach may help solidify our proposed model as we catch ToxB duplication in-the-
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act. A qPCR protocol would also facilitate more comprehensive studies on the
relationship between 7oxB copy-number and virulence.

In fungal pathogens in particular, duplications have been reported in various
metabolic systems, however rarely is a specific of mechanism identified (Powell et al.,
2008; Stalder et al., 2022). Here we have provided a large body of evidence to support the
hypothesis that multiple types of transposons act to both amplify and disrupt an important
necrotrophic effector in a global plant pathogen. In Prr, it is unclear how long the these
duplicated versions of 7oxB will be maintained before they are either lost, pseudogenized,
or retained. However, the sixteen year time span between the collection of multi-copy
isolates I-73-1 (2001; Syria) and T128-1 (2017; Tunisia) hints that additional copies are
more likely to be maintained rather than lost or pseudogenized. Copy retention and
conservation is likely linked to the increased fitness the extra copies provide on
susceptible hosts. However, should additional copies no longer provide an advantage,
such redundancy is unlikely to be preserved and additional copies would be free to
mutate and diverge (Silver, 2001; Taylor and Raes, 2004). Therefore, it is possible that in
the future some 7oxB copies may evolve to become novel effectors with altered functions

or new host target sites.
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CHAPTER 4: GENOME WIDE ASSOCIATION STUDY REVEALS SNPS
ASSOCIATED WITH THE TOXC PHENOTYPE IN PYRENOPHORA TRITICI-
REPENTIS

4.0 ABSTRACT

The nature of ToxC, a race defining effector in the wheat pathogen Pyrenophora
tritici-repentis, has remained elusive for over 20 years. We have utilized a set of 36
genomes previous used to create a pangenome to perform a genome wide association
study linking single nucleotide polymorphisms to the ToxC phenotype. The data set
represents a diverse set of isolates and contained roughly equal numbers of ToxC
producers and non-producers. The highest -log(p-value) observed in the GWAS analysis
was 5.49 which passes the generally accepted significance threshold of 5. As a relatively
small number of genomes was used, this is a promising result. Located ~216 kb from the
end of chromosome 6 a number of interesting genes were found in the vicinity including:
eight with unknown functions, a CAzyme associated with plant cell wall degradation,
senescence and autophagy related proteins, and a transmembrane transport protein. This
work provides ample new information and avenues of research by which the identity of

ToxC may be uncovered.

4.1 INTRODUCTION

Pyrenophora tritici-repentis (Ptr) is a fungal pathogen causing tan spot of wheat
which produces three primary necrotrophic effectors: ToxA, ToxB, and ToxC. Both ToxA
and ToxB are proteinaceous and interact with the host in an inverse gene-for-gene manner
(Tomas and Bockus, 1987; Lamari and Bernier, 1989; Strelkov et al., 1999; Lamari et al.,
2003). The specific genes which encode ToxA and ToxB are both known as well as the

host genes with which they interact, 7¥n/ and Tsc2 respectively (Ballance et al., 1996;

140



Faris et al., 1996; Ciuffetti et al., 1997; Anderson et al., 1999; Strelkov, et al. 1999; Haen
et al., 2004; Kim et al., 2010). However, the identity of the third effector, ToxC, has
remained elusive for several decades. Early work with culture filtrates concluded that
ToxC was likely a polar, non-ionic metabolite with a low-molecular weight (Effertz et al.,
2002). Recently, Shi et al., (2022) utilized two segregating populations of Ptr to identify
the gene ToxC1 which appears to plays a role in the synthesis of ToxC which was
confirmed via knock-out experiments. This was complimented by other recent work
which showed that isolate Biotrigo9-1 had a large insertion within 7oxC1, which may
account for this isolates lack of ToxC production (Moolhuijzen et al., 2022). The wheat
host gene with which ToxC interacts is known as 7sc/ and the presence of this
susceptibility gene plays an important role in disease development in both durum and
bread wheat (Effertz et al., 2002; Liu Y et al., 2020; Running et al., 2022). Beyond these
works little else has been done to identify the nature of ToxC or which gene(s) are part of

its synthesis or secretion.

As we recently made significant contributions to the work surrounding the 7oxA4
and 7oxB genes, we were spurred to leverage our existing data set to shine new light on
ToxC as well (Gourlie et al., 2022; Hafez et al. 2024). Here we utilized the same set of
Ptr genomes used to create a pangenome as this set contains roughly equal numbers of
ToxC producers and non-producers from diverse regions and time points. The majority of
these isolates have also been utilized in many others works with confident phenotype
information and it is a suitable population for attempting a genome-wide association
study (GWAS) (Lamari et al., 2003; Strelkov et al., 2005; Amaike et al., 2008; Kim et al.,

2010; Aboukhaddour et al., 2012; Aboukhaddour et al., 2013; Kamel et al., 2019; Gourlie
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et al., 2022; Hafez et al., 2024). The aim of this work was to provide a set of candidate
single nucleotide polymorphisms (SNPs) and/or genes which are linked to or involved

with ToxC biosynthesis, transport, secretion, or regulation for future work to investigate.

4.2 METHODS AND MATERIALS
4.2.1 ISOLATES, DNA EXTRACION, SEQUENCING, AND ASSEMBLY

The isolates used in this work are from a previous pangenome project therefore
information on isolate collection, DNA extraction, genome sequencing, de novo
assembly, and annotation details are described in Gourlie et al., (2022). Here in brief,
isolates were grown on % PDB broth until fungal mats were sufficiently large to extract
DNA. Fungal mats were washed with sterile water, freeze dried and stored at -20°C until
extraction. Genomic DNA was extracted using Qiagen ‘Genomic-tip 20/G’ kits. Short-
read sequencing of isolates was performed with with 150-bp paired-end, 400-bp inserts at
100 x coverage with Illumina HiSeq X and long-read sequencing of the reference isolate
I-73-1 was done with PacBio RS II at Genome Quebec (Montreal, Canada). Short-read
assemblies were created using Shovill and SPAdes (Bankevich et al., 2012) and the long-
read assembly with Flye (VAPRIL-2020) (Kolmogorov et al., 2019) and Pilon (Walker et
al., 2014). Genomes were annotated with the FunGAP pipeline (v1.0.1) (Min et al.,

2017). See Gourlie et al., (2022) (thesis Table 2.1) for more isolate details.

4.2.2 VARIANT CALLING WITH GENOME ANALYSIS TOOLKIT AND SNP
ASSOCIATION WITH GAPIT

Variant calls were generated with Genome Analysis Toolkit (v4.4.0.0) (GATK)
(McKenna et al., 2010) for 36 isolates (19 ToxC producers; 17 non-producers) using the
ToxC producer I-73-1 as the reference. The reference genome was indexed using bowtie2

(v2.5.1) (Langmead and Salzberg, 2012) (-build) and SAMtools (1.17) (L1 et al., 2009) (-
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faidx), and a sequence dictionary made with GATK (-CreateSequenceDictionary). Raw
reads of the 36 isolates were aligned to the reference with bowtie2. Alignments were
converted from SAM to BAM format and then sorted via SAMtools (-view -S -b -sort).
Duplicates were removed from the BAM alignments with Picard (v3.0.0) (-
MarkDuplicates --REMOVE DUPLICATES) and read groups added (-
AddOrReplaceReadGroups). Read groups were indexed with SAMtools (-index) and
variant calls for each isolate were done with GATK HaplotypeCaller. Variant call files
were then merged (-GenomicsDBImport --interval padding 100) and genotyped (-
GenotypeGVCFs). Variant calls were then assessed using various quality scores
(QUAL=250; QD=20; FS=0.1; SOR=3; MQ=30; ReadPosRankSum>2;
ReadPosRankSum<-2; MQRankSum>2.5; MQRankSum<-2.5) and filter calls added (-
VariantsToTable). SNPs which did not pass the filters were removed using vcftools
(v0.1.16) (Danecek et al., 2011) as well as SNPs which did not meet a minimum allele
frequency of 0.05 (--remove-indels --remove-filtered-all --maf --max-missing 0.7 --
recode). The filtered vcf file was converted to hapmap format with Tassel (v5.2.58)
(Bradbury et al., 2007). The GAPIT (v3) package (Wang and Zhang, 2021) was used
within RStudio to conduct GWAS. The variant call hapmap file and a binary phenotype
matrix were imported. GWAS was run using the FarmCPU model (Liu X et al., 2016),
the ‘Zhang’ kinship algorithm and four principal components. The GWAS output file was

reimported and the qgman package (Turner, 2014) was used to create a Manhattan plot.

4.2.3 METABOLIC CLUSTER IDENTIFICATION WITH ANTISMASH

As it is assumed ToxC is the product of a metabolic pathway we used antiSMASH

(v7.1.0) (Blin et al., 2023) to search for metabolite gene clusters which may be near to
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associated SNPs. antiSMASH was run on the reference isolate I-73-1 using the following
arguments: --taxon fungi --cb-general --cb-knownclusters --cb-subclusters --asf --

pfam2go --smcog-trees --genefinding-gff3. Output was manually assessed.

4.3 RESULTS

HaplotypeCaller identified a total of 66,574 variant sites across the 36 isolates.
Post-filtering, 18,543 high-quality variant calls remained for GWAS analysis. The Q-Q
plot generated by the FarmCPU algorithm indicated the model was suitable for
association analysis (Additional File 4.1). The highest -log(pvalue) was 5.49, located at
the 5’ end of chromosome 6 at position 216,200 in the I-73-1 genome. Several other
SNPs with relatively high associations were nearby which creates a clear visual peak in

the Manhattan plot (Figure 4.1).
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Figure 4.1 Manhattan plot visualizing the association of SNPs across the genome of P,
tritici-repentis with the ToxC phenotype. SNP peak on the 5’ of chromosome 6 are
highlighted in green. A widely used significance cutoff of p = 1E-05 is indicated with a
horizontal line.

The SNP peak was located within gene 04169 which was not annotated by previously
utilized Pfam or Interproscan databases. However, manual searching of the UniProt
database did yield some amino acid similarity to DUF1479 (domain of unknown
function) (39.5%) and F-Box domain containing proteins (41.5%). Surrounding genes
include several other unannotated genes, a second DUF1479 gene, glycosyl hydrolase
family 1, senescence-associated protein, autophagy-related protein, major facilitator
superfamily (MFS), and several other interesting genes and protein domains (Figure 4.2).
A list of nearby genes and their annotations can be found in Additional File 2.
AntiSMASH identified 28 secondary metabolite clusters within I-73-1. However only
two metabolite synthesis clusters were found on chromosome 6: a type III polyketide
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synthase cluster (T3PKS) and a fungal-RiPP-like cluster. Neither of these biosynthetic
clusters were near the GWAS peak unfortunately (>500 kb distant). There are hints of
peaks on chromosomes 4 and 8 whose SNPs also reside within genes. The highest SNP
on chromosome 4 is located within a glutathione s-transferase and the SNP on

chromosome 8 resides in a gene with unknown function.
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Figure 4.2 Gene annotations on Chr06 of I-73-1 in the region near the GWAS peak.
Yellow genes were annotated with the Pfam database, while green genes did not return
results from Pfam. Uniprot BLAST searches provided some translated protein similarities
for genes not annotated by Pfam. Red marks and numbers indicate the position and -
log(p-value) of SNPs identified via GWAS.

To identify potential structural variations within the GWA region assembly
alignment is required. The SNP calling was performed using short-read data and
alignments of the GWAS region with the short-read assemblies did not yield useful
information. Utilizing long-read assemblies generated in Chapter 3, it was possible to see
some structural variation between ToxC producers and ToxC non-producers for isolates
that were used in the GWAS analysis, namely isolates T126-1, T128-1, and Alg3-24. In
particular, the presence of retrotransposon insertion near the GWAS peak in isolate T128-

1 and T126-1 (Figure 4.3).

In isolate T126-1, a 5400 bp retrotransposon is inserted between genes 04173
(unknown function) and 04174 (autophagy-related protein). In isolate T128-1, a 1468 bp
retrotransposon is inserted in the promoter region of gene 04169 (unknown function,
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possibly DUF1479) which is the gene containing the highest GWAS peak. In isolate
Alg3-24, a 5922 bp hAT transposon is inserted upstream of gene 04161 (senescence-
associated protein) which is followed by 5536 bp deletion which includes 7 bp of the
terminal end of gene 04160 (unknown function). There is another 2107 bp deletion in

Alg3-24 between genes 04159 (TRAP) and 04158 (PF00400 WD domain).
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Figure 4.3 Alignment of GWAS peak region between ToxC production isolate 1-73-1 and
ToxC non-producers T126-1 (top alignment); T128-1 (middle alignment); and Alg3-24
(bottom alignment). Transposon insertions in the region are annotated with pink and
genes annotated in green.

BLAST of the our reference 1-73-1 for ToxC1 revealed it was present on a 258 kb
contig (contig 15) which did not have any significantly associated SNPs. Contig 15 failed
to align to either Pt-1C-BFP or M4 (v2.2) reference genomes from NCBI. All the short-
read assemblies were also searched for the presence of 7oxC! and compared to their
phenotype. Here we observed that some isolates with the ToxC phenotype appear to lack
the 7oxC1 gene (AlgH1, SW20-7, SW21-1, and SW7-5). Additionally some isolates

possessed ToxC1 but lack the ToxC phenotype (L2-1, SW1-2, and T176-2) (Table 4.1).
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Table 4.1 Number of isolates with or without the previously identified gene ToxC/ based
on BLASTN of short-read assemblies compared with the presence of the ToxC
phenotype.

ToxC1 gene
Present Absent Total
[¢D)
O % Observed 16 4 20
3 2  No reaction 3 14 17
- o
= Total 19 18 37
4.4 DISCUSSION

The existence of ToxC has been known for over 20 years and is a defining
effector for the Ptr race system (Effertz et al., 2002; Strelkov and Lamari, 2003).
However the identity of ToxC has proven elusive. Recent work revealed one potential
gene, dubbed 7oxC1, in the ToxC synthesis pathway (Shi et al., 2022). This work ignited
renewed interest in identifying ToxC and finding genes associated with its creation or

secretion. Here, we’ve provided fresh clues via a genome wide association study.

Perhaps the most pertinent finding of this work 1s that, of the 12 genes nearest the
GWAS peak, 8 are of unknown function. The unknown nature of these genes is
tantalizing and it is possible they represent key steps in the synthesis of ToxC. Of the
genes that had identifiable functional domains, one is the carbohydrate active enzyme
(CAZyme) glycosyl hydrolase 1 (GH1) (gene 04166). Members of GH1 the gene family
target glycosidic bonds between residues in disaccharide which are present in a number
of the substrates (Hill and Reilly 2008). In fungal pathogens, CAZymes such as GH1 are
broadly involved with the enzymatic activity of degrading cell walls, however their
functions can be quite diverse and are not limited to cell walls degradation (Zhao et al.,

2014; Garron and Henrissat, 2019). It is thought that ToxC is not a protein (enzyme)
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however but rather a small metabolite (Effertz et al., 2002). It is possible that this GH1

CAZyme is in some way required for the delivery of ToxC into the host.

Another annotated gene is a transmembrane transporter from the Major Facilitator
Superfamily (MFS; gene 04171). This group of transporters are capable of mobilizing
diverse substrates including ions and other small molecules across membranes
(Quistgaard et al. 2016). This gene is of particular interest as it may be involved with the
secretion or and delivery of ToxC to host cells. Two DUF1479 (gene 04167) genes was
also found which was recently suggested to be an oxidoreductase (catalyzes transfer of
electrons) and may play a role in the virulence of Candida albicans (Rani et al., 2020).
The fact DUF1479 could be facilitating virulence in another fungal pathogen is

interesting and makes DUF1479 a strong candidate for further study.

A non-haem dioxygenase (gene 04162) is nearby which are known to be involved
in diverse oxidation reactions, and in mammals, have been shown to act as cellular
sensors or regulators in hypoxic response pathways (Ozer and Bruick, 2007). One
possibility for this gene in relation to ToxC, is the product from this gene is utilized in
some manner to sense the host (or host phenotype) or the contents of disrupted host cells
which then elicits ToxC production. A senescence-associated protein (gene 04161)
immediately stands out as these proteins are associated with cell death/degradation in
plants. Another cell death associated protein domain, autophagy-related protein 2 CAD
(gene 04174), is nearby as well. Autophagy genes are generally associated with self-
degradation and homeostasis, but there are links to fungal pathogenicity (Tam et al.,

2016; Ren et al., 2017).
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For the three ToxC non-producing isolates which had long-read assemblies
available, three different transposon insertions were noted near to the GWAS peak. It is
not possible to say conclusively if these transposon insertions play any role in ToxC
disruption. However, one possibility may be that genomic defenses against transposon
proliferation such as DNA methylation have disrupted regulation of genes in this region.
Such a mechanism would explain why the genes themselves share synteny and nearly

identical sequences.

It was notable that 7oxC1 did not appear in our GWAS analysis. Additionally
some isolates in our collection exhibit the ToxC phenotype but appear to lack 7oxC1
(Table 4.1). Although Shi et al., (2022) showed that ToxC1 is necessary for the
appearance of the ToxC phenotype, the above observations may suggest that role of
ToxC1 is more generalized and not specific to ToxC production. It is possible 7oxCI may
serve various functions in multiple pathways one of which is ToxC production or
secretion. Another possibility is ToxC/ is part of one synthesis pathway while some ToxC
producers which lack 7oxC1 rely on a different pathway. Whichever case is true, the
locus identified here showed a strong correlation to the ToxC phenotype using a diverse

collection of isolates and should be investigated further.

Moving forward, a transcriptomic approach may be utilized to observe gene
expression changes during host infection. Assuming ToxC production increases during
the infection cycle, it should be possible to see which, if any, genes near the GWAS peak
have altered expression during host colonization. Such an approach should narrow the

candidate(s) for gene-knockout experiments to confirm what we have found in silico and
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contribute to answering the long standing questions surrounding the nature of ToxC in P,

tritici-repentis.
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CHAPTER 5: GENERAL DISCUSSION

In this body of work, the genome and race defining effectors of Pyrenophora
tritici-repentis were examined in detail. Analysis of the Ptr genome was done by
sequencing over 60 genomes, 40 via short-reads and 23 via long-reads. The assembled
genomes were annotated for gene and transposon content then used to create a
pangenome and assess genomic architecture. Tox gene mobility and replication were
explored, and a genome wide association study conducted. As a whole, this thesis

constitutes one of the largest explorations of the Ptr genome to date.

In summary, the primary findings of this thesis are as follows:

1. Ptr possesses an open pangenome with significant gene gains and losses across the

compared isolates, particularly between pathogenic and non-pathogenic races;

2. In the Ptr pangenome, 43% of genes are core (shared by all isolates) and 57% of

genes are accessory (shared by a subset of isolates);

3. Ptr isolates in the phylogenetic outgroup contain high numbers of singleton genes

(i.e. unique genes present in a single genome);

4. Carbohydrate-active enzymes (CAZymes) are conserved while predicted putative

effectors are mostly accessory in nature;

5. Based on two long-read assemblies, Ptr possesses a ‘one-compartment’ genome

architecture (i.e. in general, genes appear to be spread evenly throughout the genome);

6. Significant chromosomal rearrangements were observed across isolates;
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7. Expansion of the Ptr genome is driven, in part, by transposon incursions and
replication, primarily retrotransposon Copia and Ty-3 elements as well as DNA hAT

transposons;

8. The necrosis-inducing effector gene 7oxA is contained within an actively mobile
Starship transposon (Horizon) which has translocated 7oxA to different chromosomes in

different isolates;

9. The chlorosis-inducing effector gene 7oxB, or its inactive homolog foxb, is present
within a large accessory region of chromosome 4, which may be a defunct Starship
transposon (Icarus), an accessory chromosomal arm, or the first stages of genome

compartmentalization;

10. The 7oxB gene has been duplicated by a Helitron-like element (7oxB-HLE), a DNA
transposon which uses rolling-circle replication, with unequal crossing-over as a

potential partner for further 7oxB replication;

11. Multiple Copia transposon insertion events within the 7oxB open reading frame

have disrupted the gene, explaining two inactive foxb haplotypes;

12. Single-nucleotide polymorphisms are associated with the ToxC phenotype and
provide candidate genes that may be involved in with biosynthesis or secretion of the

ToxC metabolite.

5.1 GENOME PLASTICITY AND THE ADAPTABILITY OF PYRENOPHORA
TRITICI-REPENTIS

The environmental adaptability of Ptr is readily apparent with its worldwide

distribution, being found in most areas where wheat is cultivated, such as North and
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South America, Europe, the Middle East, Asia, Africa, and Australia (reviewed in Kamel
et al., 2019). Ptr has also been isolated from areas where no wheat is cultivated (Lamari
etal., 2005; Strelkov and Lamari, 2003). In addition to durum wheat and bread wheat,
Ptr has been shown to cause disease on a variety of other grass hosts, such as brome
grass, rye, barley, and Agropyron sp. (Hosford, 1971; Krupinsky, 1992a; 1992b). Such
flexibility can be attributed to Ptr’s genome plasticity, which has been previously
explored using traditional molecular biology techniques and early genomics work.
Among the findings of this research were: potential aneuploidies, large scale genomic
rearrangements and transduplications, different chromosomal locations of 7ox4 and ToxB,
and evidence of large numbers of transposable elements (Aboukhaddour et al., 2009;
2011; 2012; Manning et al., 2013; Moolhuijzen et al., 2018a). The genomics work to date
has relied on a limited set of isolate genomes which have not represented all Ptr races nor
reflected the species wide geographical distribution. Furthermore, a comparison of

differential gene content across the available genomes has not been explored.

The idea that individuals of the same species may have differences in the presence
and absence of genes is a relatively recent one, yet is already a cornerstone in our
understanding of adaptative evolution (Tettelin et al., 2005). This idea, dubbed
pangenomics, was initially limited to prokaryotes (e.g. E. coli) as their genomes were
small enough to sequence in bulk back when sequencing costs were still relatively high
(Tettelin et al., 2005). The number of pangenomic studies has been steadily increasing
however, including those of plant pathogens. The addition of the Ptr pangenome created
here joins the growing list of economically important pathogen species which have had

their pangenomes analyzed: Zymoseptoria tritici (wheat; septoria leaf blotch) (Badet et
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al., 2019; Chen et al., 2023), Rhizoctonia solani (various hosts) (Kaushik et al., 2022),
Cercospora zeina (maize; gray leaf spot) (Welgemoed et al., 2023), Magnaporthe oryzae
(grasses; blast diseases) (Joubert and Krasileva, 2024), Claviceps purpurea (cereals;
ergot) (Wyka et al., 2022), Pyricularia oryzae (rice; blast disease) (Bao et al., 2022),
Fusarium oxysporum (various hosts) (van Westerhoven et al., 2024), and

Parastagonospora sp. (wheat; Septoria nodorum blotch) (Syme et al., 2018).

A common theme across all these studies, including Ptr, is a high accessory gene
content. Accessory genes are a key component of adaptability, as these genes are often
related to environmental or host adaptations (Croll and McDonald, 2012). Environmental
adaptations help pathogens become global problems as they enable the colonization of
environments which were previously unsuitable. In our changing climate, this type of
adaptability poses a major concern that pathogens may adapt more rapidly than we can
alter their agronomic hosts. Gene gains and losses within a species can also influence
pathogen virulence and host specificity (Lawrence et al., 2005; Powell et al., 2008). For
example, in the leaf-spot pathogen Z. tritici, a significant number of genes exhibiting
copy-number variations were linked to virulence factors and secondary metabolite gene
clusters (Hartmann and Croll, 2017). Many of these CNVs were associated with
transposons. In Ptr, it remains to be seen when or by what mechanisms the observed gene
gains originated. It is likely that most are the result of gene duplications which have since
diverged, but potentially some are from unknown horizontal transfer events. Other
sources might include dispensable/accessory chromosomes, chromosomal regions, or

differential conservation of gene-carrying transposable elements such as Starships.
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Ptr was also found to have a significant number of transposons throughout its
genome. Combined with the apparent lack of RIP (repeat-induced point mutations), a
common defensive mechanism against transposons unique to fungal genomes, it’s likely
that Ptr is subject to genome instability. Genome instability can lead to large scale
genomic rearrangements such as translocations, inversions, duplications, deletions, etc.,
such as those seen in Ptr (Wostemeyer and Kreibich, 2002; Chan and Kolodner, 2011;
Faino et al., 2016; Bourque et al., 2018). Such rearrangements can serve adaptability
through gene and regulatory element reordering. Interestingly, it has been shown that
asexual and homothallic fungal species such as Ptr tend to have high numbers of
chromosomal rearrangements compared to their heterothallic counterparts (reviewed by

Whittle et al., 2011).

While a large number of transposons were annotated in the Ptr genome, it did not
have clear signatures of a ‘two-compartment’ genome. In such an architecture, there are
gene-dense, transposon-sparse regions and gene-sparse, transposon-dense regions
(Raffaele et al., 2010; Dong et al., 2015). In this model, rapidly evolving genes, such as
those involved with virulence, are located in transposon-dense regions which are linked
to higher mutation rates and rearrangements. Genes within Ptr appeared to be spaced
relatively evenly, however, suggesting that no compartmentalization has occurred. Some
researchers have started to look beyond the ‘two-compartment’ model to suggest that
rapidly evolving pathogens derive their ‘second speed’ via high copy-number variability
(Frantzeskakis et al., 2018; Torres et al., 2020). My work did not explore copy-number
variation throughout the Ptr genome, however it is possible that Ptr adaptability is driven

by copy-number variation and gene duplications rather than through

160



compartmentalization and high mutation rates. This seems likely, since we know the two
main virulence genes, 7oxA and ToxB, are highly conserved and that 7oxB is subject to
copy-number variation. It is also possible that the Ptr genome is in the process of
compartmentalization, which is an exciting prospect that may allow researchers to better
understand the process of compartmentalization as they continue to sequence Ptr

genomes far into the future.

5.2 ROLE OF TRANSPOSONS IN THE EVOLUTION OF PYRENOPHORA
TRITIC-REPENTIS

The proteinaceous necrotrophic effector 7oxA4 is present not only in Ptr, but in two
other leaf-spot pathogens as well: Parastagonospora nodorum and Biploaris sorokiniana
(Friesen et al., 2006; McDonald et al., 2018; 2019). The presence of 7ox4 in these three
species has been attributed to the mobility of a 14 kb DNA transposon, ToxhAT
(McDonald et al., 2019). This thesis has shown that 7Tox4 (including 7oxhAT) is nested
within a much larger Starship transposon, Horizon, which is actively mobile within the
Ptr genome. ToxA was also recently found within another Starship (Sanctuary) within B.
sorokiniana (Bucknell et al., 2024). The presence of Tox4 on multiple types of
transposons across multiple species is a clear indication that virulence genes benefit from
a close association with mobile elements. The benefits are likely even greater for
necrotrophic effectors due to their inverse gene-for-gene interaction which don’t rely on
circumventing host defense systems, meaning that other genes are not necessarily
required to cause disease. The mobility of necrotrophic effectors which may confer
pathogenicity to previously non-pathogenic organisms is of a major concern as it could

lead to rapid emergence of new pathogens.
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Virulence genes for other pathogens, such as Argo in Z. tritici, have also been
identified within Starship elements (Habig et al., 2021; Gluck-Thaler et al., 2022).
However, Starship cargo is reportedly quite diverse, containing a variety of accessory
genes which are beneficial in certain situations like those that require heavy metal
tolerance (Urquhart et al., 2022; Gluck-Thaler et al., 2022). A large number of genes were
found within Horizon, the majority of which had no known functional annotations. It will
be interesting in the future to determine if there is differential presence/absence of genes
within Horizon between isolates from different regions or hosts, which may indicate that
Horizon harbours genes contributing to localized Ptr adaptations. Searching for a genome
containing both Horizon and Sanctuary (either in Ptr or B. sorokiniana) would also be of

value, as it might help to explain how 7oxhAT was acquired by two different Starships.

During analysis of the 7oxB region, multiple Starship cargo genes were identified
(NLR — HET; patatin-like phosphatase; and DUF3723), however, the characteristic
tyrosine recombinase was absent in the two isolates examined. The lack of the captain,
the differential presence/absence of cargo genes, and a number of transposon incursions
suggest that the region may be an ancient, derelict Starship. After a larger number of
genomes had been sequenced, it was found that the size of the accessory region (i.e.
Icarus) containing 7oxB is highly variable between isolates. The putative Icarus remains
to be explored in detail in these newer assemblies, being beyond the scope of this thesis.
If it is confirmed that the accessory region is indeed a Starship, by finding a non-
functional captain for example, it opens the door to the possibility that 7oxB was acquired
horizontally at some point in the evolutionary history of Ptr. This HGT, if it occurred,

likely would have preceded the splitting of Ptr from sister species such as P. bromi and P.
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seminiperda, each of which also contain 7oxB. Therefore, genomes of these species
should be included in this type of analysis. Identifying two primary necrotrophic effectors
on Starships in Ptr would be significant, indicating that Starships have played a critical

role in transforming Ptr into a dangerous pathogen.

Irrespective of whether or not the 7oxB accessory region is a Starship, transposons
have significantly impacted the evolution of 7oxB. The duplication of ToxB from a single-
copy gene into a multi-copy gene has been a longstanding question in the Ptr community.
This work has shown that 7oxB is amplified through the Helitron-like-element, 7oxB-
HLE. Helitrons are unique transposable elements which undergo rolling-circle replication
and which have limited genomic fingerprints to help identify their activity (Boa and
Jurka, 2013; Thomas and Pritham, 2015; Grabundzija, et al., 2016). Helitrons also have
the potential to be horizontally transferred (Thomas et al., 2010; Castanera et al., 2014;
Coastes et al., 2015; Heringer and Kuhn, 2022), meaning 7oxB may in the future be
transferred to other leaf-spot pathogens such as B. sorokiniana or P. nodorum via ToxB-
HLE or Icarus. Transposons have long been considered ‘selfish’ in the sense they appear
to be parasitic in nature. However, when genes carried by a transposon confer beneficial
or adaptive traits, transposon fitness becomes closely linked to the host organisms

reproductive success (Billane et al., 2022; Gluck-Thaler et al., 2023).

The nature of transposons is such that in addition to conferring mobility to
virulence genes, they also are capable of gene disruptions. In this work, it was shown that
multiple independent retrotransposon insertions from different Copia elements disrupted
the 7oxB gene, creating inactive toxb haplotypes. It would not be surprising to find that

transposon insertions have been responsible for the creation of other foxb haplotypes in
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the future. The ToxA gene has also had insertions in some isolates of Ptr. The first
identified was a 166 bp insertion element, PtrHp 1, which had no effect on 7ox4
expression (Moolhuijzen et al., 2018b). Recently though, it was reported that a different
insertion element, PtrHp2 (170 bp), had disrupted the 7oxA gene, and in this case
prevented expression of the effector (Mironenko et al., 2024). The duality of transposons
is on clear display within the Ptr genome. Transposons have benefitted Ptr with the
acquisition of 7oxA4 and the amplification of 7oxB, meanwhile, other transposons or
mobile elements have disrupted both genes. Figure 5.1 below shows how various
transposons may have influenced the virulence of Ptr within the context of the currently

described race system (see Figure 1.1 for a description of Ptr races).
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Figure 5.1 Model illustrating how transposons may link the virulence races in
Pyrenophora tritici-repentis. Circles indicate specific genotypes where presence of a Tox
gene is indicated with A=ToxA, B=ToxB, and b=toxb. In the case of ToxC the phenotype
is indicated with C as the gene(s) are unknown. Blue lines indicate activity of ToxhAT or
Horizon; pink lines indicate the formation of 7oxB-HLE; orange lines indicate activity of
Icarus or accessory chromosomal arm containing 7oxB or foxb; red lines indicate activity
of retrotransposons; grey lines indicate an unknown mechanism (generally the
gain/disruption/loss of ToxC); circular arrows indicate ToxB-HLE is active; dashed lines
are used for clarity when lines are crossing. Names of isolates beside a circle are
representative examples of the genotype. a contains unobserved genotypes; b contains

only observed genotypes.
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5.3 FUTURE WORK IN THE STUDY OF THE PYRENOPHORA TRITICI-
REPENTIS GENOME

As in depth as this work has been, there are significant extensions to each avenue
of research. For example, continuing to explore the role of Starships in the evolution of
Ptr is a high priority. Searching for more Starships and discovering what types of cargo
are being mobilized in Ptr is a key concern. Additionally, extending analysis of the Tox4
containing Horizon could yield insights into how Starships grow and acquire cargo genes
or how they decrease in size by removing or deleting cargo. It is also still unclear whether
the accessory region containing 7oxB is a derelict Starship. With the large number of
ToxB containing isolates already sequenced, extending analysis of this region is a logical
step. Gene knock-out experiments and the use of transcriptomics can help determine
which, if any, genes near the GWAS peak contribute to the production or secretion of the
as yet unknown ToxC effector. Other avenues of research are also possible such as a
further examination of predicted effectors (both core and accessory) and a systematic
search for CNVs in the Ptr genome. Continued sequencing of Ptr genomes will
undoubtedly reveal more insights and discoveries surrounding the evolution and

emergence of Pyrenophora tritici-repentis.
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Appendices
Appendix A: Supplementary material for Chapter 2
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Additional File 2.1 Genes were clustered based on the number of isolates in which they
were present (e.g. genes in cluster 2 are present in two isolates, genes in cluster 3 are
present in three isolates, etc.). Genes in low clusters may represent recently gained genes,
as only a few isolates contain them, while genes in high clusters may represent recently
lost genes, as most isolates contain them. Clusters 1 and 41 were omitted as they
represent singletons and the core gene set respectively.

Additional File 2.2 Maximum likelihood phylogenies created by RAxML based on SNP
data. a ML tree with all isolates; b ML tree with the divergent outgroup omitted to aid
reading of the other branches

Additional File 2.3 Curated output from dbCAN for grouping and counting the number
of genes in specific CAZyme families. Table too large to display; for table see
https://github.com/fungal-spore/Ptr-pangenome-paper
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Additional File 2.4 Annotation of genes present within the 143 kb Starship
transposon ‘Horizon’ present in the race 8 isolate I-73-1.

Gene

PfamD
B

Annotation

gene_09854
gene_09854
gene_09854
gene_09856
gene_09859
gene_09868
gene_09870
gene_09875
gene_09883
gene_09883
gene_09883
gene_09892
gene_09894
gene_09894
gene_09899
gene_09853
gene_09881
gene_09883
gene_09883
gene_09883
gene_09883
gene_09883
gene_09883
gene_09854
gene_09854
gene_09854
gene_09854
gene_09854
gene_09854
gene_09854
gene_09854
gene_09869
gene_09886
gene_09893
gene_09895
gene_09895
gene_09855
gene_09857
gene_09858
gene_09860
gene_09861
gene_09862
gene_09863
gene_09864
gene_09865
gene_09866

PF00400
PF17111
PF05729
PF00249
PF00069
PF02373
PF00704
PF08030
PF02714
PF13967
PF14703
PF00172
PF00856
PF02373
PF07859
PF11917
PF12520
PF02714
PF13967
PF14703
PF02714
PF13967
PF14703
PF00400
PF00400
PF00400
PF00400
PF00400
PF00400
PF17111
PF05729
PF12796
PF11584
PF06985
PF05700
PF12520
N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

WD domain, G-beta repeat

Fungal N-terminal domain of STAND proteins

NACHT domain

Myb-like DNA-binding domain

Protein kinase domain

JmjC domain, hydroxylase

Glycosyl hydrolases family 18

Ferric reductase NAD binding domain
Calcium-dependent channel, 7TM region, putative phosphate
Late exocytosis, associated with Golgi transport
Cytosolic domain of 10TM putative phosphate transporter
Fungal Zn(2)-Cys(6) binuclear cluster domain

SET domain

JmjC domain, hydroxylase

alpha/beta hydrolase fold

Protein of unknown function (DUF3435)

Protein of unknown function (DUF3723)
Calcium-dependent channel, 7TM region, putative phosphate
Late exocytosis, associated with Golgi transport
Cytosolic domain of 10TM putative phosphate transporter
Calcium-dependent channel, 7TM region, putative phosphate
Late exocytosis, associated with Golgi transport
Cytosolic domain of 10TM putative phosphate transporter
WD domain, G-beta repeat

WD domain, G-beta repeat

WD domain, G-beta repeat

WD domain, G-beta repeat

WD domain, G-beta repeat

WD domain, G-beta repeat

Fungal N-terminal domain of STAND proteins

NACHT domain

Ankyrin repeats (3 copies)

Proteinaceous host-selective toxin ToxA

Heterokaryon incompatibility protein (HET)

Breast carcinoma amplified sequence 2 (BCAS2)

Protein of unknown function (DUF3723)

not in database

not in database

not in database

not in database

not in database

not in database

not in database

not in database

not in database

not in database
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gene_09885
gene_09887
gene_09888
gene_09889
gene_09890
gene_09891
gene_09896
gene_09897
gene_09898
gene 09900

N/A
N/A
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N/A
N/A
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not in database
not in database
not in database
not in database
not in database
not in database
not in database
not in database
not in database
not in database
not in database
not in database
not in database
not in database
not in database
not in database
not in database
not in database
not in database
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Additional File 2.5 Circular alignments of 7oxB carrying contigs. a contig 5 from race 3
isolate D308, contig 12 from race 8 isolates I-73-1, and contig NQIK01000005 from race
1 isolates M4. A large 294 Kb region which contains three copies of the 7oxB (black
arrow) is visible which aligns with a section in D308 containing a single copy of the
inactive foxb (grey arrow). b DW-5 contigs (CM025819.1 and CM025824.1) align to Pt-
1C-BFP chromosomes (chr 5 and 11 respectively). Sections containing 7oxB (black
arrows) do not appear to be co-linear with each other or the reference chromosomes
indicating possible transposon activity. These segments of DW-5 do not appear to align
with ‘Icarus’ from I-73-1 or D308.
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Additional File 2.6 Number of core, accessory, and singleton genes on contigs of the long-read assemblies of [-73-1 and D308.

Isolate Contig Size Number of genes % of category % of all genes Gene per Mb Core/Acc
(Mb)  core acc total core acc core acc total core acc total
D308 contig_1 6.85 1,976 323 2,299 1945 1380 1581 258 18.39 289 47 336 6.12
D308 contig_2 569 1596 282 1,878 1571 1205 1277 226 15.02 233 41 274 5.66
D308** contig_9 525 1,323 347 1,670 13.02 1482 1058 278 13.36 193 51 244 3.81
D308 contig_7 3.37 980 167 1,147 9.65 7.13 784 134 9.18 143 24 168 5.87
D308 contig_3 3.56 869 284 1,153 8.55 12.13 6.95 227 9.22 127 41 168 3.06
D308 contig_5 3.67 846 269 1,115 8.33 11.49 6.77 215 8.92 124 39 163 3.14
D308 contig_15 1.79 514 85 599 5.06 3.63 411 0.68 4.79 75 12 87 6.05
D308 contig_10 1.98 498 133 631 4.90 5.68 398 1.06 5.05 73 19 92 3.74
D308 contig_8 1.77 426 123 549 4.19 5.25 341 098 4.39 62 18 80 3.46
D308 contig_11 1.69 403 100 503 3.97 4.27 3.22 0.80 4.02 59 15 73 4.03
D308 contig_14 1.06 275 59 334 2.71 2.52 220 047 2.67 40 9 49 4.66
D308 contig 25  0.86 235 48 283 2.31 2.05 1.88 0.38 2.26 34 7 41 4.90
D308 contig 30  0.78 174 40 214 1.71 1.71 1.39 0.32 1.71 25 6 31 4.35
D308 contig 90  0.13 21 11 32 0.21 0.47 0.17  0.09 0.26 3 2 5 1.91
D308 contig_120 0.10 20 1 21 0.20 0.04 0.16 0.01 0.17 3 0 3 20.00
D308 contig_12 0.37 3 17 20 0.03 0.73 002 0.14 0.16 0 2 3 0.18
D308 contig_107 0.02 0 6 6 0.00 0.26 0.00 0.05 0.05 0 1 1 0.00
D308 contig_135 0.00 0 1 1 0.00 0.04 0.00 0.01 0.01 0 0 0 0.00
D308 contig_158 0.02 0 5 5 0.00 0.21 0.00 0.04 0.04 0 1 1 0.00
D308 contig_18  0.07 0 1 1 0.00 0.04 0.00 0.01 0.01 0 0 0 0.00
D308 contig_184 0.13 0 5 5 0.00 0.21 0.00 0.04 0.04 0 1 1 0.00
D308 contig_192 0.04 0 9 9 0.00 0.38 0.00 0.07 0.07 0 1 1 0.00
D308 contig_20  0.01 0 1 1 0.00 0.04 0.00 0.01 0.01 0 0 0 0.00
D308 contig_ 21  0.07 0 5 5 0.00 0.21 0.00 0.04 0.04 0 1 1 0.00
D308 contig_34  0.01 0 1 1 0.00 0.04 0.00 0.01 0.01 0 0 0 0.00
D308 contig_4 0.01 0 1 1 0.00 0.04 0.00 0.01 0.01 0 0 0 0.00
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D308 contig_48  0.01 0 1 1 0.00 0.04 0.00 0.01 0.01 0 0 0 0.00
D308 contig_52  0.01 0 2 2 0.00 0.09 0.00 0.02 0.02 0 0 0 0.00
D308 contig_56  0.08 0 12 12 0.00 0.51 0.00 0.10 0.10 0 2 2 0.00
D308 contig_98  0.01 0 1 1 0.00 0.04 0.00 0.01 0.01 0 0 0 0.00
D308 contig_99  0.00 0 1 1 0.00 0.04 0.00 0.01 0.01 0 0 0 0.00
173-1 contig_1 543 1621 290 1911 1598 1122 1274 228 1502 299 53 352 5.59
173-1 contig_20 432 1241 236 1,477 1224 913 975 185 1161 287 43 272 5.26
I73-1*  contig_3 400 1,050 277 1,327 1035 10.72 825 218 1043 262 51 245 3.79
173-1 contig_18 355 1,039 173 1,212 1024  6.69 8.16 136 9.52 293 32 223 6.01
173-1 contig_2 383 1,031 325 1,35 10.17 1257 810 255 1065 269 60 250 3.17
I73-1** contig_12  3.65 994 292 1,286 9.80 1130 781 229 1010 273 54 237 3.40
173-1 contig_16  3.46 981 199 1,180 9.67 7.70 771  1.56 9.27 283 37 217 4.93
173-1 contig_17  3.21 796 248 1,044 7.85 9.59 6.25 195 8.20 248 46 192 3.21
173-1 contig_7 3.14 646 196 842 6.37 7.58 508 154 6.62 205 36 155 3.30
173-1 contig_6 2.05 515 152 667 5.08 5.88 405 119 5.24 251 28 123 3.39
173-1 contig_9 2.59 186 142 328 1.83 5.49 146 112 2.58 72 26 60 131
173-1 contig_106  0.06 10 12 22 0.10 0.46 0.08 0.09 0.17 172 2 4 0.83
173-1 contig_15  0.26 6 7 13 0.06 0.27 0.05 0.06 0.10 23 1 2 0.86
173-1 contig_49  0.03 6 7 13 0.06 0.27 0.05 0.06 0.10 181 1 2 0.86
173-1 contig_133  0.07 5 5 10 0.05 0.19 0.04 0.04 0.08 68 1 2 1.00
173-1 contig_66  0.02 4 5 9 0.04 0.19 0.03 0.04 0.07 214 1 2 0.80
173-1 contig_22  0.02 3 4 7 0.03 0.15 0.02 0.03 0.06 146 1 1 0.75
173-1 contig_84  0.04 3 7 10 0.03 0.27 0.02 0.06 0.08 73 1 2 0.43
173-1 contig_134 0.01 1 2 3 0.01 0.08 0.01 0.02 0.02 81 0 1 0.50
173-1 contig_19  0.01 1 1 2 0.01 0.04 001 0.01 0.02 70 0 0 1.00
173-1 contig_45  0.03 1 1 2 0.01 0.04 001 0.01 0.02 29 0 0 1.00
173-1 contig_60 <0.01 1 1 2 0.01 0.04 001 0.01 0.02 0 0 0 1.00
173-1 contig 89  0.05 1 3 4 0.01 0.12 0.01 0.02 0.03 22 1 1 0.33
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Additional File 2.7 Density of ITL sizes for I-73-1, red bars indicate 90 percentile cut-
off values.
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Additional File 2.8 Intergenic distances of all genes in Pyrenophora tritici-repentis
isolate D308. The 3’ intergenic length (x-axis) is the distance (bp) from the 3’ end of
current gene to the 5’ end of next, and the 5’ intergenic length (y-axis) is the distance
from the 3’ end of the previous gene to the 5’ end of the current gene.
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Additional File 2.9 Alignment of raw read data to long-read assemblies; a I-73-1; b

D308.

Additional File 2.10 List of GenBank accession numbers associated with the
genomes generated by this study and of the genomes downloaded and used for

comparison.

. . . BioSample
Isolate BioProject ID  Genome Accession Accessiopn Source
331-2 PRINA803191 JAMBYI000000000 SAMNZ26027264  this study
86-124 PRINA803191 JAMBYOO000000000 SAMN26027258  this study
90-2 PRINA803191 JAMBYDO000000000 SAMNZ26027269  this study
92-
171R5 PRINA803191 JAMBYAO000000000 SAMN26027272  this study
AB88-2 PRINA803191 JAMBYNO000000000 SAMN26027259  this study
ASC1 PRINA803191 JAMBYYO000000000 SAMNZ26027248  this study
AZ35-5 PRINA803191 JAMBXS000000000 SAMN26027280  this study
Alg3-24  PRINA803191 JAMBXZ000000000 SAMNZ26027273  this study
Alg4dx-1  PRINAS803191 JAMBXYO000000000 SAMN26027274  this study
AlgH1 PRINA803191 JAMBXTO000000000 SAMNZ26027279  this study
D308 PRINA803191 JAKRES000000000 SAMNZ25871520  this study
G9-4 PRINA803191 JAMBYCO000000000 SAMN26027270  this study
1-17-2 PRINA803191 JAMBXX000000000 SAMNZ26027275  this study
1-33-1 PRINA803191 JAMBYX000000000 SAMNZ26027249  this study
1-34-1 PRINA803191 JAMBXP000000000 SAMNZ26027283  this study
1-34-5 PRINA803191 JAMBXWO000000000 SAMNZ26027276  this study
[-35-18  PRINA803191 JAMBXO000000000 SAMN26027284  this study
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|-35-56
1-36-1
-72-1
1-72-7
-73-1
L2-1
L3-1
L4-1
SC29-1
SW1-2
SW15-1
SW2-1
SW20-7
SW21-1
SW21-5
SW21-7
SW21-8
SW7-5
T126-1
T128-1
T132-2
T176-2
T181-1
Pt-1C-
BFP

M4

DW-5

PRINA803191
PRINA803191
PRINA803191
PRINA803191
PRINA803191
PRINA803191
PRINA803191
PRINA803191
PRINA803191
PRINA803191
PRINA803191
PRINA803191
PRINAB803191
PRINA803191
PRINA803191
PRINA803191
PRINA803191
PRINAB803191
PRINA803191
PRINA803191
PRINA803191
PRINA803191
PRINA803191

AAXI01
NQIK02

MUXCO02

JAMBXV000000000
JAMBXU000000000
JAMBYHO000000000
JAMBYG000000000
JAKRER000000000
JAMBYMO000000000
JAMBYWO000000000
JAMBYY\000000000
JAMBYF000000000
JAMBYL000000000
JAMBYKO000000000
JAMBYT000000000
JAMBYUO000000000
JAMBY S000000000
JAMBYEO000000000
JAMBYR000000000
JAMBY Q000000000
JAMBYP000000000
JAMBYB000000000
JAMBXNO000000000
JAMBYJ000000000
JAMBXR000000000
JAMBXQ000000000

GCA_000149985
GCA 003171515

GCA_003231415
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SAMN26027266
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SAMN26027260
SAMN26027250
SAMN26027251
SAMN26027267
SAMN26027261
SAMN26027262
SAMN26027253
SAMN26027252
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SAMN26027268
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SAMN26027257
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this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
this study
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this study
this study
this study
this study
this study
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this study
this study
this study

this study
Manning et
al., 2013
Moolhuijzen
etal., 2018
Moolhuijzen
et al., 2020



Appendix B: Supplementary material for Chapter 3
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T126.0206

100,000 200000 3 D000 500000 00000 00000  BOOOOO 900000

Additional File 3.1 Zoomed in contig alignment of select isolates T126-1 (track 1), K11
(track 2), G9-7 (track 3), and Denl17 (track 4) which lack ToxB/toxb to isolate 1-73-1 ToxB
multi-copy contigl2 (black bar). 7oxB copies are marked with green triangles. Variable
gap sizes are present in the 7oxB lacking isolates, ranging from ~50 Kb to ~375 Kb. Gap
sizes alter slightly when compared to single copy carrier Tptr3-1 or foxb carrier D308
(not shown).

|

Additional File 3.2 Dotplots showing single reads (y-axes) covering all copies of 7oxB in
the assemblies of four multicopy isolates (x-axes).
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Additional File 3.3 Read coverage around 7oxB in isolate Alg3-24 a Read coverage of
ToxB region in tig35 (Chr05) in isolate Alg3-24; b Read coverage of multi 7oxB copy
tigl12 (Chr10) in isolate Alg3-24. A drop in coverage is visible for the second copy.
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Additional File 3.4 Example of self-alignments done with isolate T128-1 which were
used to locate edges of the ToxB replicative unit. a linear dotplot showing the
unidirectional nature of the duplications and helps locate the specific start and end
locations; b circular alignment of the same 45 kbp shows the replication of the ToxB
region more clearly, with duplications separated by a sequence junction. The alignments
also revealed a pocket of nearby putative transposons and that the entire region is flanked
by a hAT-like transposon.

Additional File 3.5 Details of transposons and insertions near or within the 7oxB ORF in
Pyrenophora tritici-repentis.

Length Name Category l?r?:glt{l/lrlgf;)
5,661  Copia-1_Ptr LTR retrotransposon 192 LTR
5,181  Copia-2 Ptr LTR retrotransposon 165 LTR
5,549  Copia-3 Ptr LTR retrotransposon 195 LTR
5,396  Copia-4 Ptr LTR retrotransposon 240 LTR
5,251  Copia-5_ Ptr LTR retrotransposon 172 LTR
5,345  Copia-6_Ptr LTR retrotransposon 102 LTR
6,070  Copia-7 Ptr LTR retrotransposon 202 LTR
2,603  hAT-1_Ptr* DNA transposon 17 TIR
2,805  hAT-1.2_Ptr** DNA transposon 17 TIR
4,036  hAT-2 Ptr hAT DNA transposon 257 LTR
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1,060
3,005
2,110
5,620
6,770
5,601
1,677
240
202
170

hAT-3_Ptr
hAT-4_Ptr
Pogo-1_Ptr
Ty3-1_Ptr
Ty3-2_Ptr

DNA transposon

DNA transposon

DNA transposon

LTR retrotransposon

LTR retrotransposon

Possible non-LTR retrotransposon
LTR transposon

Abandoned LTR from Copia-4
Abandoned LTR from Copia-7

Abandoned LTR from unknown

20 TIR
25 TIR
256 LTR
454 LTR

147 LTR
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Additional File 3.6 Counts of transposons and the sequence junction throughout the genomes of P. tritici-repentis. Counts based on
BLASTN 90% identity over 90% of the sequence.

Transposon copy count

Isolate Copia-1 Ptr  Copia-2 Ptr Copia-3 Ptr Copia-4 Ptr Copia-5 Ptr  Copia-6 Ptr Copia-7 Ptr hAT-1 Ptr hAT-2 Ptr hAT-3 Ptr  hAT-4 Ptr  Pogo-1 Pr  Ty3-1 Ptr  Ty3-2 Pr SJ
107224_b 3 0 4 0 0 1 6 0 0 1 0 8 0 1 53
331-2.b 12 4 5 15 19 0 25 26 0 44 54 24 0 7 53
90-2_b 0 0 2 0 0 0 4 0 0 0 0 7 0 0 58
92-171-R5_B 9 0 2 0 2 21 2 0 0 5 12 38 0 0 58
Alg3-24 B 1 5 0 19 9 1 24 20 1 21 34 28 6 6 63
AlgH1_B 10 2 5 18 13 0 24 33 0 58 62 26 0 8 48
D308*_b 9 3 5 14 15 0 25 16 0 45 63 23 0 6 30
Denl7_b 3 2 1 21 9 0 28 20 0 26 48 25 1 5 44
G9-7_b 4 0 1 0 10 3 2 0 0 0 0 17 0 4 85
1-33-16_N 5 3 1 18 9 0 22 19 0 22 41 30 3 5 42
1-34-1_B 16 2 5 16 16 0 19 28 0 35 56 28 0 12 28
1-73-1_B 15 2 5 15 14 0 19 25 0 39 51 24 0 5 29
KI11_N 0 0 0 0 0 0 0 0 0 1 31 14 1 11 51
K6_N 0 0 0 0 0 2 0 0 0 0 17 11 3 9 46
K9 N 0 0 0 0 0 3 0 0 0 1 30 13 2 10 47
SC22-2 b 12 4 5 14 19 0 25 23 0 42 53 26 0 7 64
SC29-1_b 7 4 3 18 17 0 22 25 0 51 41 28 0 7 31
SC29-8 b 7 4 3 18 15 0 22 25 0 53 44 27 0 7 31
SW21-5 b 8 2 1 13 13 0 21 25 0 57 53 30 0 4 40
T103-1_B 11 2 4 16 16 0 20 28 0 34 59 23 0 7 37
T126-1_N 11 2 6 15 13 0 17 24 0 42 57 25 0 8 30
T128-1_B 4 1 6 13 15 0 20 31 0 44 53 22 0 3 45
Tptr3-1_B 11 1 5 13 13 0 20 27 0 44 54 24 0 8 36
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1-73-1 tig12 K11 tigd7

Transposon frequency

Additional File 3.7 Contig with 7oxB in 1-73-1 and homologous contig in K11 with no
ToxB/toxb. Contigs were binned into 50 kb regions and transposon annotations counted.
The ~450 kbp gap (Additional File 3.1) is not reflect in the chart of K11, a black triangle
is placed in the location of the gap which correspond to the boxed bars in I-73-1. Red bar
is the 7oxB containing bin.
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5,661 _insert_toxb (reversed)
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Additional File 3.8 Dotplot alignment (30 bp sliding window) of elements Copia-1_Ptr

from D308 (x-axis) and Copia-2_Ptr from SC29-1 (y-axis) which were inserted in 7oxB

OREF of the respective isolates. Pairwise alignment with MUSCLE showed an identity of
~51%.

G:-6.20 G420 G:-5.90

5’--TGTCAGCCCTCAGGGGGTGT--3’ 5’--TGGGGTCCTCTTTGGTTGCTTCT--3’ 5’--GTGCCTAGGTAGGCAA--3’

Additional File 3.9 Stemloop structures found near the terminal edges of 7oxB-HLE.
From left to right; the 5’ LTS hairpin (red text = ‘TGTC’ start sequence); 3’ hairpin
beginning 32 bp from RTS; another 3’ hairpin begining 72 bp from RTS with a stronger
delta G value. 5’ hairpins are seen in Helitron2 and Helentrons subfamilies but not in
Heltitronl1.
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Additional File 3.10 Geneious annotations surrounding copies of ToxB (green arrows) in
isolate 92-171RS. The duplication of 7oxB and surrounding sequences are marked in light
blue. All other annotations are transposons, or transposon remnants annotated by EDTA.
The duplicated 7oxB is flanked on either side by undefined retrotransposons.
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Appendix C: Supplementary material for Chapter 4
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Additional File 4.1 Q-Q plot of ToxC GWAS SNPs. The red lines is the expected -log(p)
values assuming no association. Blue circles represent observed SNP -log(p) values.
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Additional File 4.2 Table of gene annotations near to the GWAS peak. Negative log(p)
values represent a SNP within the gene.

Gene Annotation -log(p) General function
gene 04159 Transport protein particle (TRAPP) ER-to-Golgi transport
component
gene 04160 not in database unknown
gene 04161 Senescence-associated protein plant cell death
gene 04162 non-haem dioxygenase in morphine oxidation reactions
synthesis N-terminal
cellular sensors/regulators
20G-Fe(II) oxygenase superfamily
gene 04163 not in database 33 unknown
gene 04164 not in database 3.8 unknown
gene 04165 not in database unknown
gene 04166 Glycosyl hydrolase family 1 CAZyme; break down of
carbohydrates
gene 04167 Protein of unknown function 4.9  possibly catalyzes transfer
(DUF1479) of electrons
gene 04168 not in database unknown
gene 04169 not in database (manual search: some 5.5 unknown
similarity to DUF1479)
gene 04170 not in database unknown
gene 04171 Major Facilitator Superfamily movement of diverse
substrates including ions
gene 04172 not in database unknown
gene 04173 not in database unknown
gene 04174  Autophagy-related protein 2 CAD 3.8  cell death; known roles in

motif

pathogenicity
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