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Abstract

Yellow rust of wheat, caused by the obligate biotrophic fungal pathogen Puccinia striiformis f.
sp. tritici (Pst), is a devastating disease that poses a serious threat to global food security.
Despite the losses caused by this pathogen, the infection process on the host species is poorly
understood. This is largely due to the recalcitrance of this fungus to experimental
manipulation. To date, there is no method for genetically transforming Psz, nor can this fungus
be cultured under experimental conditions. Secreted virulence factors called effectors are a
major component of pathogenicity on the wheat host. Further, some of these factors (deemed
avirulence factors) can be recognised by certain host proteins, triggering an immune response.
Therefore, it is critical to identify and functionally characterise these effectors to better
understand the infection process on wheat host species. In this thesis, I use comparative
genomics of spontaneous gain of virulence mutants to identify candidate avirulence effectors
recognized by the specific host resistance protein YR2. Further, I explore different
heterologous expression systems for the delivery of rust effectors in the native wheat host for
subsequent characterisation. I show two previously described delivery systems involving the
bacterial type III secretion system are unsuitable for screening avirulence properties of
candidate rust effectors in wheat. I also develop a novel heterologous expression system using
the Magnaporthe oryzae (Triticum pathotype, MoT), a different wheat infecting fungus that is
experimentally tractable. This system is able to detect avirulence phenotypes of rust effectors
only when sufficient mRNA levels of the transgene are produced. I obtained a single
transformant which has multiple copies of the transgene that met this requirement. Using
Nanopore sequencing technology I discovered this multi copy insertion occurs in a repeat rich
region of the M. oryzae genome. Further, using CRISPR/Cas9 mediated targeted insertion, I
explore different regions of the genome that may be suitable for optimal transgene expression.
The results in this thesis therefore provide useful insight into the identification and functional

characterisation of rust effectors in the native wheat host.
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Chapter1 General Introduction

11 Wheatis an important staple crop

Since humankind domesticated wheat around 10,000 years ago, our civilisation has never been
the same (Eckardt, 2010). The transition towards an agrarian society has increased our
dependence on cereal crops, increasing the prevalence of these foods in human diets. In extant
times, demand for wheat is forecast at 758 million tonnes for 2019/2020 (FAO, 2019). As a
result, wheat is grown across more land area globally than any other crop (FAO, 2019).

Due to worldwide consumption, wheat plays an important role in human nutrition (Curtis e#
al., 2002). Wheat grain consumption provides 20 % of the total calories consumed globally
and over 25 % of total protein intake. This translates to more protein consumed globally from
wheat than all types of meat combined (FAO, 2017). Cereals including wheat are also a
significant source of micronutrients, providing 44 % and 25 % of daily iron and zinc intake

respectively in the UK (Shewry and Hey, 2015).

With the ever-growing world population and rising demand for wheat, production must
increase approximately 60 % by 2050 (Wheat-CRP, 2014). Reaching this goal is threatened
by multiple factors, including limitations in arable land, climate change, drought, and crop
diseases caused by pathogens (Oerke and Dehne, 2004). Specifically, pre-harvest pests account
for a 35 % loss in crop yields globally (Popp and Hantos, 2013). For wheat in particular, pests
and pathogens are responsible for approximately 21 % yield loss globally (Savary ez al., 2019).
Therefore, improving wheat yield through control of pests and pathogens is essential for

meeting global demand.

1.2 Wheatrust fungi threaten global food security

Fungal plant pathogens belonging to the order Pucciniales — known as the rust fungi — pose
a significant threat to increased crop production (Voegele e al., 2009). These rust fungi are
obligate biotrophs, meaning they require a living plant host to complete their life cycle
(Lorrain e al., 2019). In the process, these fungi cause devastating disease on their hosts,
which include cereals and legumes such as wheat, barley, bean, and soybean (Agrios, 2005).
Within the Pucciniales, three species have been found to predominantly infect wheat: Puccinia
graminis £. sp. tritici (Pgt, stem rust), Puccinia triticina (P, leaf rust), and Puccinia striiformis £.

sp. tritici (Pst, yellow rust) (Mclntosh ez al., 1995). Wheat rusts have plagued agriculture since
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the domestication of cereal crops and continue to cause serious crop losses (Mclntosh ez al.,

1995).

1.2.1  Puccinia striiformis f. sp. tritici (Pst)

My research particularly focused on Puccinia striiformis f. sp. tritici (Pst) which causes the
disease yellow rust of wheat. The asexual spores are highly adapted to wheat; however,
infection can be seen on certain wild grasses, barley, and rye cultivars (Chen e al., 2014).
Throughout history, this fungus has afflicted agriculture, with the disease first described in
Europe in 1777 (Eriksson & Henning, 1896). In recent years, Psz has become notorious for
being the most damaging rust species to the production of wheat, with 88 % of global wheat
production susceptible to yellow rust (Wellings 2011; Beddow ez a/., 2015). Beddow ez al.
(2015) utilized long term crop loss data to model annual global losses to yellow rust, and
concluded that 979 million American dollars, or 5.47 million tonnes of wheat are lost each
year to this pathogen. To prevent these devastating losses, there needs to be a better

understanding of the Psz infection process on its wheat host.

1.2.2  Pstasexual infection on wheat: host penetration and haustorium formation

Infection on the wheat host begins when a dikaryotic (N+N) asexual urediniospore lands on
the host plant. After three hours post inoculation the urediniospore germinates and produces
a germ tube (Moldenhauer ez a/., 2006). This germ tube eventually enters the plant via a stoma
and subsequently differentiates into the substomatal vesicle (Chen e a/., 2014). Other rust
fungi produce a spherical appresorium at the stoma, however, this is rarely observed for
Pst (Moldenhauer ez al., 2006). From the substomatal vesicle, infection hyphae are formed
which grow intercellularly until a mesophyll cell is contacted. A haustorial mother cell is then
formed, penetrating the plant cell wall, and subsequently invaginating the host plasma
membrane (Mares, 1979). Specialised feeding structures called haustoria emerge, staying in
close proximity with the host cytoplasm, but remain separated by the extra-haustorial matrix
(EHMx) and the extra-haustorial membrane (EHM), thus producing a dynamic host-
pathogen interface (Chen ez a/., 2014; Hovmeller ez a/., 2011). Through the haustoria, Ps# is
able to receive nutrients from the plant host, facilitating further colonisation (Voegele and
Mendgen, 2011). Around 12-14 days after initial infection, sporulation occurs, whereby new
urediniospores are produced and break through the surface of the wheat leaf. Under favourable
conditions, these urediniospores may infect new wheat leaves, starting the asexual cycle anew

(Chen et al., 2014). A summary of this process can be found in Figure 1-1.

17



Figure 1-1 Representation of the asexual cycle of Puccinia spp. on wheat. Infection
occurs when the dikaryotic urediniospore (S) lands on the leaf surface and eventually moves
intercellularly through invasive hyphae (IH). The haustorium (H) forms once a mesophyll cell
is contacted. The cycle is completed within 10-11 days, when thousands of new
urediniospores (U) erupt through the leaf epidermis. GT, Germ tube; A, Appresorium; ST,
Stoma; SV, Substomatal vesicle; HMC, Haustorial mother cell; EC, Epidermal cell; MC,
Mesophyll cell; EHM, Extrahaustorial membrane; EHMx, Extrahaustorial matrix. This
figure was published in Garnica ez a/. (2014) and is reused with permission under the Creative
Commons Attribution License.
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1.2.3  PstLife cycle — sexual recombination produces genetic diversity

The above infection process on the wheat host only represents a small portion of the full Psz
life cycle. Psz, like all cereal infecting rust fungi, have an incredibly complex macrocyclic life
cycle (Aime e# al., 2017). The macrocyclic rusts are those that produce five spore stages
sequentially throughout their life cycle. Psz is also heteroecious, meaning two unrelated plants
are required to complete the life cycle (Lorrain ez al., 2019). The sexual cycle is beautifully
described in Chen & Kang (2017), and briefly summarized in the following section. From the
asexual uredinia, elongated telia are produced underneath the epidermis at the end of the
wheat growing season in early autumn. Telia contain two separate cells whereby N+N nuclei
fuse (karyogamy) to produce diploid teliospores. Each of the two cells of the telia germinate
into the promycelium (also known as metabasidium) as meiosis occurs. The haploid (N) nuclei
move into the promycelium-producing basidiospores. Basidiospores are dispersed by wind or
rain, travelling to the alternate host plant and establishing infection by germinating and
subsequently differentiating into pycnia. Host plants where Ps# can complete their sexual cycle
include Berberis spp. (ex. B. chinensis, B. holstii, B. koreana, B. vulgaris) and Mahonia spp.
(Mahonia aquifolium) (Mehmood et al. 2020). Receptive hyphae and haploid pycniospores are
produced from a single mating type denoted as + or -. A pycniospore from one mating type
will fuse with the receptive hyphae from the other mating type to start the fertilization process.
Around 16-20 days after inoculation, and after fertilization has occurred, aecia are produced
on the adaxial side of the alternate host. Each aecium contains many aecial cups with hundreds
of dikaryotic aeciospores (Zhao ez al., 2013). These aeciospores can travel to a new wheat host,

whereby infection produces urediniospores. The full Pszlife cycle is summarised in Figure 1-2.

As fertilisation produces aeciospores that are genetically different through sexual
recombination, this part of the life cycle can produce novel strains with different virulence
profiles. For example, Hovmeller ez al. (2016) detected three Psz races in the post 2011
population in Europe, called ‘Warrior’, ‘Kranich’, and ‘Triticale aggressive’, that had been
introduced by long range spore dispersal. The ‘Warrior’ race in particular rose to high
frequencies in many European countries in the first year it was detected, displaying a faster
spread than previous exotic incursions of yellow rust. ‘Warrior’ displayed both increased
aggressiveness and a novel virulence profile in comparison to existing isolates this race would
eventually replace (Serensen e al., 2014). The ‘Warrior’ and ‘Kranich’ races were found to
originate from the Himalayan region of Asia, which has previously been described as a
concentrated region of sexually recombining populations (Ali ez a/., 2014; Hovmeller ez 4l.,

2016). These two races therefore show the impact that both sexual recombination and long-
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distance spore dispersal have on displacing clonal populations in distant regions, subsequently

causing overwhelming crop loss.
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Figure 1-2 Schematic representation of the Pst life cycle. In the primary host, the fungus
produces asexual urediniospores (N+N) and teliospores (2N) at the end of the growing season.
Teliospores can infect the alternate host and sexually reproduce to generate genetically
different aeciospores (N+N) which can infect the primary host. Figure from Bueno-Sancho e#
al. (2020) and reproduced here with their permission.
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1.2.4  Strategies to combat rust pathogens

Currently, there are two main strategies to abrogate disease development in wheat caused by
rust pathogens: 1) chemical control using fungicides, and 2) breeding for resistance in
commercial wheat varieties. One of the main problems with relying on fungicides to curb
disease is that chemical control can be quite costly. For example, fungicide application on
wheat costs approximately 200 million dollars annually in Australia alone, with yellow rust
being the major target (Oliver, 2014). Further, not only can pathogens develop resistance to
fungicides, chemical control is seen as the less environmentally friendly option (Brethour and
Weersink, 2001; Oliver, 2014). Therefore, a large focus has been put on breeding resistance
genes into the wheat germplasm in attempt to keep rust infection under control (Ellis ez a/.,
2014). However, pathogens are capable of overcoming these resistances even within a few
years after they have been deployed. Thus, it is imperative to uncover the genetic determinants

of pathogenicity in order to develop more informed and robust breeding strategies.
1.3 Plantimmunity: from two tiers to the new frontiers

The field of molecular plant microbe interactions (MPMI), often being abbreviated itself, is
notoriously saturated with abbreviations representing key concepts. Some of these
abbreviations persist in the MPMI canon despite recent revelations about the nebulous nature
of these concepts. Like all areas of science, elegant models described previously can be further

complicated by emerging views from the field.

For example, over a decade ago plant innate immunity was modelled as a two-tier defence
system (Jones and Dangl, 2006). The first layer is known as pathogen-associated molecular
pattern (PAMP)-triggered immunity, or PTI, which is initiated by receptors on the cell
surface called pattern recognition receptors (PRRs). These PRRs initiate an immune response
when conserved PAMPs such as chitin in fungi are detected (Win ez a/., 2012). In response,
pathogens can secrete effector proteins to manipulate the host and subvert PTI responses
(Dodds and Rathjen, 2010). In host genotypes that contain the cognate resistance (R) gene,
these effectors are recognized by plant intracellular receptors (Dangl ez al., 2013). These
receptors have nucleotide binding leucine rich repeat domains and are thus called NLRs. This
triggers the plants second line of plant defence, known as effector triggered immunity (ETI),
which often leads to a hypersensitive cell death response (HR). This process is summarized in

Figure 1-3.
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However, recent studies suggest that PTT and ETI elicit similar and interacting pathways, and
that perhaps there is no strict dichotomy between the two (Thomma ez 4/., 2011). Indeed,
recent data from Ngou ez al. (2020) suggest PTT is required for ETI, and that immune
responses triggered by both types of immune receptors (cell surface vs. intracellular) mutually
potentiate one another. Further, apoplastic effectors can be detected by cell surface receptors
and trigger “PTI-like” responses, creating a tenuous definition for “effector triggered
immunity” (Win ez al., 2012). Therefore, some scientists in the field call for a distinction
between immunity triggered at the cell surface vs. immunity triggered by intracellular
receptors instead of PTI vs. ETI. Although there is currently no consensus, some groups
suggest surface-receptor-mediated immunity (SRMI) instead of PTI, and intracellular-
receptor-mediated immunity (IRMI) instead of ETI (Ding ez a/., 2019). For the purpose of
this thesis, I will refer to PRR triggered immunity as PTT and immunity triggered by NLRs
as ETT for simplicity.

This thesis is largely concerned with immune responses triggered by intracellular receptors
that lead to a localised cell death. However, of course, to further complicate things, this type
of immune response may not always produce cell death, but might only decrease pathogen
proliferation (Jones and Dangl, 2006). When cell death does occur, it deprives biotrophic
pathogens of critical nutrients, as they require living tissue to survive. Recent data suggests
some NLRs can produce inflammasome-like structures called resistosomes (Wang ez al.,
2019). These funnel shaped resistosomes translocate to the plasma membrane upon activation,

likely causing cell death by forming toxin-like pores (Wang ez al., 2019).
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Figure 1-3 Plant pathogen effectors and the plant immune system. During a compatible
infection, pathogens deliver apoplastic effectors (AE) or cytoplasmic effectors (CE). These
effectors can target plant proteins in the apoplast (apoplastic effector target, AET) or
cytoplasm (cytoplasmic effector target, CET). In susceptible genotypes (A), effector
interactions with their target proteins can alter plant cell processes and suppress immune
responses, leading to effector-triggered susceptibility (ETS). In resistant genotypes (B),
pathogens are perceived by immune receptors that, in turn, stop pathogen growth. Cell surface
pattern recognition receptors (PRRs) detect pathogen-associated molecular patterns
(PAMPs), apoplastic effectors, and/or apoplastic effector—target interactions to initiate PRR-
triggered immunity (PTT). Intracellular nucleotide-binding receptors (NB-LRR) induce NB-
LRR-triggered immunity (ETI) on recognition of cytoplasmic effectors and/or cytoplasmic
effectors—target interactions. This figure was published in Win ez a/. (2012) and is reused with
permission from copyright holders under the Creative Commons Licence.
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1.4  Resistance beyond NLRs

Other than NLR mediated resistance, plants can harbour what is called adult plant resistance
(APR). Adult plant resistance is sometimes conferred by proteins involved in general plant
physiology, for example Yr36, a chloroplast localized kinase that regulates the production of
reactive oxygen species involved in immunity (Gou ez al., 2015). As suggested by its name,
APR is generally effective in the adult stage of a plant whereas NLR mediated immunity is
often conferred during the seedling stage as well (Ellis e7 /., 2014). In terms of rust pathogens,
infected wheat varieties with APR show signs of ‘slow rusting,” in which spore production and
disease development is delayed (Ellis ez a/., 2014). It is important to note, however, that some
NLR-mediated responses can also be weak, such as RPS4-mediated immunity triggered by
AvrRps4 in Arabidopsis thaliana (Thomma et al., 2011; Wirthmueller ez al., 2007). APR
generally does not require elicitation by pathogen effectors in a gene-for-gene manner (Milne
et al., 2019; Ellis ez al., 2014). As such, APR resistance is thought to be ‘durable’ as a single
mutation in an avirulent isolate is not sufficient to gain virulence to APR wheat varieties
(Schwessinger, 2016). However, APR can still become less effective when genetically diverse

isolates from distant populations replace local clonal isolates via long range spore dispersal

(Serensen et al., 2014).

1.5 Rusteffectors
1.5.1  Secretion through the haustoria: translocation across multiple membranes

The haustorium of fungi and oomycetes is a multi-faceted specialised structure that is used
for both nutrient uptake and delivery of effectors into the host (Garnica e# a/., 2014). In order
to reach the host cytoplasm, effectors must first pass through the fungal cell wall into the
extrahaustorial matrix, then pass through another membrane called the extrahaustorial
membrane (Figure 1-4). Infection hyphae within the apoplast of the plant may also secrete
effector proteins. These effectors must exit the fungal hyphae, enter the apoplast, and then
pass through the plant cell wall and plasma membrane (Figure 1-4). Clearly, targeting effector
proteins to the host cytoplasm is complicated due to the multiple membranes that need to be
passed. The mechanism by which effectors translocate from the fungal haustoria into the host

cytoplasm still remains poorly understood (Petre and Kamoun, 2014)
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1.5.2  Rust effectors and virulence — manipulation of host processes

Very few effectors from the cereal rusts have been functionally characterised for roles in
virulence, although a handful have been generally implicated in the suppression of host
defence responses. For example, Cheng ez a/. (2017) discovered that the Psz effector
PSTha5a23 can supress PTI-like responses induced by bacterial pathogens. Similarly, Psz
effectors Pst_8713 and Pst_12806 were also shown to supress PTT mediated callose deposition
in wheat (Zhao ez al., 2018; Xu et al., 2019). Pst effectors can also supress ETI-like responses.
For example, Ramachandran ez a/. (2017) delivered the Psz candidate effector Shr7 in wheat
and noticed Shr7 can supress nonspecific cell death caused by P. syringae DC3000. Pst_12806
was also shown to supress HR in wheat caused by P. syringae DC3000 (Xu ez al., 2019).

Due to functional redundancy, silencing an effector may not lead to reduced virulence of the
rust pathogen. For example, silencing 4vrL567 from flax rust does not show reduced growth
on flax (Lawrence e# al., 2010). However, a decreased number of pustules was observed when
the PEC6 effector from Psz was silenced through host induced gene silencing (HIGS) (Liu e#
al., 2016). This suggests a general role of PEC6 in supressing the wheat host immune

response.

Examples of effector functions from other fungal plant pathogens suggest that these proteins
have multiple modes of action to facilitate pathogen infection. One strategy is to avoid
detection of the pathogen by the plant. A classic example of this is the Ecp6 effector of
Cladosporium fulvum that can sequester chitin, preventing recognition by plant cell receptors
at the plasma membrane (Jonge ez a/., 2010). Another strategy is to interfere with host immune
responses. For example, the apoplastic effector Pepl from Ustilago maydis inhibits the plant
peroxidase POX12 that produces reactive oxygen species (ROS), key molecules in plant
defence (Hemetsberger ez al., 2012). Other effectors may interact with host proteins to redirect
them away from production of host defence molecules. For example, the U. maydis etfector
Cmul diverts precursors of salicylic acid (SA) towards the production of aromatic amino acids
(Djamei ez al., 2011). Since SA is a key hormone in plant defence, its reduction leads to
increased U. maydis virulence. These strategies are summarised in the cartoon depicted in

Figure 1-5.
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Figure 1-5 Pathogen strategies for successful host invasion. Fungi utilise their effector
complement, or effectorome (illustrated as the king of the plant), to benefit pathogen
proliferation. Some effectors can be used to block fungal recognition by the plant (bottom
left). Others can protect fungi from the plant defence system (bottom right). Further, some
effectors can interfere with plant host metabolism to dampen plant immune responses (top
left). Additionally, fungi can use nutrients or other helpful components by redirecting them
towards the pathogen and away from the plant (top right).This figure was published in Uhse
& Djamei, (2018) and is reused with permission from copyright holders under the Creative

Commons License.
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1.5.3  Rust effectors and avirulence - tripping the wire

The pioneering work done on AvrL.567 and AvrM from flax rust has established these AVRs
as models for effector recognition by immune receptors. Both effectors are delivered into the
host plant cytoplasm and are recognized by specific immune receptors via a direct interaction
(Catanzariti ez al., 2006; Dodds ez al., 2004). Dodds ez al. (2006) found 12 sequence variants
of AvrL567 from six rust strains. The six AvrLL567 variants that were shown to be avirulent in
planta were co-expressed in a yeast two-hybrid system to test their interaction specificity to
the associated R proteins L5, L6, and L7. The AvrL567 variants A, B, F, J, and L are
recognized by both L5 and L6, whereas AvrL.567-D is L6 specific. The variants of AvrL.567
found to be virulent in planta did not associate with either L6 or L7 in yeast. Similarly,
Catanzariti ez a/. (2010) found avirulent variants of AvrM directly interact with the associated
M resistance protein in a yeast two-hybrid assay. These results suggest recognition is based on
a direct R-AVR protein interaction, and the authors suggest recognition by direct interaction

may be overcome through sequence diversification, as seen in 4vrL567 and AvrM, rather than

loss of function (Catanzariti ef al., 2010; Dodds ez al., 2006).

Both AvrM and AvrL567 are also characterized by high levels of polymorphism as a result of
diversifying selection. For example, there are 35 polymorphic positions in the 12 sequence
variants of AvrL567, even though this gene encodes a protein of only 127 amino acids in
length. Similarly, AvrM variants have 14 polymorphic positions including deletions, showing
elevated sequence variation in comparison to the flanking sequence (Catanzariti ez al., 2006).
It is often suggested that highly polymorphic effector genes are the result of an evolutionary
arms race between these effectors and their interacting receptors. Indeed, structural analysis
of AvrL.567 variants A and D revealed polymorphisms in residues that interact with the

associated R protein (Wang ez al., 2007).

In terms of the cereal rusts, only two avirulence effectors have been confirmed. Like AvrM
and AvrL567 from flax rust, the avirulence effector 4vrSr50 from Pgt is also polymorphic,
with multiple alleles characterised from different isolates, and directly interacts with its
cognate R protein (Chen ez al., 2017). Direct interaction with Sr50 was also confirmed using
a yeast two-hybrid system, along with cell death assays in both V. fabacum and N. benthamiana.
Similarly, direct interaction of the Pgz effector AvrSr35 with Sr35 was determined through
cell death assays in V. benthamiana and also bimolecular fluorescent complementation (BiFC).
The AovrSr35 locus is also highly polymorphic, with many virulent isolates having severe

deletions and truncations from transposon insertions in the avirulent allele (Salcedo ez a.,
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2017). A table of cereal rust effectors from Psz and Pgr that have been functionally

characterised (in both virulence and avirulence) are summarized in Table 1-1.

Table 1-1 Functionally characterised effectors from Pst and Pgt.

Effector/AVR Pathogen  Localisation Cellular Reference
proteins function
PECe6 Pst Nucleus and Suppression of  (C. Liu ez al.,
cytoplasm in PTI 2016)
wheat epidermal
cells
PSTha5a23 Pst Cytoplasm of Suppression of  (Cheng e al.,
wheat PT1 2017)
protoplasts
Pst_8713 Pst Cytoplasm and ~ Suppression of (M. Zhao ez al.,
nucleus of wheat PTI ETI 2018)
protoplasts
Pst 12806 Pst Chloroplasts in ~ Suppression of  (Xu ez al., 2019)
N. benthamiana ~ PTI
Shr7 Pst Not known Suppression of  (Ramachandran
ETI et al., 2017)
PST02549 Pst P-bodies in the ~ Not known. (Petre et al.,
cytoplasm of N.  Likely alters 2016)
benthamiana host
transcription.
PstSCR1 Pst Apoplast of N.  Triggers PTTin (Dagvadorj ez
benthamiana non-host V. al., 2017)
tobacco
AvrSr35 Pgt Cytoplasm of Not known (Salcedo ez al.,
wheat cells, ER  (avirulence) 2017)
and cytoplasm of
N. benthamiana
AvrSr50 Pgt Cytoplasm of Not known (Chen et al.,
wheat cells (avirulence) 2017)
PGTAUSPE-10-1  Pygr Not known Not known (Upadhyaya ez

(avirulence) al., 2014)

1.6  The search for effectors

Understanding effector biology has given scientists a better understanding of disease
development, ultimately influencing strategies to keep agricultural pests in check. It is
important to continue identifying and functionally characterising plant pathogen effectors not
only to uncover the incredible fundamental biology of these organisms, but also to shape the
discovery of resistance genes in cultivars used for breeding programs (Kanja and Hammond-
Kosack 2020). The following section is an overview of different methods for identifying

candidate effectors, and how these methods have evolved over time.
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1.6.1  Positional cloning

Most of the ground-breaking work on rust effectors has come from studies on the flax rust
tungus, Melampsora lini. Indeed, the first rust effectors identified came from studying the M.
lini — flax pathosystem. In the absence of sophisticated iz sifico technology, these effectors, for
example AvrL567, were identified using traditional map-based cloning combined with
expressed sequence tag libraries from infected materials as probes (Dodds e al., 2004). Map
based cloning involves following a phenotype of interest in a breeding population and looking
for linkage to established genomic markers. AvrL567 was identified by crossing the flax rust
strain H (L5, L6, L7 avirulent) with strain C (L5, L6, and L7 virulent) to produce the hybrid
CHS strain. This strain was selfed, producing an F2 mapping population (Dodds e a/., 2004).
A subset of clones from a cDNA library enriched for transcripts present in flax leaves during
infection with the avirulent H strain were used as probes. These cDNA clones were used as
DNA probes to detect restriction fragment length polymorphisms (RFLPs) segregating in the
flax rust mapping family. One cDNA probe called IU2F2 detected RFLPs that co-segregated
with the AvrL567 locus corresponding to the cognate associated resistance genes L5, L6, and
L7 in flax. Clones of this locus were isolated and narrowed down to a single gene that caused
HR when transiently expressed in flax lines containing L5, L6, or L7, confirming its identity

as AvrL.567 (Dodds ef al., 2004).

The flax rust system has been studied in depth since the 1970’s when Flor established the
gene-for-gene hypothesis defining interplay between host resistance (R) and rust avirulence
(AVR) genes (Flor 1971). Therefore, this system has had much more time for the development
of good genetic stocks, and a well-characterized mapping population with families segregating
for multiple AVR loci (Duplessis ez a/., 2012). Unfortunately, in other systems lacking these
components, map-based cloning remains quite labour-intensive and time-consuming
(Stergiopoulos and de Wit 2009). For example, establishing a sexual population for Psz under
experimental conditions on the barberry alternate host has proven to be extremely difficult.
This is because isolates that have undergone long term asexual reproduction produce few
teliospores which are required to initiate the sexual cycle (Rodriguez-Algaba ez al, 2014).
Despite this, a segregating population has been established for Psz. The resulting linkage map,
however, produced markers that could not fully resolve virulence loci associated with a
particular resistance gene (Yuan e al, 2018). Fortunately, advances in next generation

sequencing over the past few years have paved the way for a new era in effector discovery.

30



1.6.2 Genome Mining

Over the past decade, over 20 genomes of rust fungi have been sequenced (Lorrain e al.,
2019). Recent advances in long-read sequence technology have assisted the improvement of
large rust genome assemblies in which the dikaryotic nuclei are partially phased (Lorrain ez
al., 2019). These studies have not only uncovered important information about rust genome
architecture, but also the prediction of candidate effectors. High-throughput computational
methods for mining candidate effectors from full genomes has proven to be a valuable resource
(Duplessis e al., 2012). Genomic studies of plant pathogens, including rust fungi, have
produced a characteristic profile for candidate effectors (Petre e al., 2014). The following
section describes common features typically used to mine effector candidates in genome wide

studies.

1.6.3  Signal peptides, translocation motifs, and transmembrane domains

As previously described, in order for effectors to target host components and modulate plant
immunity, they must first be secreted from the fungal pathogen. Thus, a common first step in
effector mining is identifying proteins which have signal peptides. Programs such as SignalP
predict signal peptide cleavage sites in proteins with high accuracy using sophisticated
analytical algorithms including artificial neural networks (Petersen ez al., 2011). Not all
proteins with signal peptides are secreted outside of the fungus. Signal peptides may also
contain hydrophobic segments, usually longer than those in secretory proteins, that target
proteins to a membrane (Sonah ez a/., 2016). Therefore, in order to delimit secreted proteins
from transmembrane (TM) proteins, it is necessary to identify TM domains within the
secretome. A commonly used program to identify transmembrane domains is TMHMM
(transmembrane hidden markov model), which uses a hidden Markov model to predict TM
proteins and has been used in many effector prediction pipelines (Cantu ez a/., 2013; Saunders

etal., 2012).

In oomycetes, numerous conserved translocation motifs have been discovered. Perhaps the
best studied of these motifs is the RXLR motif found in Phytophthora spp. and downy mildews
(Giraldo and Valent 2013). It is suggested that the RXLR motif plays a role in effector
endocytosis into host cells by binding extracellular phosphatidylinositol-3-phosphate (PI3P),
however these results remain controversial (Petre and Kamoun, 2014; Kale ez a/., 2010). Other
translocation motifs in oomycetes include the crinkler, or CRN motif, the YXSL[RK] motif
from Pythium ultimum, and CHXC motif from Albugo species, all of which have putative

functions in translocation into the host (Giraldo and Valent 2013). In fungi, translocation
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motifs are less well defined, and most fungal effectors do not have an assigned putative
translocation motif based on bioinformatic analyses (Rafigi ez a/., 2012). One of the few
examples of an identified translocation motif in fungi comes from the ToxA effector from the
necrotrophic fungus Pyrenophora tritici-repentis. This effector contains the RGD motif which
directly binds to wheat mesophyll cells, allowing toxin internalization and cell death of the
host plant (Manning e# al., 2008). Further, in the flax rust effectors AvrM and AvrLL.567,
deletion studies have revealed N-terminal domains that are important in host translocation
(Ve et al., 2013; Rafiqi ez al., 2010). However, these host uptake regions were not found to be
conserved in other fungi (Giraldo and Valent, 2013). In general, clearly conserved cell entry
motifs analogous to the RXLR motif in oomycetes have not been identified so far in fungi

(Rafigi ez al., 2012).

1.6.4  Small cysteine rich proteins

Effectors that remain in the apoplast, and some that pass through the apoplast and into the
host cytoplasm, often contain multiple cysteine residues. These effectors are deemed small
cysteine rich proteins, or SCRs (Stergiopoulos and de Wit, 2009). These cysteine residues are
involved in disulfide bridge formation that likely contribute to protein stability in the protease
rich environment of the plant apoplast. For example, Avr4 and Avr9, effectors from the
tomato leaf mould pathogen Cladosporium fulvum, contain disulfide bonds between cysteine
residues that are required for stability and activity (Van den Hooven ez a/., 2001; Van den Burg
et al., 2003). For cytoplasmic effectors, disulfide-bridge formation may contribute to proper
tertiary folding required for the protein to be taken up by the host (Stergiopoulos and de Wit,
2009).

1.6.5 Genomic location of effectors

Previous analyses of fungal and oomycete pathogen genomes have revealed the presence of
expanded genomes partially due to transposon proliferation and repetitive elements (Raffaele
and Kamoun, 2012). Rust fungi are no exception, with the poplar rust and stem rust genomes
being comprised of nearly 50 % repeats and transposable elements (Duplessis ez a/., 2014).
Such unstable repeat rich regions are often enriched with effector genes (Raffaele and

Kamoun, 2012).

For example, 49.3 % of Phytophthora infestans secreted proteins are located within repeat rich,
gene sparse regions, despite the fact that secreted proteins represent only 22.1 % of total genes

(Raftaele ez al., 2010). Further, analysis of the phytopathogenic ascomycete Leptosphaeria
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maculans genome revealed AT-rich blocks that are gene poor and transposable element rich.
These particular regions are enriched in genes likely to have a role in pathogenicity (Rouxel ez
al., 2011). In these AT-rich blocks, 20 % of the genes encode small secreted proteins (SSPs),
most of which have features indicative of effectors, whereas only 4.2 % of genes located in
GC-rich blocks encode SSPs, most of which lack features of known effectors of L. maculans
(Rouxel ez al. 2011). Thus, many fungal and oomycete plant pathogens display what is known
as a “two speed genome” whereby genes associated with virulence are located in hypervariable

regions enriched in repeats.

These studies suggest genomic plasticity plays a large role in the development and
diversification of virulence traits and effector repertoires (Raffacle and Kamoun, 2012). Thus,
location within repeat regions of the genome can be used as a requirement to rank the

likelihood of a fungal secreted protein being an effector.

1.6.6  Other features of previously described fungal effectors

Since only a few rust effectors have been characterized, no general features have been identified
that may be used in the computational prediction of effectors from fungi in the Pucciniales.
Despite this, rust secretomes have been mined for candidate effectors by searching for other
features of known effectors from filamentous pathogens in general. In addition to possessing
a signal peptide, multiple cysteine residues, and residing in repeat rich genomic regions, such
features include the presence of internal repeats, in planta-induced expression, similarity to
haustorial proteins, and the absence of conserved protein domains, except for those associated
with pathogenicity. For example, Saunders ez a/. (2012) designed an in sifico pipeline to
identify the putative effector repertoire from the genomes of poplar leaf rust and wheat stem
rust. Using the aforementioned criterion, Markov clustering and hierarchical clustering were

used to rank protein families of these two rust pathogens for their likelihood of being effectors.

1.6.7 Limitations to genome mining for effectors

Effector mining pipelines, although incredibly useful, are limited to assumptions based on
previously described effectors. Many effectors however, deviate from these “common”
characteristics of previously identified effectors. The stem rust effector AvrSr35, for example,
has a mature length of 578 amino acids, which negates the “small size” assumption (Salcedo
et al., 2017). Further, recent data from phased rust genomes including Ps# suggest a “one
speed” genome instead of the commonly described “two speed genome.” Effector candidates

in Psz were not enriched in particular regions in comparison to other genes (Schwessinger e#
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al., 2017). Evolution of effectors in a one-speed genome are purported to evolve via copy

number variation and heterozygosity at the effector locus (Frantzeskakis e a/., 2019).

In combination with general candidate effector mining, comparative genomics has emerged
as a powerful tool for effector identification (Cantu e# al., 2013; Plissonneau ez al., 2017;
Saunders ez al., 2012; Upadhyaya ez al., 2015; Wu ez al., 2015). This approach involves
comparing the genomes of multiple sequenced isolates with distinct virulence profiles. Non-
synonymous single nucleotide polymorphisms (SNPs), and other changes in protein coding
genes between sequenced isolates may reveal effector genes required for (a)virulence on

particular wheat lines and not others.

1.6.8  Integration of comparative genomics and transcriptomics

The strength of comparative genomics was demonstrated in a study by Cantu ez a/. (2013)
which used this approach to identify five Psz effector candidates that were highly expressed in
haustoria and polymorphic between two UK isolates that differ in virulence to only two wheat
varieties (YrRob and YrSol). After genome sequencing of the isolates, non-synonymous SNPs
were called, and RNAseq data was used to identify transcripts specifically enriched in
haustoria. Candidate effectors were determined by a scoring system, which involved
annotating and ranking proteins based on known effector features. One candidate effector
from this analysis, PST130_05023, has four amino acid substitutions between four sequenced
isolates (UK isolates: PST-87/7, PST-08/21, US isolates: PST-21, PST-43, PST-130). The
one specific substitution between the two UK isolates may explain the differential virulence of
these two isolates seen on YrRob and YrSol. This gene, along with the other four candidates,
are now of high priority for functional validation as virulence/avirulence factors in the wheat

varieties Robigus and Solstice.

Furthermore, following a field pathogenomics study of 2013 UK isolates of Psz, Hubbard ez
al. (2015) were able to identify polymorphic and differentially expressed effector candidates
which could be linked to the differential virulence profiles of Psz 2013 field isolates (Hubbard
et al., 2015). Thirty-nine Psz field isolates collected in the UK from 2013 were sequenced and
aligned to the PST-130 reference genome. These field isolates were separated into four
distinct population clusters using multivariate discriminant analysis of principal components
(DAPC), which correlated directly with the isolate’s virulence profile. Putative effectors were
first identified by finding proteins that exhibited sequence conservation within population

clusters, but variation between clusters. Next, proteins that had detectable secretion signals,
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displayed features typical of characterized effector proteins, and that were significantly down
or up regulated in comparison to genes in other population clusters were identified. Among
the most highly ranked Ps# effector candidates from a previous study, 10 genes were found to

be upregulated and 9 were found to be down regulated (Hubbard ez 4/., 2015).

1.7  Functional validation of candidate rust effectors

Although many effector candidates have been identified, functional characterisation of these
candidates has lagged behind due to the experimental intractability of the cereal rusts. A few
systems are available for delivering rust effectors into the wheat host for detecting avirulence,
however, each one of these systems has its limitations. Highlighting how little we know about
cereal rust effectors, zero avirulence effectors have been confirmed for the leaf rust or yellow

rust pathogen, and only two have been recently confirmed for the stem rust pathogen.

1.7.1  Agrobacterium mediated transient expression in surrogate plant systems

One high-throughput method for assessing avirulence properties of effectors in planta is the
Agrobacterium-mediated transient expression system. In dicot plants, this method is routinely
used to characterize effectors in the native host, including confirmation of avirulence
properties (Upadhyaya ez al., 2014). This high-throughput method of characterising fungal
effectors in dicot plants has not been as successful in crop host plants (Prasad ez a/., 2019).
Recently, this method been optimized for use in barley plants, however, Agrobacterium

mediated transient expression remains inefficient and poorly suited for other crop hosts such

as wheat (Prasad ez a/., 2019).

Avirulence properties of effectors from wheat pathogens, however, can be detected through
transient expression in a surrogate plant system, namely Nicotiana benthamiana (Petre et al.,
2014). This is only useful if the associated R gene has already been cloned and can be co-
expressed with the avirulence effector, leading to a hypersensitive response. This is how the
only confirmed avirulence effectors from the cereal rusts, 4vrSr50 and AvrSr35, were
functionally characterised (Chen ez al., 2017; Salcedo ez al., 2017). Surrogate plant systems,
however, can be prone to false negatives. Indirect recognition of an AVR by an R protein may
require a host specific protein that is lacking or too divergent in N. benthamiana. For example,
no cell death is observed when AVRa9 from Blumeria graminis f. sp. hordei is co-expressed in
N. benthamiana with the cognate R gene, Mla9 (Saur et al., 2019). However, co-expression in
the native barley host will induce cell death, suggesting host specific proteins are required for

the elicitation of HR.
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Like most heterologous expression systems, transient expression in V. benthamiana may
require optimisation to achieve appropriate protein levels and stability of both AVR and R
protein (Bourras ez al., 2015; Saur e al., 2019a; Saur ez al., 2019b). For example, Saur ez al.
(2019a) were able to detect cell death caused by recognition of AVRA1 by the R protein
MLAZ1 only after labour intensive optimisation. In this case, cell death only occurred when
AVRA1 was stabilised by a C-terminal fusion. Due to the widespread success of this system,
usually with little optimisation required, this limitation is perhaps not given proper

consideration.

1.7.2  Viral overexpression

Heterologous expression of effectors can also be mediated by viral surrogates. The barley stripe
mosaic virus (BSMV) in particular can be used to deliver heterologous effectors in cereal hosts
including wheat (Lee ez al, 2012). One of the first examples of this includes viral
overexpression (VOX) of the apoplastic effector ToxA from the necrotrophic fungal wheat
pathogen Pyrenophora tritici-repentis. BSMV-mediated ToxA overexpression in wheat
resulted in extensive necrosis, suggesting successful delivery of this toxin in wheat cells
(Manning ef al., 2010). Like all methods, the BSMV expression system has its limitations. In
particular, stable overexpression is limited to protein size due to the compact nature of the
virus. The upper limit of stable expression is approximately 150 amino acids, limiting any
expression of effectors larger in size (Bouton ez a/., 2018). However, this method can be used
to confirm avirulence phenotypes of small effectors in wheat indirectly. For example, BSMV-
mediated overexpression of 4vrS§r50 in wheat leaves containing the cognate R gene induced
an immune response that decreased the systemic spread of the virus itself (Chen ez al., 2017).
Therefore, a decrease in BSMV disease symptoms is used as a proxy for avirulence phenotypes
(Kanja and Hammond-Kosack, 2020). To date, this is the only example of a cytoplasmic

avirulence effector being delivered into wheat using the viral overexpression system.

Recently, the foxtail mosaic virus (FoMV) VOX method was shown to stably overexpress
larger constructs (up to 600 amino acids) in cereals, mitigating the size limiting factors of
BSMV (Bouton ez al., 2018). Although both BSMV and FoMV are incredibly useful tools for
delivering effectors in wheat, both systems share limitations. For example, viral overexpression
systems can only be used on plant accessions that will tolerate systemic viral replication (Saur
et al., 2019). Further, both viruses create disease symptoms which can confound cell death

caused by an effector. (Hein ez al., 2005; Bouton ez al., 2018). Although disease symptoms
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caused by FoMV are purportedly less severe than those caused by BSMYV, it still can
complicate interpretation of phenotypic readouts (Bouton es al, 2018). Screening for
avirulence is therefore not only limited to wheat accessions that carry the cognate R gene but
also to those that allow viral replication without excessive disease symptoms.

1.7.3  Biolistic assays

Another approach to deliver effectors in planta is transient expression via particle
bombardment/biolistic transformation. This system has been used in rice, whereby delivery of
the Avr-Pita effector from Magnaporthe oryzae was co-delivered with a GUS reporter gene
into seedlings with the corresponding R gene Pi-fa. Reduced GUS activity was only observed
when Avr-Pita was delivered in rice leaves expressing the corresponding resistance gene Pi-za
(Jia ez al., 2000). In this case, the reduced expression of a reporter gene is used as an indicator
of HR. More recently, this method has been optimized for use in wheat. The powdery mildew
(Blumeria graminis f. sp. tritici) effector AvrPm3*#was co-bombarded into wheat cells with
the associated R gene Pm3a along with a GUS reporter gene (Bourras ef al., 2015). The
decrease in GUS expression in co-bombarded cells indicated cell death and thus suggested
AvrPm*?#%2 is an avirulence effector (Bourras ez al., 2015). However, due to the labour-
intensive nature of particle bombardment, it may not be viable for high-throughput screening
(Upadhyaya ez al., 2014). Further, not all cells in the targeted region are transformed in this
method, resulting in individual transformed cells scattered among untransformed ones (Yin
and Hulbert, 2011). Depending on the efficiency of transformation, a clear pattern in reporter

activity levels may be lost.

1.7.4  Protoplast assays

Avirulence properties of effectors can also be detected in plant host protoplasts. In this
method, protoplasts from lines containing associated R genes are co-transfected with a
construct containing an effector and a construct containing a reporter gene. Similar to the
biolistic method, a decrease in reporter gene signal suggests cell death. This method has been
employed in many cereal hosts including barley and rice (Chen ez al., 2006; Lu ez al., 2016;
Ribot ez al., 2013). Lu e al. (2016) transformed barley protoplasts containing MLA-1 or
MILA13 with AVRal and AVRal3 from Blumeria graminis f. sp. hordei (Bgt) respectively. In
this case, luciferase activity was quantified as a proxy for cell death. A significant reduction of
luciferase signal was detected in a Mlal-AVRal and MIal3-AVRal3 specific manner.
Similarly, R/AVR pairs can be co-expressed in wheat and barley protoplasts to confirm

avirulence properties of an effector. AvrSr50 and §750 were overexpressed along with a
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reporter construct in wheat protoplasts, resulting in decreased luciferase activity and ultimately

suggesting cell death (Saur ez a/., 2019).

Protoplast assays, although incredibly useful, are labour-intensive and are not suitable for
screening multitudes of effectors. These assays can also vary in efficiency if the associated R
gene is not cloned, as native expression levels of the R gene in protoplasts can vary depending
on which wheat variety is used (Peter Dodds, personal communication). Therefore, both
Agrobacterium and protoplast methods are limited by the number of cloned associated NLR
genes, which is very limited particularly for Psz and P¢ (Table 1-2). Other methods must be
used for screening multiple avirulence effector candidates, especially if the associated R gene

has not been cloned.

Table 1-2 Cloned NLR genes for resistance against wheat rust pathogens

NLR name Resistance to (Pst, Pgt, or Pt) Reference
Yr10 (Liu et al., 2014)
Yr5/YrSp Pst (Marchal ez al., 2018)
Yr7 (Marchal ez al., 2018)
YrAS2388 (C. Zhang et al., 2019)
Lrl (Cloutier et al., 2007)
Lr10 Pt (Feuillet ez al., 2003)
Lr21 (Huang ez al., 2003)
Lr22a (Thind e al., 2017)
Sr50 (Mago et al., 2015)
Sr33 (Periyannan e# al., 2013)
Sr35 (Saintenac et a/., 2013)
Sr22 (Steuernagel ez al., 2016)
Sr45 (Steuernagel ez al., 2016)
Sr13 (Zhang et al., 2017)
Sr21 Pgt (Chen ef al., 2018)
Sr46 (Arora et al., 2019)
SrTA1662 (Arora et al., 2019)
Sr26 Zhang et al., under review
(Zhang et al., 2020)
Sr61 Zhang et al., under review

(Zhang et al., 2020)

1.7.5 The bacterial T3SS

A high-throughput method for functionally characterising effectors in wheat using the
bacterial type III secretion system (T3SS) has previously been described (Upadhyaya e# al.,
2014). Certain bacteria deliver effectors directly into the host cytoplasm via a pilus that
traverses the plant plasma membrane (Wagner ez a/., 2018). The T3SS can be exploited to
target candidate effectors towards the pilus and directly into the host (Casper-Lindley ez a.,

2002). This method was successfully used for a single Pg# candidate effector, but for unknown
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reasons has not extensively been used in cereals for detecting avirulence properties (Upadhyaya
et al., 2014). This system was developed in wheat before the discovery of any avirulent cereal

rust effectors, and thereby remains untested with appropriate positive controls.

1.8  Introduction to the current study

As previously mentioned, many candidate effectors have been identified using comparative
genomics, transcriptomics, and genome mining. Despite this, no effectors that are recognized
by a particular resistance protein in wheat have been characterized for Psz to date.
Unfortunately, reliable and robust methods for delivering and functionally characterizing
candidate effectors of Psz in the native wheat host remains limited. I aimed to address these

issues with the following specific objectives:

1) Identify effector candidates of Psz that are specifically recognized by the resistance
protein YR2 using comparative genomics of spontaneous gain of virulence mutants.

2) Explore the bacterial T3SS for the delivery and characterisation of candidate rust
effectors in wheat using an established stem rust AVR as a positive control.

3) Develop a novel heterologous expression system using an experimentally tractable
fungal wheat pathogen for detecting rust effector avirulence phenotypes in the native

wheat host.
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Chapter 2 Comparative genomics of spontaneous gain of
virulence mutants reveal candidate AvrYr2 effectors

2.1 Abstract

Currently, all candidate effectors of Ps# are not associated with a single resistance protein in
wheat. Here, I designed an iz sifico pipeline to mine effector candidates of Psz that specifically
target the YR2 resistance protein. This pipeline is based on comparative genomics, a process
that detects polymorphisms between Psz isolates that have the exact same virulence profile
except for the ability to infect YR2 wheat. Further, the accuracy of this pipeline has been
improved by exploiting recently generated highly contiguous reference genomes. This pipeline
has produced three candidate effectors that are of high priority to functionally characterise

experimentally.

2.2 Introduction
2.2.1 Comparative genomics from population samples: limitations

Since the release of the first Psz reference genome (Cantu ez al., 2011) scientists have
discovered multiple candidate effectors of this pathogen using comparative genomics. This
approach involves identifying polymorphisms within genes encoding secreted proteins that
occur between isolates with differing virulence profiles. For example, Cantu ez a/. (2013)
compared two isolates of similar origin that differ in virulence to only two different wheat
varieties Y7Rob and YrSo/. Focusing on genes that were polymorphic between these two isolates
produced candidate effectors potentially recognized by the specific R proteins present in the

different wheat varieties.

These polymorphic sites may be important for the 3D structure of the effector protein, which
may affect binding to effector targets, and thus virulence on wheat. However, one challenge
regarding this approach is not knowing which polymorphisms are associated with changes in
virulence, rather than simply due to divergent evolutionary origins of the isolates. This can be
a problem even in closely related isolates, as somatic mutations can accumulate in asexual
populations over time (Seidl and Thomma, 2014). Further, comparing isolates with multiple
differences in their virulence profile makes it difficult to associate polymorphisms with the

ability to infect specific wheat varieties.
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2.2.2  Spontaneous gain of virulence mutants: the ideal comparative genomics dataset

One way to mitigate this problem is to isolate a spontaneous gain of virulence mutant from
an avirulent strain. Since the isolates share a common evolutionary background, any changes
may be associated with a single resistance gene and are less likely to be a result of evolutionary
divergence. Chen ez al. (2017) used this method to identify one the first confirmed avirulence
effectors from Puccinia graminis £. sp. tritici (Pgt), AvrSr50. By sequencing a spontaneous gain
of virulence mutant to wheat harbouring the 750 R gene, the authors were able to identify a
2.5Mbp loss of heterozygosity event in which an entire chromosomal arm from one haplotype
replaced the other. Within this region, Chen ez a/. (2017) found 24 genes annotated as
haustorially secreted proteins, one of which was confirmed as 4vr$r50. Another way to obtain
gain of virulence mutants is through large-scale induced mutagenesis. For example, gain of
virulence mutants to Sr35 were induced by subjecting a Py isolate carrying AvrSr35 to EMS
mutagenesis (Salcedo ez al., 2017). By comparing the WT isolate to the gain of virulence
mutants, the authors were able to find 4vrSr35. To date, these are the only examples of
functional validation of an avirulent candidate effector from the cereal rusts. Both have been
identified via genome wide comparative genomics of gain of virulence mutants, uncovering

the potential of this approach in identifying effectors from rust fungi.

2.2.3 Gain of virulence — Variation occurs in the absence of sex

Many different kinds of mutations can occur to produce a gain of virulence mutant during
the asexual phase of a pathogen. Previously thought to be evolutionary dead ends, organisms
in the asexual state have shown evolutionary adaptation in many different ways (Seidl and

Thomma, 2014). A few of these mechanisms are summarised in Figure 2-1.
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Figure 2-1 Different ways rust fungi can lose avirulence during the asexual stage. Left
panel: single step point mutations, insertions, and deletions in an aviruelnt allele can lead to
gain of virulence. Middle panel: avirulent alleles can be lost and replaced with the virulent
allele from the other nuceli via internuclear exchange. Right panel: dikaryotic hyphae can fuse,
exchange nuclei, and produce novel strains with new virulence profiles. This figure was
published in Figueroa ez a/. (2020) and is reused with permission from copyright holders under
license number 4950700637198.

2.2.3.1 Mutations: point mutation, insertions, deletions

Clonal populations that exclusively reproduce asexually on wheat hosts are able to overcome
resistance in a stepwise manner. Single amino acid changes in avirulence proteins (point
mutations) can lead to newly virulent isolates due to evasion of recognition by the associated
R protein (Ellis es al., 2014; Wellings, 2011). This is exacerbated by the presence of
monocultures of wheat varieties that lack diversity in resistance genes. This type of agricultural
practice often results in high selection pressure of Psz to overcome the few resistance genes
deployed in a wheat field at a given time (Schwessinger, 2016). Newly emerged pathotypes
that appear virulent on previously resistant wheat varieties are often genetically related to pre-

existing isolates, suggesting mutation as the cause of novel virulence (Hovmeller ez al., 2011).

For example, (Steele ez al., 2001) tested the hypothesis that modern pathotypes from Australia
and New Zealand, each of which have assorted virulence profiles, originated from the first Psz
isolate detected in Australia in 1979. Molecular variation in seven different pathotypes were
detected via random amplified polymorphic DNA (RAPD) primers. Over 300 potentially

polymorphic loci, no differences were detected between isolates. Due to the lack of genetic
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diversity in modern Australian and New Zealand yellow rust isolates, the authors suggest that

multiple virulences evolved in a stepwise manner from an original clonal lineage.

In addition to point mutations, insertions of transposable elements and non-repetitive DNA
can disrupt avirulence genes leading to gain of virulence. For example, some virulence alleles
of the Pyt effector AvrSr35 contain multiple MITE (miniature inverted-repeat transposable
element) insertions (Li ez a/l., 2019). Large DNA insertions can also disrupt avirulence alleles
rendering them unrecognizable by the host. For example, sequencing 4vrS750 from multiple
Pgt isolates revealed the most common virulence allele has a large 26 kbp insertion disrupting
the gene (Chen ez al., 2017). Other virulence alleles of 4vrSr50 were also gained through point
mutations. Deletion events may also lead to gain of virulence. For example, the avirulent locus
AvrSr27 from Pgt contains two genes that have been deleted in various virulent isolates
(Figueroa ez al., 2020). In summary, point mutations and small insertion/deletion variants
(indels) provide genetic variation whereby virulence can be gained in the absence of sexual

recombination (Figure 2-1, left panel).

2.2.3.2 Internuclear exchange and somatic fusion

Another mechanism for gain of virulence is internuclear exchange (Figure 2-1, middle panel).
The spontaneous gain of virulence mutant for §750 mentioned previously arose through this
type of mutation (Chen ez a/., 2017). Chromosome 14 from the nuclei carrying the virulent
allele was duplicated and subsequently replaced the homologous chromosome carrying the
avirulent allele. Somatic fusion of asexual hyphae leading to nuclear exchange has recently
been proposed as another mechanism whereby novel virulence can occur (Figure 2-1, right
panel). For example, the Pgz Ug99 lineage shares an entire haplotype with the 21-0 race. The
absence of recombination in this shared haplotype suggests Ug99 arose via a nuclear exchange

event (Li ez al., 2019).

2.2.4 Introduction to the current study

Two gain of virulence mutants to YR2 were previously isolated from Serensen ez a/. (2013),
providing an ideal comparative genomics dataset to search for 4vrYr2. One pair of isolates
originate from the UK (W1 and M1) and the other from Denmark (W2 and M2) (Table 2-1).
Each pair represent near isogenic lines in which one isolate has spontaneously gained virulence
on YR2 wheat presumably through loss of a dominant avirulent allele by some unknown
mechanism (Figure 2-2). Therefore, the mutants in this study represent recent spontaneous

gain of virulence mutants from the same clonal lineage as the wild type. It is likely the WT
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isolates are heterozygous for the AvrYR2 allele, as avirulent alleles are often dominant. To
confirm the mutant isolates were not introduced via exotic incursion, Serensen ez a/. (2013)
demonstrated the two mutants shared the same AFLP fingerprint and virulence profile to
their respective wild type isolates, except for YR2 virulence. I predict using spontaneous gain
of virulence mutants will decrease the amount of variation due to evolutionary divergence not
associated with virulence. Furthermore, I predict that comparing isolates with only one

difference in their virulence profiles will identify candidate effectors that exclusively target

YR2 in wheat.

Table 2-1Virulence profiles of isolates and references used in this chapter

Isolate designation Virulence Phenotype®
1D Genotype Lineage 1 2 3 4 5 6 7 8 9 101517 25 27 32 Sd Sp
UK75/30 Wildtype (W1) 1 - - - - - - - - - - - -25-32S8dSp
Mut15/05 Mutant (M1) 1 -2 - - - - - - - - - -25-328d5p
DK24/95 Wildtype (W2) 2 - -34-6- - - - - -25-2328 -
Mut21/06 Mutant (M2) 2 - 234-6- - - - - -25-2328 -
PST104E  Reference - - 234 - - - - - - - -25- -4 -

11281 Reference - -
* Names designate virulence corresponding to specific yellow rust resistance genes. -,

avirulence; Sd, Strubes dickoff; Sp, Spalding prolific. Virulence profiles taken from (Li ez al.,
2019; Hovmeller ez al., 2013; Wellings, 2007)

YR2+
UK (W1) % 32\2; DK (W2)
R E SN
SRR
%’Qﬁ?ﬂ j
'\J

UK (M1) DK (M2)

Figure 2-2 Schematic of wildtype and mutant isolates used in this study. Mutl is a
spontaneous gain of virulence mutant derived from W1 (originating from the UK), and M2
is a spontaneous gain of virulence mutant derived from W2 (originating from Denmark). In
both W1 and W2, a change has occurred in the avirulent allele by some unknown mechanism
to produce gain of virulence mutants.

44



2.2.5 Variant calling: the reference matters

In this study, I use reference-based variant calling to detect mutations that differ between the
wildtype and mutant isolates. This method requires aligning short reads to a reference genome
and identifying variants in comparison to that reference (Horner ez al., 2009). Previous Psz
reference genomes have been sequenced solely using short read data, producing highly
fragmented contigs (Table 2-2). This is largely due to the inability of short read sequences to
resolve repetitive areas of the genome (Pfeifer, 2017). In these instances, genes encoding
effector proteins can often map to incomplete or inaccurate areas of the reference. However,
recent advances in long-read sequencing technology and assembly software has helped resolve
repetitive regions, leading to more contiguous genomes (Sedlazeck ez al., 2018). These
genomes are partially phased, meaning any sequences that diverge from the primary haplotype,
or the primary contig, are separated into haplotigs. For example, the reference genome of
isolate PST-104E137A- contains substantially fewer contigs in contrast to the widely used

unphased reference of isolate PST-130 providing a much more contiguous reference for Psz

(Table 2-2).

For the analysis in this chapter, I chose two separate reference genomes, both of which are
partially phased. One reference, PST-104E, was chosen for belonging to the same NW
European clonal lineage to the W1, W2, M1, and M2 isolates (Hovmeller and Justesen, 2007;
Schwessinger e al., 2018). This will likely decrease mismapping of phylogenetically divergent
reads. This reference, however, is virulent on YR2 (Table 2-1). Therefore, there is a possibility
this reference may not contain the AvrYr2 sequence if the isolate lost avirulence due to
deletion. Another possibility is that other mutations have rendered the avirulent allele a
pseudogene, therefore not being annotated as a gene at all. Due to this reason, a second
reference that is avirulent on YR2 was chosen, PST-11281. This isolate was sampled from
wheatgrass (Agropyron cristatum) in the US, and is highly avirulent on many wheat cultivars,
including YR2 (Xia ez al., 2019). This isolate, however, is likely phylogenetically divergent to
the W1, W2, M1, and M2 isolates, increasing the chance of mismapping.
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Table 2-2 Publicly available reference genomes for Pst and their properties

Isolate No. Technology/phased Total No. Reference
Contigs length (bp)  proteins
predicted
PST-130 29,178 Short reads/not 65Mb 18,149 (Cantu e al.,
(unphased) phased 2011)
PST-21 43,106 Short reads/not 73Mb 20,653 (Cantu ez al.,
phased 2013)
PST-43 49,784 Short reads/not 71 Mb 21,036 (Cantu ez al.,
phased 2013)
PST-87/7 55,502 Short reads/not 53 Mb 20,688 (Cantu ez al.,
phased 2013)
PST-08/21 50,898 Short reads/not 56 Mb 20,875  (Cantu et al.,
phased 2013)
PST-78 17,295 Short reads/not 11731 Mb 19,542 (Cuomo ef
phased al., 2017)
CY32 12,833 Fosmid to 115 Mb 25,288  (Zheng et al.,
fosmid/not phased 2013)
PST- P: 156 Long P:83Mb  P:15,928 (Schwessinger
104E137A- H: 475 reads/partially H: 73Mb H: et al., 2018)
phased 14,321
PST-11281 P: 381 Long P: P: 16,869 (Li et al.,
H: 873 reads/partially 84.75Mb H: 2019)
phased H: 60.09 12,145
Mb
PST-130 P: 151 Long P:85.4Mb P:17,881  (Vasquez-
(phased) H: 458 reads/partially H: 65.9Mb H: Gross et al.,
phased 14,173 2020)
PST- P: 94 Long P:74Mb  P:15,070 (Schwessinger
DKO0911 H: 1176 reads/partially H: 52Mb H: et al., 2019)
phased 14,321
93-210 493 Long reads/not 84 Mb 16,513 (Xia et al.,
phased 2018)

“P, Primary contigs; H, Haplotigs

226 YR2

YR2 is a seedling resistance gene that behaves in a gene-for-gene manner with Psz isolates
avirulent on YR2 wheat (Calonnec ef a/., 1997). Virulence to Yr2 became common in the
1970s which contributed to epidemics and crop losses during that time period (Wellings,
2011). Currently YR2 is not cloned, however, the closest SSR marker determined is 5.6 <M
from the YR2 locus on chromosome 7B (Lin ez al., 2005). Although YR2 is not cloned,

avirulence to YR2 can be tested on Kalyansona, the differential wheat line for YR2.
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2.3 Methods
2.3.1 Isolates and genomic data used in this study

DNA from the four isolates (W1, M1, W2, M2) used in this study were provided by Serensen
et. al. (2013). All genomic paired end sequence data from the four isolates were previously
generated by the Saunders lab using Illumina Hiseq2500 sequencing. The reference genome
PST-11281, including the secretome and proteome is publicly available at

https://github.com/yuxiang-li/Puccinia_striiformis genome 11 281. The  PST-104E

reference genome, including the proteome and secretome is also publicly available at

https://github.com/BenjaminSchwessinger/Pst 104 E137 A- genome.

2.3.2 Shortread pre-processing

Ilumina short reads were processed using Trimmomatic v0.33 (Bolger ez a/., 2014) with the
following ~ parameters: ~ “‘ILLUMINACLIP:  TruSeq3-PE-2.fa:2:  30:10:2:true
SLIDINGWINDOW:4:10 MINLEN:36”. The ILLUMINACLIP parameter identified
and eliminated Illumina adapters specified in the Truseq3 library. Using
SLIDINGWINDOW:4:10, reads were scanned in a 4 bp window and trimmed when the
average quality dropped below 10. The default parameter MINLEN:36 dropped reads below
36 bases long. After trimming, the quality of the reads was checked with FastQc v.0.11.7
(Andrews, 2010).

2.3.3 Alignment

Illumina reads were aligned to either the PST-11281 or PST-104E reference genome using
BWA-MEM v.0.7.7 with default parameters (Li and Durbin, 2009). SAM files were sorted,
PCR duplicates were removed, and read groups were added using Picard Tools (Broad
Institute) v1.134  parameters SORT_ORDER=coordinate = MarkDuplicates and
AddOrReplaceReadGroups.

2.3.4 Variant Calling and Hard Filtering

Variant calling was performed with GATK v3.8.0 using HaplotypeCaller (Poplin ez al. 2017).
SNPs were filtered using GATK VariantFiltration with the default recommendations: “QD
<2.0 || FS>60.0 || MQ < 40.0 || MQRankSum < -12.5 || ReadPosRankSum < -8.0”. Indels
were filtered using the following: “QD < 2.0 || FS > 200.0 || ReadPosRankSum < -20.0".

Gene deletions were identified using HTSeq (Anders ez a/., 2015) with parameters -count —
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type exon. Genes that had a coverage of less than 10 were considered a full gene deletion.

Unmapped reads were de novo assembled using ABySS (Simpson ez al., 2009).

2.3.5 Finding Candidates

Variants that were private to the mutant libraries in comparison to their respective WT library
were obtained using beftools v.1.9 with parameters “-p vefcompare -n-1 -¢ all WTlib.vef
Mutlib.vef”. To find variants producing deleterious changes in genes coding for proteins, each
.vcf file was run through SnpEffv 3.3a (Cingolani ez a/., 2012). The .vcf files were then filtered
for those that produced deleterious changes associated with coding sequences. These genes
were then filtered for those that are part of the reference secretome. Variants were confirmed

manually by visual inspection of read mapping tracks in IGV v 2.8.12 (Robinson ez al., 2011).

2.3.6 Identifying Candidate Properties

Protein domains of effector candidates were identified using InterProScan (Mitchell e a.,
2019). Matching genes in other reference genomes were identified using BlastP. Expression

data was identified using publicly available information (Cantu ez a/., 2013).

2.4 Results
241 Genome sequencing and alignment

To determine variants between the wild type and spontaneous gain of virulence mutants, I
first aligned Illumina short read sequences to either the PST-104E or PST-11281 reference
genome. Reads were aligned to the primary contigs and haplotigs separately. False positive
variants due to mismapping at the alternate haplotype are equally likely for the wildtype and
mutant isolate libraries. These common mutations will be eliminated later in the analysis
(section 2.4.3). The coverage of each alignment ranges from approximately 25x for the M2
library to ~50x coverage in the W1 library (Table 2-3). The lower coverage in the mutated
libraries is due to fewer QC passed reads provided for the analysis. Reads that did not map to
either the primary contigs or haplotigs were de novo assembled. None of these contigs provided

open reading frames containing a candidate 4vrYr2 effector.
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Table 2-3 Alignment statistics of each isolate to the two reference genomes

Reference  Estimated Genotype  QC % % %
Mean passed mapped  properly  singletons
Coverage reads paired

PST-104E 45x W1 57077856 68.7 63.08 2.66
Pcontig 34x M1 47230491 63.1 54.04 3.45
39x W2 54671133  62.39 54.76 3.35

25x M2 37594785  57.55 48.66 3.66
PST-104E 48x W1 57084239  64.21 58.22 2.77
Hcontig 36x M1 47236439  58.83 49.71 3.51
41x W2 54687237  57.90 50.01 3.41

26x M2 37594967  53.00 44.25 3.54

PST- 45x W1 57120800  69.43 62.15 3.35
11281 34x M1 47264894  64.16 53.28 4.26
Pcontig 39x W2 54712666  63.28 53.82 4.16
25x M2 37622932  58.54 47.89 4.47

PST- 53x W1 57123365  59.75 51.92 3.5
11281 40x M1 47274065  54.66 43.7 4.34
Hcontig 46x W2 54737822  53.98 44.36 4.09
29x M2 37617257  49.76 39.76 4.09

2.4.2 Variant Calling and Annotating

After aligning reads to the reference genome, variants were detected using GATK
HaplotypeCaller (Poplin e# al., 2017). This software works by de novo assembling regions
different from the reference, simultaneously identifying SNPs and indels. After variants were
identified, SnpEff was used to annotate those variants and predict the outcome of these effects
(ex. non-synonymous changes etc). Each library (W1, M1, W2, M2) had the same percentage
of variant type when aligned to the same reference. For example, 34.77 % of variants called
for each library were in the downstream region (5 kbp) of annotated genes when the PST-
104E genome was used as a reference (Figure 2-3a). These numbers are quite similar when
variant types are identified using PST-11281 as a reference. For example, all samples had
34.75 % of variants in the downstream region when using the PST-11281 reference genome
(almost identical to the PST-104E reference) (Figure 2-3¢). Of all the variant types that were

predicted to be the most deleterious, the majority of them cause non-synonymous changes

(Figure 2-3b, d).

49



A UTR_5_DELETED
START_GAINED

UTR_5_PRIME

UTR_3_PRIME

EXON_DELETED
NON_SYNONYMOUS_START

START_LOST

SYNONYMOUS_STOP

STOP_LOST

SPLICE REGION
CODON_CHANGE_PLUS_CODON_INSERTION
CODON_CHANGE_PLUS_CODON_DELETION
CODON_DELETION

CODON_INSERTION

STOP_GAINED

FRAME_SHIFT
NON_SYNONYMOUS_CODING
SYNONYMOUS_CODING

INTRON

INTERGENIC

UPSTREAM

DOWNSTREAM

C UTR_5_DELETED
START_GAINED

UTR_5_PRIME

UTR_3_PRIME

EXON_DELETED
NON_SYNONYMOUS_START

START_LOST

SYNONYMOUS_STOP

STOP_LOST

SPLICE REGION
CODON_CHANGE_PLUS_CODON_INSERTION
CODON_CHANGE_PLUS_CODON_DELETION
CODON_DELETION

CODON_INSERTION

STOP_GAINED

FRAME_SHIFT
NON_SYNONYMOUS_CODING
SYNONYMOUS_CODING

INTRON

INTERGENIC

UPSTREAM

DOWNSTREAM

0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.01%
0.01%
0.01%
0.01%
0.02%
0.02%
0.03%
0.03%
0.04%
0.23%

— 2.49%
— 3.73%
—— 3.90%

20.35%

34.34%

0

= 0.80%

34.77%

100,000 200,000 300,000 400,000 500,000 600,000 700,000 800,000 900,000

0.00%
0.00%
0.04%
0.08%
0.00%
0.00%
0.01%
0.01%
0.01%
0.04%
0.03%
0.02%
0.03%
0.04%
0.07%

—— 2.69%
—— 3.18%
—— 5.18%

18.65%
34.34%
34.75%
200,000 400,000 600,000 800,000 1,000,000 1,200,000

1%
1% 1%

\

= NON_SYNONYMOUS_CODING = FRAME_SHIFT =STOP_GAINED SPLICE REGION = STOP_LOST

2%
2%

* NON_SYNONYMOUS_CODING = FRAME_SHIFT = STOP_GAINED SPLICE REGION

Figure 2-3 Types and frequencies of variant effects. A) The percentage of SNPs causing each type of effects when using the PST-104E and C) PST-11281
reference. B) The types and percentage of SNP effects causing predicted deleterious effects when using the PST-104E and d) PST-11281 reference.



2.4.3 Identifying candidates

After identifying all possible variants in each isolate library, I created a pipeline to search for
variants associated with AvrYr2 avirulence summarised in Figure 2-4. First, genes with
variants common between the mutant isolate and their respective wild type progenitor were
discarded. These variants are likely due to phylogenetic divergence between the isolates and
the reference. These variants may also be a result of reads from one haplotype aligning to the
other. These events are likely to occur in both wild type and mutant isolates, creating common
false positives that can be removed. Next, genes with variants specific to the mutant isolate in
comparison to their wild type progenitor were identified. Due to the possibility that PST-
104E carries the same type of virulent allele that has arisen in the gain of virulence mutants,
variants specific to the wild type isolate in comparison to their respective mutants were also
identified. Following this step, genes with variants common in either both wild type isolates
or both mutant isolates were identified. This gene list was further refined by selecting genes
encoding secreted proteins. The alignment of the raw reads in these specific genes were
examined manually in IGV. The majority of genes had variants called in one wild type, but
variants in the associated mutant were on the borderline of being called. For example, an 80/20
SNP ratio may be called in the WT, but the mutant may have a ratio of 81/19 that does not

get called. These genes were then removed from the candidate list.

After manual curation, I did not find any candidate genes with this pipeline. Due to the
possibility that different genes have been mutated to produce the same gain of virulence
phenotype, I repeated the pipeline, but did not require the variants to occur in the same genes
of both UK and DK lineages. Using this method, I found three genes with variants in the M1
isolate in comparison the W1 isolate (Table 2-4). These genes were identified when using
PST-11281 as the reference. Two variants caused a non-synonymous change in a gene
encoding a secreted protein, and one variant caused a SNP in an intron. In all cases, the wild
type had 100 % of all reads supporting a single nucleotide. The mutants however, had a strong
SNP ratio near 50/50 suggesting one nucleus has mutated at this particular position (Table 2-
4).
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Figure 2-4 In silico pipeline for mining AvrYr2 candidates. Each WT and mutant isolate
were aligned to the reference genome. Mutations common in both the WT and mutant isolate
(shown as T in this example) in comparison to the reference (shown as A in this example)
were discarded. Next, genes with mutations in both mutant isolates were identified. Lastly,
candidate genes were filtered for those that had predicted signal peptides.
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Table 2-4 Variants in candidate AvrYr2 genes

Gene Name Length SNP W1 M1 SNP Type of
of location ~ SNP RATIO change
protein RATO
(amino
acids)
PS_11-281_00009225 1241 Codon G:100 C/G:45/55 Non
(P contig) 801 synonymous
coding
PS 11 281 scaffold 712 798 Codon G:100 C/G: 45/55 Non
(H contig) 773 synonymous
coding
PS 11 281 scaffold 9696 1591 - C:100 C/T:52/48 SNP in
(H contig) intron

2.4.4 Candidate properties

To further characterise the candidate effectors, I searched for conserved protein domains using
InterProScan  (Mitchell e al, 2019). Candidates PS_11-281_00009225
PS_11_281_scaffold_712 both contain zinc finger domains (Table 2-5). These two proteins

and

are likely allelic variants of one another, as they share 77.58 % pairwise identity when
compared at the amino acid level. To identify expression data from these candidate genes, I
first performed a BLAST search to find matching proteins in the PST-130 genome, as RNA-
seq data is available for this isolate. Both PS_11-281_00009225 and PS_11_281_scaffold_712
PST-130 matches highly (Table 2-5).

PS_11_281_scaffold_9696 seems to be more elusive, as no conserved protein domains were

have that are expressed in haustoria

identified. Further, there is no RNA-seq data available for this candidate.

Table 2-5 Properties of candidate AvrYr2 effectors

Gene Name Closest matchin ~ Conserved RNA-seq info

PST-130

protein domains

(PST-130)

PS_11-281_00009225

PS 11 281 scaffold 712

PS 11 281 scaffold 9696

PST130_15095,
PST130_15096

PST130_15096

PST130_03978

Zinc finger,
RING-type;
Zinc finger,
C3HC4 RING-

type
Zinc finger,

C3HC4 RING-
type

none

Top 10% genes
expressed in
haustoria

Top 10% genes
expressed in
haustoria
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2.5 Discussion
2.5.1 Properties of candidate effectors
2.5.11 Zincfinger domains

In this analysis, two candidate effector genes (likely allelic variants or paralogs of one another)
contain zinc finger domains. These domains are widely found in eukaryotes and are able to
interact with DNA, RNA, and other proteins (Cassandri e a/., 2017). Many proteins with
zinc finger domains are transcription factors that can directly interact with DNA. The flax
rust gene AourP, for example, encodes an effector with zinc finger like domains (Zhang ez a/.,
2018). Despite no predicted nuclear localisation signal, AvrP localises to the nucleus,
suggesting a function in transcriptional regulation. Polymorphisms within the protein surface
dictate gain or loss of recognition by the associated R gene P. It is possible candidates PS_11-
28100009225 and PS_11_281_scaffold_712 function in a similar way. It would be
interesting to see if these proteins also localise to the nucleus despite not having a predicted
nuclear localisation signal. Another possibility is that these candidates are positive regulators

of another gene involved in gene for gene recognition with YR2 (elaborated in section 2.5.2).

2.5.1.2 Variants located in introns

One effector candidate from this analysis, PS_11_281_scaffold_9696, has a variant residing
in an intron. Although many variants within introns have a negligible effect, some can alter
splicing of the transcript. For example, some introns contain splice enhancer or repressor sites
(Cooper, 2010). It is possible this variant has altered splicing or other regulation properties of

this gene, leading to the gain of virulence phenotype.

2.5.2 Variants found in one mutant but not the other? Mutations in different genes may
lead to the same phenotype

In this analysis, I only discovered mutations between the W1 and M1 libraries that were not
found when comparing W2 and M2. It is possible a mutation in a different gene has occurred
in M2 that has led to the same phenotype of gain of virulence. One possibility is that avirulence
to YR2 is encoded by two separate genes. For example, in Phytophthora sojae, avirulence on
soybean plants carrying Rps15 is encoded by Avr1b-1 and Avr1b-2 (Shan et al., 2004). Avrld-
1 encodes for a small secreted protein that triggers Rps16 mediated immunity, whereas 4vr14-
21is a trans acting gene that is a positive regulator of 4vr14-1 transcription. Mutations in either
gene can lead to gain of virulence on RpsI4 plants. It is also possible a mutation could have

occurred in one mutant, whereas an epigenetic change may have occurred in the other mutant.
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2.5.3 Beyond mutation: epiallelic variation can cause gain of virulence

Another limitation to the current study is that epigenomic changes not detectable in the DNA
sequence of an organism can cause gain of virulence. As only DNA sequence data was used in
this analysis, the identification of potential epialleles would be missed. For example, Pais ez a/.
(2018) discovered an effector gene, Avrvnt1 of P. infestans, that is not expressed in a particular
isolate despite a lack of polymorphisms in the coding sequence. This silencing lead to gain of
virulence on potato isolates carrying the cognate R gene. Similarly, multiple Phytophthora sojae
strains carrying the Avrlc gene gained virulence on soybean plants carrying RpsIc through
silencing of Avrlc(Na et al., 2014). It is hypothesized epigenetic control of transcription allows
the pathogen to recycle effectors when the associate R gene is not deployed in the wheat
population (Gijzen ef al., 2014). Therefore, obtaining RNA-seq data of the isolates used in
the YR2 analysis would allow detection of any epiallelic variation between the wildtype and

mutant that would be missed in the original analysis.

2.5.4 Issues with reference-based SNP calling

Comparative genomics has heavily relied on reference-based SNP calling to determine
genomic differences between pathogen isolates. Generally, short reads are aligned to a
reference sequence to detect SNPs, short insertions and deletions (Horner ez al., 2009).
Although incredibly useful, reference-based SNP calling has many limitations. Any errors or
misassembly in the reference may lead to erroneous or missing variants called in the dataset

(Eschenbrenner ez al., 2020).

The two main reasons some AvrYr2 candidates may have been missed in this chapter is A)
incomplete annotation in the references utilised and B) using reference genomes that were not
derived from the wild type isolates. Some reference genomes do not have complete
annotations. For example, protein fragments from Puccinia triticina have been mapped to
regions of the reference genome that have no annotations (Bakkeren and Szabo, 2020).
Therefore, variant calling pipelines that search for variants in predicted secreted proteins may
miss changes in unannotated genes. In this chapter, unannotated regions were not included in
the analysis, suggesting AvrYr2 candidates may have been overlooked due to a missing

annotation in the reference genome.

Another serious issue pertaining to the discovery of avirulence alleles is that extensive genomic
structural variation and accessory regions that are not found in the reference are rarely detected

via reference-based SNP calling (Pfeifer, 2017). Missing information in the reference often
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leads to off-target alignments. In Psz, this is particularly an issue as structural variations
between clonal isolates can occur in spontaneous gain of virulence mutants (Chen ez a/., 2017).
Further, as avirulence alleles can be lost via large-scale rearrangements and deletions, reference
genomes that contain the virulent allele of the gene in question will likely contain missing
data. To mitigate this issue, further analysis using the WT strain as a reference should be

performed as described in section 2.5.5.

Other issues pertaining to reference based SNP calling arise when short reads are aligned to
repeat rich regions (Krusche ez a/., 2019). Reads originating from repeat rich regions tend to
map equally well to multiple places in the genome, leading to erroneous variant calls (Pfeifer,
2017) . This is particularly a problem with Psz, where up to half of the entire genome can
contain repetitive sequences (Schwessinger ez a/., 2018). A similar issue arises when individual
isolates contain high genetic variability between them (Pfeifer, 2017). This can be a concern
even in asexual lineages of plant pathogenic fungi, as isolates can diverge quickly in a stepwise
manner to evade R gene recognition (Moller and Stukenbrock, 2017). Further, repeat content
and transposable elements can be enriched in clonal lineages in comparison to sexual lineages
— a hypothesized signature of asexual evolution over time (Schwessinger e# al., 2020; Ma ez
al., 2010). Internuclear heterozygosity within an individual can also be incredibly high
(Schwessinger ez al., 2018). This often leads to the mismapping of alternative alleles or

paralogs.

In the human reference genome GRCh37, it is predicted that 5.5 % of the entire sequence is
inaccessible to short read sequencing and mapping algorithms due to repeat rich regions,
structural variations between haplotypes, and recent duplications (Tian ez a/., 2018). These
inaccessible regions are predicted to be associated with disease phenotypes. It is possible large
regions of the Psz genome are also inaccessible to short read sequencing and mapping
algorithms due to similar reasons. For example, generating a partially phased reference
genome of two dikaryotic oat crown rust isolates revealed structural variation not only between
nuclei of a single individual, but also between the different isolates (Miller ez al., 2018).
Further, by comparing three partially phased Psz genomes produced with long read
technology, Vasquez-Gross ez al. (2020) determined structural changes affected more regions
of the genome than SNPs alone. These large structural variations were not discovered until

highly contiguous de novo assemblies were produced for these rust species.
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Although all isolates analysed in this chapter belong to the same NW European clonal lineage
as the PST-104E reference, due to all of the above issues, it is possible 4vrYr2 candidates have
been missed (Schwessinger ez al., 2018; Serensen ef al., 2013). Further, PST-104E is virulent
on YR2 wheat, providing the possibility that the AvrY72 allele may be missing due to a large-
scale deletion event. The following section describes alternatives to reference-based SNP
calling that will likely uncover these candidates in future experiments. I hypothesize these
alternatives will become widely achievable as second generation (highly scalable short read
technology such as illumina sequencing) and third generation (technology currently under
development, such as nanopore long read technology) sequencing becomes more affordable

and accessible.

2.5.5 Searching for Avirulence: Generating a new reference genome

Issues with reference-based SNP calling can be overcome by de novo assembling the isolates
being studied before variant calling (Eschenbrenner er a/., 2020, Figure 2-5). The de novo
assembly stage can integrate reads from different sequence technologies to maximise accuracy
of the assembly. Long read sequencing technology such as Nanopore sequencing can resolve
repetitive regions, however, these methods suffer from high error rate (Sedlazeck et al., 2018).
This can be circumvented by correcting long sequencing data with short reads. Therefore, long
read data ensures long scaffolds and high contiguity, whereas short reads provide high
coverage and can correct errors from long reads (Antipov ez al., 2016). Therefore, the Yr2
analysis presented in this chapter would benefit from sequencing one or both wildtype isolates

using long-read sequencing technology.

This method was successfully employed when Salcedo ez a/. (2017) discovered the avirulent
allele of the Pgt effector AvrSr35. A parental isolate containing the avirulent allele was
subjected to EMS mutagenesis, and 15 gain of virulence mutants were obtained. The parental
isolate was sequenced using a combination of short and long read technology, providing an
accurate reference. By mapping short read data from the 15 mutants to the new reference
genome, the authors were able to find AvrSr35. This study highlights the power of gain of
virulence mutants combined with the de novo assembly of the WT isolate in the discovery of

rust avirulent alleles.
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TCAGC ... GCTAG TCAGC ... GCTAG TCAGC ... GCTAG

Reference
TGATGGATGTTAGCG GTCGATGCGATC
TGCCGAGTTGCTGGGT AGTCGCTCATGC GTCGATGCGATC CGAACGAGCGTCGATCG
TGCTGAGTTGCTGGGT AGCCGCTCATTC CGAACGATCGTGGATCG
TGCTGAGGTGCTGGCT CGATCGATCGTGGATCG
Reference
C G T ATG X T A A
Cc T TGGG (o AGAA A G
T TGGG C cAatT A G
T G

Figure 2-5 A summary of variant calling using multiple genome alignment. Genomes of
multiple indivuduals are first de novo assembled using short and/or long read sequencing.
These assemblies are then aligned to create a mltiple genome aligment. Variant positions are
then called using appropriate programs. This figure was published in Eschenbrenner e# al.
(2020) and is reused with permission from copyright holders under the Creative Commons
license.
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2.5.6 Assembling a pan-genome for Pst

Currently there is no pan-genome assembled for Psz. A pan-genome is an assembly containing
sequences found in multiple individuals of a species, along with genes found in only some
individuals (Bayer ez al., 2020). Creating a pan-genome for Psz will be realised when more
accurate de novo assembled genomes from isolates with different virulence profiles become
available. One of the main drawbacks of the 4vrY72 analysis described in this chapter is that
the PST-104E reference may not contain the avirulent allele of AvrYr2. The avirulent allele
in the reference could be lost via multiple mechanisms, including large-scale deletion. In this

case AurYr2 derived reads would not properly map due to missing data in the reference.

The importance of creating a pan-genome can be demonstrated by the usefulness of the
PGTAus-pan reference of Pgz. This reference genome contains an assembly from long read
and short read sequences from an Australian founder isolate with the pathotype 21-0
(Upadhyaya ez al., 2015). Further, reads from four other isolates hypothesized to be founder
races of clonal lineages currently in Australia were de novo assembled. Regions of these de novo
assemblies not present in the 21-0 assembly were added to create PGTAus-pan. Sequencing
the founder isolates of clonal lineages means deletions in extant isolates can be detected, as
the lost sequences will likely be present in the founder isolates. This was particularly helpful
in the AvrSr50 analysis, whereby the wild type isolate containing the avirulent 4vrS750 allele
was derived from a pathotype included in the pan-genome (Chen ez a/., 2017). Comparative
genomics between a spontaneous gain of virulence mutant and this wild type isolate was
successful, presumably because the reference contained the avirulent 4vr$r50 allele the authors

were searching for.

2.5.7 Conclusion

In summary, three candidate genes have been identified in this analysis that are associated
with virulence to YR2 wheat. These candidates are now of high priority to functionally
characterise. Further analyses will include multiple genome alignment before variant calling
instead of reference-based SNP calling (Figure 2-5). Further, obtaining RNA-seq data of

each isolate would help identify epiallelic variation that may have been missed in this analysis.
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Chapter 3 Methods for molecular biology

3.1 PCRmethods
3.1.1 Standard PCR

Standard PCR with DreamTaq polymerase (Fisher Scientific) was performed when accuracy
was not required (ex. colony PCR). A single 25 pL reaction contained 2.5 uL. 10X DreamTaq
Buffer, 0.5 uL 10 mM dNTP, 0.5 pL 10 mM of each forward and reverse primer, 0.2 pL.
DreamTaq DNA polymerase (0.625 U total), 1 pL 10 pg - 1 pg template DNA, and nuclease-
free water to a total volume of 25 pL. The PCR reactions were performed on a thermal cycler
with conditions summarized in table Table 3-1. After cycling was finished, reactions were
stored at 4 °C. Primer pair annealing temperatures were calculated using the ThermoFisher

Tm calculator.

Table 3-1 Standard PCR thermal profile

Stage Temperature C Time Number of Cycles
Initial denaturation 95 °C 3 minutes 1x
Denaturation 95°C 30 seconds
Annealing Variable 30 seconds 25 - 40x
Extension 72 °C 1 minute per kb
Final extension 72 °C 5 minutes 1x

3.1.2 Colony PCR

Colony PCR for genotyping was performed using standard PCR conditions described in
section 3.1.1 with the following modifications. Instead of 1 uL template DNA, a small amount
of bacteria from positive colonies were transferred to the PCR reaction mix using a pipette tip.

The PCR reaction was then mixed by pipetting up and down.

3.1.3  Hi-fidelity PCR

Hi-fidelity PCR using the Phusion polymerase (New England Biolabs) was used when
sequence accuracy and blunt end PCR products were needed. A single 25 pL contained 0.2
pM dNTPs, 0.5 uM of each forward and reverse primer, 1x HF buffer, 3 % DMSO and 0.4
units of Phusion® polymerase, DNA template < 250 ng. The PCR reactions were performed
on a thermal cycler with conditions summarized in Table 3-2. After cycling was finished,
reactions were stored at 4 °C. Primer pair annealing temperatures were calculated using the

ThermoFisher Tm calculator.
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Table 3-2 PCR thermal profile for Phusion high-fidelity polymerase

Stage Temperature "C Time Number of Cycles
Initial denaturation 98 °C 30 seconds Ix
Denaturation 98 °C 10 seconds
Annealing Variable 30 seconds 25 - 35x
Extension 72 °C 30 seconds per kb
Final extension 72 °C 5 minutes Ix

3.1.4  Agarose gel electrophoresis

For all PCR protocols, DNA fragments were separated by electrophoresis in a 1 % agarose
gel. Agarose was dissolved in 1x Tris- borate-EDTA (TBE) buffer and 0.5X GelRed®
(Biotium) was added before solidification. DNA samples were prepared by adding 1x purple
loading dye (NEB) before loading into wells of the gel along with a 0.1-10 kb DNA molecular
marker (New England Biolabs). Electrophoresis was performed at ~ 100V until DNA bands
were sufficiently separated. Gels were imaged using Azure c200 Gel Imaging Workstation

(Azure Biosystems) by exposing the gel to UV light.

3.2  DNA purification methods and sequence verification
3.2.1 Purification of PCR products

DNA bands obtained from 3.1.4 that were required for sequencing or cloning were visualised
on a long wavelength UV transilluminator. The desired fragments were excised using a razor
blade and placed in 2 mL Eppendorf tubes. DNA was purified using QIAquick Gel
Extraction Kit (Qiagen) following the manufacturer’s instructions. PCR products that were

directly purified without gel separation were purified using the QIAquick PCR Purification
Kit (Qiagen).

3.2.2  Plasmid purification by miniprep

Positive colonies obtained from section 3.1.2 were used to inoculate 10 mL Luria Broth (LLB)
overnight cultures with appropriate antibiotic (working concentrations in Appendix 1). E. co/i
cultures were grown at 37 “C with shaking overnight. Depending on the amount of DNA
required, plasmids from overnight cultures were obtained using the QIAprep spin miniprep

or midiprep kit (Qiagen) following the manufacturers protocol.
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3.2.3 DNA sequence verification

DNA concentration of purified PCR products or plasmids from sections 3.2.1 and 3.2.2 were
measured on a nanodrop spectrophotometer (ThermoFisher Scientific). The DNA, along
with sequencing primers., were sent to Genewiz (Brooks Life Sciences) for Sanger sequencing.

The sequences were analysed using the Geneious Prime software v 2020.2.4.

3.3 Cloning
3.3.1 Gateway cloning

Blunt end DNA fragments were produced using Hi-fidelity PCR described in section 3.1.3.
Primers were designed to insert a CACC overhang at the 5’ end of the PCR product. Purified
PCR product (described in section 3.2) was ligated into the pPENTR-D-TOPO (Invitrogen)
entry vector using the manufacturer’s instructions. Ligation reactions were transformed into
E. coli (section) and DNA from positive colonies were PCR amplified (3.1.2) followed by
sequencing (3.2.3).

DNA from the entry vector was cloned into a Gateway compatible vector using the LR clonase
II reaction (Thermo Fisher) following the manufacturers protocol. Ligation reactions were

transformed into E. co/i (section 3.3.4) and DNA from positive colonies were PCR amplified
(3.1.2) followed by sequencing (3.2.3).

3.3.2 Traditional “cut and paste” cloning

The DNA fragments of interest (inserts) were released from a primary vector or purified PCR
product (obtained from section 3.2.1) using appropriate restriction enzymes (NEB). The
secondary (or destination) vector was also pre-digested with appropriate restriction enzymes
creating compatible ends. All restriction enzymes used in this thesis were compatible with
CutSmart Buffer (NEB). Reactions contained 1 pg DNA, 1x CutSmart Buffer, 1.0 uL (20
unites) enzyme, and water to 50 pL.. Reactions were incubated at 37 °C for 1 hour, followed
by heat inactivation at 65 C for 20 minutes before DNA fragments were size separated using
gel electrophoresis (3.1.4). The appropriate fragments were purified from the gel (3.2.1) and
ligated together using T4 DNA ligase (NEB).

Ligation reactions contained 2 uL. 10X T4 Ligase buffer, 50 ng Vector DNA, Insert DNA
(calculated using a molar ratio of 1:3 vector to insert), water to 20 pL, and 1 pL. T4 DNA

ligase. Ligation reactions were then incubated at 16 °C overnight and terminated at 65 °C for
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10 minutes. 1-5 pLL of the ligation reaction was transformed into E. co/i using the method
described in 3.3.4. DNA from positive colonies were PCR amplified (3.1.2) followed by
sequencing (3.2.3).

3.3.3  Golden Gate cloning

The Golden Gate assembly enables a single-step digestion and ligation “diglig” assembly of
multiple components into a destination vector. This method uses type II restriction enzymes
Bsal and Bpil which cut outside of the recognition sequence, allowing the production of
custom overhangs. Compatible 4 bp overhangs at the junction of each module were designed

following the plant Golden Gate standards (Patron ez a/., 2015).

New level zero modules were cloned into the PUAP1 universal acceptor (Patron ez a/., 2015)
by PCR amplifying target DNA using primers designed as described in Patron ez a/. (2015).
Sequences with existing Bsal and Bpil sites were first domesticated as described in section
3.3.3.1. PCR products were purified as described in section 3.2.1. Each diglig reaction
contained 200 ng of the PUAP1 plasmid, a 2:1 molecular ratio of insert:acceptor, 1.5 pL T4
Ligase Buffer (NEB), 1.5 uL. 10x Bovine Serum Abumin (BSA), 200 units T4 DNA ligase
(NEB), 5 units of Bpil (ThermoFisher). The reactions were incubated on a thermal cycler

with conditions described in Table 3-3.

Level 1 expression vectors were cloned by ligating multiple level zero components into a level
1 backbone. Each diglig reaction contained 200 ng of the acceptor plasmid, each level zero
vector at a 2:1 molecular ratio of insert:acceptor, 1.5 uL. T4 Ligase Buffer (NEB), 1.5 uL 10x
Bovine Serum Abumin (BSA), 200 units T4 DNA ligase (NEB), 5 units of Bsal
(ThermoFisher). The reactions were incubated on a thermal cycler with conditions described

in Table 3-3.

E. coli was transformed with 1-5 pL of the ligation reaction using the method described in
3.3.4. DNA from positive colonies were PCR amplified (3.1.2) followed by sequencing
(3.2.3).
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Table 3-3Thermal cycling conditions for “Diglig” reactions

Temperature °C Time Number of Cycles
37°C 20s 1 X
37°C 3 minutes
26 X
16 °C 4 minutes
50 °C 5 minutes 1X
80 °C 5 minutes 1X
16 °C hold hold

3.3.3.1 Domesticating DNA for Golden Gate: Q5 Site Directed mutagenesis

Both Bsal and Bpil sites were removed from sequences using a Q5 site directed mutagenesis
kit (NEB) following the manufacturers protocol. Single nucleotide synonymous changes were
introduced to remove Bsal and Bpil recognition sites while retaining the amino acid sequence.
Primers were designed using the NEBaseChanger software (http://nebasechanger.neb.com/).
5 uL of the KLD reaction was transformed into E. co/i using the method described in 3.3.4.
DNA from positive colonies were PCR amplified (3.1.2) followed by sequencing (3.2.3).

3.3.4 E. colitransformation by heat shock

E. coli was transformed with vectors obtained from cloning methods described in sections
3.3.1, 3.3.2, 3.3.3. For routine cloning, vectors were transformed into the DH5«
(ThermoFisher Scientific) strain. Approximately 100 ng of the plasmid of interest were
incubated with 50 puL of commercial cells for 30 minutes on ice. The plasmid was then
transformed by heat shock at 42 °C for 45 seconds and kept on ice for 2 minutes. Transformed

cells were incubated for at least 1 hour at 37 °C in 700 pL of SOC medium.

Vectors that were difficult to clone were transformed into One Shot TOP10 cells
(ThermoFisher Scientific). Approximately 100 ng of the plasmid of interest or 1-5 pL of a
ligation reaction was pipetted into a vial of competent cells and incubated on ice for 30
minutes. The plasmid was transformed into the cells via heat shock by placing the cells in a
42 °C heat bath for 30 seconds. The cells were then cooled in ice for at least 2 minutes. Pre-
warmed SOC medium (250 pL) was added to the cells, which were then shaken for at least 1
hour at 37 °C.
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Appendix 5 - Vector constructs made in chapter 5

Construct Name Promoter Signal Vector backbone
Peptide
pPWL2:AvrRmg8 PWL2 (rice  Native pcB-pPWL2-
blast) AvrRmg8  mcherry-stop
(wheat (Saitoh ez al.,
blast) 2012)
pPWL2:AvrSr50 PWL2 (rice  Native pcB-pPWL2-
blast) AvrSr50  mcherry-stop
(stem (Saitoh ez al.,
rust) 2012)
pPWT3:AvrSr50 PWT3 Native pPWL2:AvrSr50
(wheat blast) AvrSr50  (this thesis)
(stem
rust)
pRP27:AvrSr50 RP27 Native pPWL2:AvrSr50
(constitutive  AvrSr50  (This thesis)
fungal) (stem
rust)
pTrpc:AvrSr50 Trpc Native pPWL2:AvrSr50
(constitutive  AvrSr50  (This thesis)
fungal) (stem
rust)
pPWL2:PWT3SP:AvrSr50 PWL2 (rice ~ PWT3 pPWL2:AvrSr50
blast) (wheat (This thesis)
blast)
pPWT3:PWT3SP:AvrSr50 PWT3 PWT3 pPWT3:AvrSr50
(wheat blast) (wheat (This thesis)
blast)
pRP27:PWT3SP:AvrSr50 RP27 PWT3 pRp27:AvrSr50
(constitutive  (wheat (This thesis)
fungal) blast)
pTrpc:PWT3SP:AvrSr50 Trpc PWT3 pTrpc:AvrSr50
(constitutive  (wheat (This thesis)
fungal) blast)
pPWT3:PWT3SP:AvrPm3+/% PWT3 PWT3 pCB1532B-RFP
(wheat blast) (wheat (Pennington ez
blast) al., 2017)
pPWT3:PWT3SP:AvrSr50:mcherryNLS  PWT3 PWT3 pCB1532S-RFP
(wheat blast) (wheat (Pennington ez
blast) al., 2017)
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Appendix 6 - List of Magnaporthe strains and transformants made in chapter 5

Expression Construct Name

Transformant Description [background strain; plasmid

Name used; other]
pPWL2:AvrSr50 PWL-1 Wheat blast expressing AvrSr50 under the rice
PWI.-2 blast effector PWL2 promoter. [PY06047,
PWL-5 Ppwl2:AvrSr50]
PWL-8
PWL-13
pPWT3:AvrSr50 pP-17 Wheat blast expressing AvrSr50 under the
P-29 wheat blast effector PWT3 promoter.
P-30 [PY06047, Ppwt3:AvrSr50]
P-32
pRP27:AvrSr50 R-1 Wheat blast expressing AvrSr50 under the
R-3 constitutive fungal promoter RP27 [PY06047,
Prp27:AvrSr50]
pTrpc:AvrSr50 T-2 Wheat blast expressing AvrSr50 under the
T-7 constitutive fungal promoter T7rpc. [PY06047,
Ptrpc:AvrSr50]
pPWT3:PWT3SP:AvrSr50 PS-2 Wheat blast expressing 4vrSr50 (without its
PS-7 native signal peptide) under the wheat blast
PS-10 PWT3 promoter and signal peptide.
PS-27 [PY06047, Ppwt3:PWT3SP:AvrSr50]
PS-35
PS-41
PS-42
PS-43
PS-44
pRP27:PWT3SP:AvrSr50 RS-2 Wheat blast expressing AvrSr50 (without its
RS-6 native signal peptide) under the constitutive
fungal promoter Rp27, and wheat blast PWT3
signal peptide. [PY06047,
Prp27:PWT3SP:AvrSr50]
pTrpc:PWT3SP:AvrSr50 TS-7 Wheat blast expressing AvrSr50 (without its
TS-11 native signal peptide) under the constitutive
fungal promoter Trpc, and wheat blast PWT3
signal peptide. [PY06047,
Ptrpc:PWT3SP: AvrSr50]
pPWT3:PWT3SP:AvrPm3%? Pm3-2 Wheat blast expressing AvrPm3 /' (without
Pm3-6 its native signal peptide) under the PWT3
Pm3-11 promoter and PWT3 signal peptide.
Pm3-12 [PY06047, pPPWT3:PWT3SP:AvrPm3=/#
m3-
pPWT3:PWT3SP:AvrSr50 CPib-2 Wheat blast expressing AvrSr50 (without its
CPib-5 native signal peptide) under the wheat blast
CPib-11 PWT3 promoter and signal peptide.
i [PY06047,
CPib-15
CPib-17
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CPib-20 5’Pib:pPWT3:PWT3SP:AvrSr50:3Pib,
CPib-23 targeted to the AvrPib genomic locus]
CPib-25
CPib-30
CPib-33
pPWT3:PWT3SP:AvrSr50 CRmg8-7 Wheat blast expressing AvrSr50 (without its
CRmg8-8 native signal peptide) under the wheat blast
CRmg8-10 PWTS3 promoter and signal peptide. [BTJP4-
CRmg8-11 5'Rmg8:pPWT3:PWT3SP:AvrSr50:3’Rmgs8,
targeted to the AvrRmg8 genomic locus]
pPWT3:PWT3SP:AvrSr50 C04257-1 Wheat blast expressing AvrSr50 (without its
C04257-2 native signal peptide) under the wheat blast
C04257-4 PWT3 promoter and signal peptide.

[PY06047,
504257:pPWT3:PWT3SP:AvrSr50:304257,
targeted to the MGG_04257 genomic locus]
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Appendix 7 - Primers used for genotyping and cloning in chapter 5

Primer Name Sequence
AvrRmg8F ATGCACCGCATCGGCTTTTTCTTCC
AvrRmg8R CTACTGCCTTCTAGTACCGGGAAGT

AvrRmg8_BamH1F
AvrRmg8_EcoRV_R
sr50-BamHIF
sr50-EcoRV-R
pRP27-NotlF
pRP27-XbalR
pPWT3-NotlF
pPWT3-XbalR
pTrpe-NotlF
plrpc-XbalR
PWT3SP-BAMHI-F
PWT3SP-OverlapAvr-R

AvrSr50-OverlapPWT3SP-F

AvrSr50-HindIII-R
pPWT3_GGF
pPWT3_GGR

PWT3SP_GGF

PWT3SP_GGR
AvrPm3a_GGF
AvrPm3a_GGR

3SCD1T_GGF
3SCD1T_GGR
AvrSr50_GGF
AvrSr50_GGR
AvrSR50_Q5_F
AvrSr50_Q5_R
5Pib_GGF
5Pib_GGR
3Pib_GGF
3Pib_GGR
504257_GGF
504257_GGR
3'04257_GGF
304257_GGR
5’AvrRmg8 GGF

5’AvrRmg8_GGR
3’AvrRmg8 GGF
3’AvrRmg8_GGR

pPWT3_TGAC_GGF
SCD1T_TACT_GGR
Mcherry_GGF
NLStop_ GGR

AAGGATCCATGCACCGCATCGGCTTTTTCTTCC
AAGATATCCTACTGCCTTCTAGTACCGGGAAGT
AAGGATCCATGATGCATTCAATTATCT
AAGATATCCTACCTGTGTTGGCGCCTT
AAGCGGCCGCATAAATGTAGGTATTACCTGTAC
AATCTAGATTTGAAGATTGGGTTCCTAC
AAGCGGCCGCGCTTTGCCGACTTTGGTAATAG
AATCTAGAAATGTTATATGTGCAAATATATATG
AAGCGGCCGCAACTGATATTGAAGGAGCAT
AATCTAGATTGGATGCTTGGGTAGAATA
AAGGATCCATGAACCTCAGACTTATTACTTTTTTA
GACAAGGCTCCTAGCAGCCACCGCGCCG
GCCGGCGCGGTGGCTGCTAGGAGCCTTGTCAAAAT
AAAAGCTTCTACCTGTGTTGGCGCCTTG
AAGAAGACAACTCAGGAGGCTTTGCCGACTTTGGTA
AAGAAGACAACTCGCATTAATGTTATATGTGCAAATATA
TATGAG
AAGAAGACAACTCAAATGAACCTCAGACTTATTACTTTT
TTAATG

AAGAAGACAACTCGTGCCACCGCGCCGGCCA
AAGAAGACAACTCAGGCAGGCCCTGTCGCTAACGCT
AAGAAGACAACTCGAAGCCTAGTGCAGAATTATGTTTAA
TTGAGG
AAGAAGACAACTCAGCTTAGCGGCGTGCTCTGCACA
AAGAAGACAACTCGAGCGCCGGGAGGCTGAATCGGA
AAGAAGACAACTCAGGCAGCTAGGAGCCTTGTCAAA
AAGAAGACAACTCGCGAACCCCTGTGTTGGCGCCTTGC
ATTCACAAGTgTTCAATCATTTTG
CAGCTTCAAACTCAGTGAG
AAGAAGACAACTCAGGAGCGTCTTTGTTTGACAATTTC
AAGAAGACAACTCGGTCATTGGAACTTCTACCCAAGCA
AAGAAGACAACTCATCCCAGGGGGAATCCAGAGAATTT
AAGAAGACAACTCGAGCGGGGAGGACCTTGGAATTCAC
AAGAAGACAACTCAGGAGCGCCATCGCCACCGAGAACT
AAGAAGACAACTCGGTCAGGATCTCCTTGGGGATAAGC
AAGAAGACAACTCATCCCAGAGGGCCGGCCCGAACG
AAGAAGACAACTCGAGCGGGCCTGGGGCACAGACAG
AAGAAGACAACTCAGGAGACTTTCTTTTGTACTTTGCTT
C
AAGAAGACAACTCGGTCAGGTGGTACGGGACAGGCT
AAGAAGACAACTCATCCCAAACGGCGGCGGCAGCCT
AAGAAGACAACTCGAGCGGCACTACCATTTGCACCATTT
ATCGCC
AAGAAGACAACTCATGACGCTTTGCCGACTTTGGTA
AAGAAGACAACTCGAGTACCGGGAGGCTGAATCGGA
AAGAAGACAACTCATTCGATGGTGAGCAAGGGCGAG
AAGAAGACAACTCGAAGCCTTAAGCTCCATAATCTACC
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Appendix 8 - RT-PCR primers used in Chapter 5

Primer Name Sequence (5’ —-3) Description

MGactinF TCGACGTCCGAAAGGA  Forward primer for M.
TCTGT oryzae Actin

MGactinR ACTCCTGCTTCGAGAT  Reverse primer for M.
CCACATC oryzae Actin

PWT3SP_LONGF ATGAACCTCAGACTTA  Forward  primer  for
TTACTTTTTTAATGACC PWT3SP:AvrSr50
TCCGTGG

AvrSr50_ RTPCR_RLONG CTACCTGTGTTGGCGC Reverse primer for
CTTGCAAAATGA PWT3SP:AvrSr50

Appendix 9 -RT-qPCR primers used in Chapter 5

Primer Name Sequence (5" —-3’) Description

Mgactin_qperF ACAATGGTTCGGGTAT  Forward primer for M.
GTGC oryzae Actin

Mgactin_gperR CGACAATGGACGGGAA Reverse primer for M.
GAC oryzae Actin

AvrSr50_741F ATGATGGACGTTCACC Forward primer  for
CTACATAG AvrSr50

AvrSr50_851R CCTCATGTGGATTCCA  Reverse primer for
AACAATCG AwrSr50

Appendix 10 - Donor DNA constructs used for Crispr/Cas9 mediated targeted insertion of

AvrSr50
Construct Name Vector backbone
5Pib:pPWT3:PWT3SP:AvrSr50:3'Pib Pcb1532B-RFEP (Pennington ez al., 2017)

504257:pPWT3:PWT3SP:AvrSr50:304257  pICH47732 (Weber ez al. 2011)
5’Rmg8:pPWT3:PWT3SP:AvrSr50:3Rmg8  pICH47732 (Weber ez al. 2011)

Appendix 11 - sgRNA sequences used for Crispr/Cas9 mediated targeted insertion of

AvrSr50
sgRNA gene target sgRNA sequence
MGG_04257 TATCCCCAAGGAGATCCAGA
AvrRmg8 TGTCCCGTACCACCAAACGG
AvrPib GCTTGGGTAGAAGTTCCAAA
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