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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 Pst, 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.  
 
 
   



Access Condition and Agreement 
 
Each deposit in UEA Digital Repository is protected by copyright and other intellectual property rights, 
and duplication or sale of all or part of any of the Data Collections is not permitted, except that material 
may be duplicated by you for your research use or for educational purposes in electronic or print form. 
You must obtain permission from the copyright holder, usually the author, for any other use. Exceptions 
only apply where a deposit may be explicitly provided under a stated licence, such as a Creative 
Commons licence or Open Government licence. 
 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone, unless explicitly 
stated under a Creative Commons or Open Government license. Unauthorised reproduction, editing or 
reformatting for resale purposes is explicitly prohibited (except where approved by the copyright holder 
themselves) and UEA reserves the right to take immediate ‘take down’ action on behalf of the copyright 
and/or rights holder if this Access condition of the UEA Digital Repository is breached. Any material in 
this database has been supplied on the understanding that it is copyright material and that no quotation 
from the material may be published without proper acknowledgement. 
 



 3 

Acknowledgements 
 
Wormhole Alien (doesn’t understand linear time): You value your ignorance of what is to come? 
 
Commander Sisko: That may be the most important thing to understand about humans. It is the 
unknown that defines our existence. We are constantly searching, not just for answers to our questions, 
but for new questions. We are explorers. We explore our lives day by day, and we explore the galaxy, 
trying to expand the boundaries of our knowledge. And that is why I am here. Not to conquer you 
with weapons, or with ideas. But to coexist… and learn. 

- Star Trek, Deep Space 9. Emissary (1993).  
 

The following is dedicated to the value of my ignorance. 
 

Firstly, I would like to thank the John Innes Foundation Rotation PhD program for allowing 
me to study among the most brilliant people I’ve ever met. Thank you to Diane Saunders for 
welcoming me into your lab and for reshaping my views of what good mentorship looks like. 
Thank you to Sophien Kamoun and Mark Banfield for being excellent committee members 
and for offering valuable advice. Thanks to Paul Nicholson for listening.  
 
These past four years, more than the PhD itself, was about friendship. Thank you to Pilar, 
Vanessa, Nicola (Cook), Becky, Ashley, and Francesca for showing me what support and 
strength looks like. Thanks to Guru for help with molecular biology and how to navigate 
difficult situations. Thanks to Elizabeth for your kindness. A special thank you to Vincent 
Were for selflessly showing me leaf sheath assays.  Thanks to all Saunders Lab members past 
and present who have made coming into work an absolute pleasure. 
 
A special thanks to Aisling, Alex, and my godson Richard. Thank you for opening your lovely 
home to me during thesis writing and providing emotional support. Thanks to Millie for 
WFH Thursdays, and being my goth sister friend through all these years. Thanks to Nicola 
(Capstaff) and Cat for your unwavering support (even when I’m being a nightmare). Loving 
people is about seeing all the positive things in this world through them. Thanks to all my 
friends for showing me these things. Because of you all, I get to be a better person.  
 
Most of all, thank you to my family. Mom and dad, this thesis, and all I do in life, is because 
of you. You sacrificed so much for my education. Look at where we are now.  



 4 

Table of Contents 
 
Abstract ............................................................................................................................................... 2 
Acknowledgements ........................................................................................................................... 3 
Table of Contents ............................................................................................................................... 4 
List of Figures .................................................................................................................................... 10 
List of Tables ...................................................................................................................................... 13 
Abbreviations .................................................................................................................................... 14 
Chapter 1 General Introduction ................................................................................................ 16 

1.1 Wheat is an important staple crop ............................................................................... 16 
1.2 Wheat rust fungi threaten global food security .......................................................... 16 

1.2.1 Puccinia striiformis f. sp. tritici (Pst) ................................................................... 17 
1.2.2 Pst asexual infection on wheat: host penetration and haustorium formation 17 
1.2.3 Pst Life cycle – sexual recombination produces genetic diversity .................. 19 
1.2.4 Strategies to combat rust pathogens ................................................................ 21 

1.3 Plant immunity: from two tiers to the new frontiers .................................................. 21 
1.4 Resistance beyond NLRs .............................................................................................. 24 
1.5 Rust effectors ................................................................................................................ 24 

1.5.1 Secretion through the haustoria: translocation across multiple membranes  ... 
  .............................................................................................................................. 24 
1.5.2 Rust effectors and virulence – manipulation of host processes ..................... 26 
1.5.3 Rust effectors and avirulence – tripping the wire ............................................ 28 

1.6 The search for effectors ............................................................................................... 29 
1.6.1 Positional cloning ................................................................................................ 30 
1.6.2 Genome Mining ................................................................................................... 31 
1.6.3 Signal peptides, translocation motifs, and transmembrane domains ............ 31 
1.6.4 Small cysteine rich proteins ................................................................................ 32 
1.6.5 Genomic location of effectors ............................................................................ 32 
1.6.6 Other features of previously described fungal effectors ................................. 33 
1.6.7 Limitations to genome mining for effectors ...................................................... 33 
1.6.8 Integration of comparative genomics and transcriptomics ........................... 34 

1.7 Functional validation of candidate rust effectors ...................................................... 35 
1.7.1 Agrobacterium mediated transient expression in surrogate plant systems . 35 
1.7.2 Viral overexpression ............................................................................................ 36 
1.7.3 Biolistic assays ...................................................................................................... 37 
1.7.4 Protoplast assays .................................................................................................. 37 
1.7.5 The bacterial T3SS ............................................................................................... 38 

1.8 Introduction to the current study ............................................................................... 39 
Chapter 2 Comparative genomics of spontaneous gain of virulence mutants reveal 
candidate AvrYr2 effectors ............................................................................................................. 40 



 5 

2.1 Abstract .......................................................................................................................... 40 
2.2 Introduction ................................................................................................................... 40 

2.2.1 Comparative genomics from population samples: limitations ....................... 40 
2.2.2 Spontaneous gain of virulence mutants: the ideal comparative genomics 
dataset  ............................................................................................................................... 41 
2.2.3 Gain of virulence – Variation occurs in the absence of sex .............................. 41 
2.2.4 Introduction to the current study ....................................................................... 43 
2.2.5 Variant calling: the reference matters ............................................................... 45 
2.2.6 YR2 ....................................................................................................................... 46 

2.3 Methods ......................................................................................................................... 47 
2.3.1 Isolates and genomic data used in this study .................................................... 47 
2.3.2 Short read pre-processing .................................................................................. 47 
2.3.3 Alignment ............................................................................................................. 47 
2.3.4 Variant Calling and Hard Filtering ...................................................................... 47 
2.3.5 Finding Candidates .............................................................................................. 48 
2.3.6 Identifying Candidate Properties ....................................................................... 48 

2.4 Results ............................................................................................................................ 48 
2.4.1 Genome sequencing and alignment ................................................................. 48 
2.4.2 Variant Calling and Annotating ......................................................................... 49 
2.4.3 Identifying candidates ......................................................................................... 51 
2.4.4 Candidate properties .......................................................................................... 53 

2.5 Discussion ..................................................................................................................... 54 
2.5.1 Properties of candidate effectors ...................................................................... 54 
2.5.2 Variants found in one mutant but not the other? Mutations in different genes 
may lead to the same phenotype ......................................................................................... 54 
2.5.3 Beyond mutation: epiallelic variation can cause gain of virulence ................ 55 
2.5.4 Issues with reference-based SNP calling .......................................................... 55 
2.5.5 Searching for Avirulence: Generating a new reference genome .................... 57 
2.5.6 Assembling a pangenome for Pst ..................................................................... 59 
2.5.7 Conclusion ........................................................................................................... 59 

Chapter 3 Methods for molecular biology .............................................................................. 60 
3.1 PCR methods ................................................................................................................ 60 

3.1.1 Standard PCR ...................................................................................................... 60 
3.1.2 Colony PCR .......................................................................................................... 60 
3.1.3 Hi-fidelity PCR ..................................................................................................... 60 
3.1.4 Agarose gel electrophoresis ............................................................................... 61 

3.2 DNA purification methods and sequence verification .............................................. 61 
3.2.1 Purification of PCR products .............................................................................. 61 
3.2.2 Plasmid purification by miniprep ....................................................................... 61 
3.2.3 DNA sequence verification ................................................................................ 62 



 6 

3.3 Cloning .......................................................................................................................... 62 
3.3.1 Gateway cloning ................................................................................................. 62 
3.3.2 Traditional “cut and paste” cloning ................................................................... 62 
3.3.3 Golden Gate cloning ........................................................................................... 63 
3.3.4 E.coli transformation by heat shock .................................................................. 64 

Chapter 4 Utilising the bacterial type III secretion system for the delivery of rust effectors in 
wheat  ................................................................................................................................... 66 

4.1 Abstract ......................................................................................................................... 66 
4.2 Introduction .................................................................................................................. 66 

4.2.1 A high-throughput system is needed to test candidate effectors of the cereal 
rusts in wheat ......................................................................................................................... 66 
4.2.2 Introduction to the bacterial type III secretion system: a useful surrogate 
system for functionally characterising fungal effectors ..................................................... 67 
4.2.3 The T3SS can be harnessed to study non-bacterial effectors .......................... 71 
4.2.4 The T3SS of the EtHAn strain can be harnessed to deliver fungal effectors in 
wheat  ............................................................................................................................... 71 
4.2.5 The T3SS of Burkholderia glumae can be harnessed to deliver fungal 
effectors in wheat ................................................................................................................... 72 

4.3 Methods .......................................................................................................................... 73 
4.3.1 Plant materials used in this study ........................................................................ 73 
4.3.2 Bacterial strains used in this study ...................................................................... 73 
4.3.3 Preparation of bacterial inoculum under normal conditions .......................... 73 
4.3.4 Preparation of bacterial inoculum under T3SS pre-induction conditions ..... 74 
4.3.5 Infiltration of bacterial inoculum into wheat leaves .......................................... 74 
4.3.6 Colony forming unit assay ................................................................................... 74 
4.3.7 Plasmid constructions ......................................................................................... 75 
4.3.8 Bacterial transformation ..................................................................................... 76 
4.3.9 Dendrogram analysis of common wheat varieties ........................................... 77 

4.4 Results ............................................................................................................................. 78 
4.4.1 The Pseudomonas fluorescens EtHAn system expressing AvrSr50 or 
AvrRmg8 is unable to elicit R gene dependent HR in wheat .............................................. 78 
4.4.2 Wild type Burkholderia glumae strain 106619 elicits strong HR on all wheat 
accessions tested ................................................................................................................... 80 
4.4.3 Burkholderia cepacia is the only wild type bacterial strain tested that may be 
suitable for development as a high-throughput screening system of rust effectors in 
wheat  .............................................................................................................................. 82 
4.4.4 Burkholderia cepacia expressing AvrSr50 or AvrRmg8 under the pEDV 
vector does not elicit HR in an R dependent manner ......................................................... 85 
4.4.5 EtHAn and B. cepacia expressing AvrSr50 or AvrRmg8 under the pEDV 
vector does not elicit HR in an R gene dependent manner using T3SS inducing buffer. 87 

4.5 Discussion ..................................................................................................................... 90 
4.5.1 EtHAn appears unsuitable for screening candidate avirulence effectors in 
wheat  .............................................................................................................................. 90 



 7 

4.5.2 B. glumae and B. cepacia are unsuitable for screening candidate avirulence 
effectors in wheat using the pEDV vector ............................................................................ 91 
4.5.3 Pre-inducing the T3SS of EtHAn or B. cepacia elicits non-specific cell death ... 
  .............................................................................................................................. 92 
4.5.4 EtHAn is suitable for delivering effectors and assessing avirulence 
phenotypes in other plant systems than wheat .................................................................. 92 
4.5.5 EtHAn is suitable for detecting virulence phenotypes in wheat, but not 
avirulence  ............................................................................................................................... 93 
4.5.6 Chimeric effectors may not be recognized by the bacterial T3SS, or may not 
function properly in the plant cytoplasm ............................................................................ 94 
4.5.7 General considerations and caveats for using the bacterial T3SS for assessing 
avirulence phenotypes in wheat .......................................................................................... 96 

4.6 Conclusion ..................................................................................................................... 97 
Chapter 5 Utilising Magnaporthe oryzae (Triticum pathotype) for the heterologous 
expression of rust effectors in wheat ............................................................................................ 98 

5.1 Abstract ......................................................................................................................... 98 
5.2 Introduction .................................................................................................................. 98 

5.2.1 Magnaporthe oryzae causes devastating disease on many plant species 
including wheat ..................................................................................................................... 99 
5.2.2 M. oryzae is an experimentally tractable model organism ............................ 100 
5.2.3 M. oryzae has many genomic resources ......................................................... 104 
5.2.4 M. oryzae is a hemibiotroph that secretes effectors into the cytoplasm using 
signal peptides ...................................................................................................................... 105 
5.2.5 Host pathogen interfaces of haustoria and non-haustoria forming fungi: 
commonalities and differences ............................................................................................ 110 

5.3 Methods ........................................................................................................................ 113 
5.3.1 Magnaporthe strains and wheat lines used in this study ................................. 113 
5.3.2 AvrRmg8 protein alignment .............................................................................. 113 
5.3.3 Fungal growth, maintenance and storage ....................................................... 113 
5.3.4 Magnaporthe transformation ............................................................................ 113 
5.3.5 Fungal CTAB DNA extraction for genotyping and Nanopore sequencing ... 114 
5.3.6 Magnaporthe infection assays ......................................................................... 115 
5.3.7 Cloning vectors for Magnaporthe transformations ........................................ 116 
5.3.8 Copy number analysis ........................................................................................ 118 
5.3.9 Relative expression using RT-PCR ..................................................................... 118 
5.3.10 RNA extraction for RNA-seq and RNA-seq analysis ........................................ 119 
5.3.11 RT-qPCR ............................................................................................................. 119 
5.3.12 Nanopore sequencing and assembly of the PS-2 genome ........................... 120 
5.3.13 Whole genome assembly alignments for collinearity analyses ...................... 121 
5.3.14 De novo transcriptome Assembly ..................................................................... 121 
5.3.15 Discovery of Effectors in PY06047 ..................................................................... 121 
5.3.16 Cloning donor DNA for CRISPR/Cas9 targeted insertion of AvrSr50 ............ 121 
5.3.17 RNP mediated CRISPR/Cas9 targeted insertion of AvrSr50 .......................... 122 



 8 

5.3.18 Cloning and Magnaporthe transformations for Microscopy ........................ 122 
5.3.19 Leaf Sheath Inoculations for Microscopy ......................................................... 123 
5.3.20 Confocal Microscopy ......................................................................................... 123 

5.4 Results ........................................................................................................................... 123 
5.4.1 A wheat blast strain carrying the AvrRmg8 allele can be used as a positive 
control for HR induction in infection assays ....................................................................... 123 
5.4.2 Transformants expressing the AvrRmg8 control gene under the PWL2 
promoter are able to elicit R dependent HR ...................................................................... 126 
5.4.3 Transformants with the PWL2 promoter driving expression of AvrSr50 are 
unable to elicit R dependent HR .......................................................................................... 128 
5.4.4 Transformants with a wheat blast or constitutive promoter are unable to elicit 
R dependent HR when used in combination with the native AvrSr50 signal peptide ... 130 
5.4.5 A single transformant expressing AvrSr50 with a wheat blast specific signal 
peptide is able to elicit R dependent HR ............................................................................ 132 
5.4.6 Transformant PS-2 has more copies of AvrSr50 than all other transformants ... 
  ............................................................................................................................. 135 
5.4.7 Expression data suggests AvrSr50 expression is increased in PS-2 in 
comparison to other transformants .................................................................................... 135 
5.4.8 An RT-qPCR time course confirms AvrSr50 expression is significantly 
increased in PS-2 in comparison to other transformants at 2DPI .................................... 139 
5.4.9 Whole genome sequencing and de novo assembly of PS-2 suggests a large 
tandem insertion of AvrSr50 ................................................................................................ 139 
5.4.10 RNA-seq data analysis suggests no read through from the MGG_04257 
promoter  ............................................................................................................................. 146 
5.4.11 CRISPR/CAS9 targeted insertion of AvrSr50 to select places in the 
Magnaporthe genome ........................................................................................................ 148 
5.4.12 The Magnaporthe expression system is unable to elicit R dependent HR 
when expressing a different fungal effector ...................................................................... 162 
5.4.13 Fluorescently tagged AvrSr50 is undetectable using confocal microscopy 
using a Magnaporthe expression system .......................................................................... 164 

5.5 Discussion .................................................................................................................... 166 
5.5.1 Copy number: lessons from industry ............................................................... 166 
5.5.2 Issues with multiple copies: transgene silencing and transcription factor 
titration  ............................................................................................................................. 168 
5.5.3 Resisting transgene silencing: the role of introns and the  3’UTR ................. 169 
5.5.4 Positional effects: chromosomal location matters ......................................... 170 
5.5.5 Codon optimization ............................................................................................ 171 
5.5.6 Promoter and signal peptide ............................................................................ 173 
5.5.7 So many options, so little time .......................................................................... 174 

Chapter 6 General Discussion ................................................................................................. 176 
6.1 Identifying and characterising effectors from the wheat yellow rust pathogen ... 176 
6.2 Comparative genomic studies for finding cereal rust effectors ............................. 176 

6.2.1 Limitations .......................................................................................................... 177 



 9 

6.2.2 Gain of virulence mutants combined with second and third generation 
sequencing: the future of AVR discovery? ......................................................................... 177 

6.3 Challenges, limitations, and future directions  in functional characterisation of 
wheat rust effectors ................................................................................................................... 178 

6.3.1 Heterologous expression systems are limited to the knowledge of the 
surrogate organism .............................................................................................................. 178 
6.3.2 Advances in M. oryzae molecular genetics: optimisation of a heterologous 
secretion system in MoT is likely near ................................................................................. 180 
6.3.3 Towards a more holistic view of functional characterisation .......................... 181 

6.4 Chasing effectors: Why bother? ................................................................................ 183 
6.4.1 Using effectors to clone new R genes .............................................................. 183 
6.4.2 Testing R gene stacking .................................................................................... 183 
6.4.3 Engineering new R genes ................................................................................. 184 
6.4.4 Baits for finding new S genes ............................................................................ 185 
6.4.5 Effectors as markers for monitoring allelic diversity ....................................... 185 

6.5 Concluding statement ................................................................................................ 186 
References ...................................................................................................................................... 187 
Appendices ..................................................................................................................................... 223 



 

 10 

List of Figures 
 
Figure 1-1 Representation of the asexual cycle of Puccinia spp. on wheat. ................................ 18 
Figure 1-2  Schematic representation of the Pst life cycle. .......................................................... 20 
Figure 1-3 Plant pathogen effectors and the plant immune system. .......................................... 23 
Figure 1-4 Effectors must pass through multiple membranes before entering the host 
cytoplasm ......................................................................................................................................... 25 
Figure 1-5 Pathogen strategies for successful host invasion.  ...................................................... 27 
Figure 2-1 Different ways rust fungi can lose avirulence during the asexual stage. .................. 42 
Figure 2-2 Schematic of wildtype and mutant isolates used in this study. ................................ 44 
Figure 2-3 Types and frequencies of variant effects. ................................................................... 50 
Figure 2-4 In silico pipeline for mining AvrYr2 candidates. ......................................................... 52 
Figure 2-5 A summary of variant calling using multiple genome alignment. ........................... 58 
Figure 4-1 Schematic representation of the T3SS of plant pathogenic bacteria. ...................... 68 
Figure 4-2 Representations of expression constructs in pEDV vectors. l. .................................. 70 
Figure 4-3 Pseudomonas fluorescens EtHAn expressing AvrSr50 or AvrRmg8 does not elicit R 
gene dependent HR in wheat.  ...................................................................................................... 79 
Figure 4-4 Wild type Burkholderia glumae strain 106619 elicits HR on wheat lines differential 
for Sr50 and Rmg8. ......................................................................................................................... 80 
Figure 4-5 Burkholderia glumae strain 106619 elicits cell death across a set of genetically 
diverse wheat lines. .......................................................................................................................... 81 
Figure 4-6 All wild type phytopathogenic bacterial strains tested elicit cell death on wheat 
except Burkholderia cepacia strain ATCC 25416 ........................................................................ 83 
Figure 4-7 Burkholderia cepacia did not exhibit cell death when infiltrated into wheat 
varieties differential for Sr50 and Rmg8 and proliferated in planta.. ......................................... 84 
Figure 4-8 B. cepacia is unable to elicit Sr50 and Rmg8 mediated HR when expressing the 
corresponding avirulence effectors. ............................................................................................. 86 
Figure 4-9 P. fluorescens EtHAn grown in a T3SS pre-inducing media is unable to elicit R gene 
dependent HR.. ............................................................................................................................... 88 
Figure 4-10 B. cepacia grown in a T3SS pre-inducing media is unable to elicit R gene 
dependent HR.  ............................................................................................................................... 89 
Figure 5-1 Schematic illustration of Cas9/gRNA genome editing. ............................................ 102 
Figure 5-2 Plasmid vs. RNP mediated Cas9/gRNA delivery ....................................................... 103 
Figure 5-3 Magnaporthe oryzae life cycle.. ................................................................................ 107 
Figure 5-4 Growth of invasive hyphae during early stages of infection. ................................... 109 
Figure 5-5 Host pathogen interfaces of fungi producing invasive hyphae vs haustoria ......... 112 
Figure 5-6. Vector map of pCB-pPWL2-mcherry-stop. ............................................................. 118 



 

 11 

Figure 5-7 Wheat blast isolate BTJP4-1 carrying AvrRmg8 can be used as a positive control for 
HR in infection assays. .................................................................................................................... 125 
Figure 5-8 The PWL2 promoter can be used to express sufficient levels of AvrRmg8 to induce 
R dependent HR. ............................................................................................................................ 127 
Figure 5-9 Transformants expressing AvrSr50 under the PWL2 promoter are unable to elicit R 
dependent HR. ............................................................................................................................... 129 
Figure 5-10 Transformants containing a constitutive fungal promoter or a wheat blast 
cytoplasmic effector promoter in combination with the AvrSr50 native signal peptide are 
unable to elicit R dependent HR.. .................................................................................................. 131 
Figure 5-11 A single transformant with the PWT3 promoter and signal peptide is able to elicit R 
dependent HR. All other transformants containing the PWT3SP did not show this phenotype..
 ......................................................................................................................................................... 133 
Figure 5-12 Transformant PS-2 elicits Sr50 dependent HR. ....................................................... 134 
Figure 5-13 Semi-quantitative RT-PCR shows transformant PS-2 is expressing AvrSr50 at 3DPI.
 ......................................................................................................................................................... 137 
Figure 5-14 RNA-seq data from tissue collected 3DPI suggest PS2 expresses more AvrSr50 
than other transformants with the same expression construct. ................................................ 138 
Figure 5-15 PS-2 AvrSr50 relative expression peaks at 2DPI. ..................................................... 140 
Figure 5-16 The PS-2 genome assembly is overall colinear with wheat blast reference 
genome. .......................................................................................................................................... 142 
Figure 5-17 The PS-2 genome assembly is overall colinear with the rice blast reference 
genome. .......................................................................................................................................... 143 
Figure 5-18 The PS-2 tandem insertion is located in a region of structural variation. ............. 145 
Figure 5-19 The PS-2 transformant does not express AvrSr50 via the MGG_04257 promoter.
 ......................................................................................................................................................... 147 
Figure 5-20 Expression of known effectors in the PY06047 strain. ........................................... 149 
Figure 5-21 AvrSr50 is successfully targeted to the AvrPib locus using CRISPR/Cas9 
technology. ..................................................................................................................................... 151 
Figure 5-22 Transformants with AvrSr50 targeted to the AvrPib locus do not show R 
dependent HR. ............................................................................................................................... 152 
Figure 5-23 AvrSr50 is successfully targeted to the AvrRmg8 locus using CRISPR/Cas9 
technology. ..................................................................................................................................... 154 
Figure 5-24 Transformants with AvrSr50 targeted to the AvrRmg8 locus do not show R 
dependent HR ................................................................................................................................ 155 
Figure 5-25 AvrSr50 is successfully targeted to the MGG_04257 locus using CRISPR/Cas9 
technology ...................................................................................................................................... 157 



 

 12 

Figure 5-26 A single transformant with AvrSr50 targeted to the MGG_04257 locus shows R 
dependent HR. ............................................................................................................................... 158 
Figure 5-27 Transformant C04257-2 inconsistently shows R dependent HR.). ....................... 159 
Figure 5-28 Transformant C04257-2 shows an unexpected lack of amplification at the 3’ end 
of the construct.. ............................................................................................................................ 161 
Figure 5-29 Transformants expressing a different effector, AvrPm3a2/f2, do not elicit R 
dependent HR. ............................................................................................................................... 163 
Figure 5-30. Transformants containing AvrSr50 with an mcherry:NLS tag do not show 
fluorescence signals in the BIC or host nucleus. ......................................................................... 165 
Figure 5-31. A model of integrative transformation leading to a tandem insertion. ............... 167 
Figure 5-32 Model of transgene silencing via quelling in Neurospora crassa ......................... 169 
Figure 5-33 The AvrSr50 coding sequence contains many rare codons. ................................. 172 
 

  



 

 13 

List of Tables  
Table 1-1 Functionally characterised effectors from wheat rust pathogens .............................. 29 
Table 1-2 Cloned NLR genes for resistance against wheat rust pathogens ................................ 38 
Table 2-1 Virulence profiles of isolates and references used in this chapter ............................. 44 
Table 2-2 Publicly available reference genomes for Pst and their properties ........................... 46 
Table 2-3 Alignment statistics of each isolate to the two reference genomes .......................... 49 
Table 2-4 Variants in candidate AvrYr2 genes ............................................................................... 53 
Table 2-5 Properties of candidate AvrYr2 effectors ...................................................................... 53 
Table 3-1 Standard PCR thermal profile ........................................................................................ 60 
Table 3-2 PCR thermal profile for Phusion high-fidelity polymerase .......................................... 61 
Table 3-3Thermal cycling conditions for “Diglig” reactions ....................................................... 64 
Table 5-1 Transgene copy number of MoT transformants. ........................................................ 136 
Table 5-2 Summary statistics of Nanopore sequencing runs ..................................................... 141 
Table 5-3 Summary statistics of genome assemblies from Nanopore sequencing reads ....... 141 
Table 5-4 Transgene copy number of the CRISPR/Cas9 transformants. .................................. 162 
Table 6-1- Pros and cons of different heterologous systems for studying cereal rust effectors 
in the native wheat host ................................................................................................................. 182 
  

  



 

 14 

Abbreviations 
 

aa Amino acid 
AFLP Amplified Fragment Length Polymorphism 
APR Adult Plant resistance 
AVR Avirulence protein 
BAR Bialaphos resistance 
BF Bright Field 
BIC Biotrophic Interfacial Complex 
BLAST Basic local alignment search tool 
BSMV Barley Stripe Mosaic Virus 
CBD Chaperone Binding Domain 
CDS coding sequence 
CFU Colony Forming Unit 
Co-IP Co-immunoprecipitation  
CRISPR Cluster Regularly Interspaced Short Palindromic Repeats 
CTAB hexadecyltrimethylammoniun bromide 
DNA Deoxyribonucleic Acid 
DPI Days Post Inoculation 
DSB Double Stranded Break 
EGFP Enhanced Green Fluorescent Protein  
EMS Ethyl methanesulfonate 
ER Endoplasmic Reticulum 
ETI Effector Triggered Immunity 
ETS Effector Triggered Susceptibility 
GFP Green Fluorescent Protein 
GUS β-glucuronidase 

HDR Homology Directed Repair 
HIGS Host Induced Gene Silencing 
HPI Hours Post Inoculation 
HR Hypersensitive response 
IH Invasive Hyphae  
LRR Leucine Rich Repeat  
MCS Multiple Cloning Site 
MITE Miniature inverted-repeat transposable element 
NGS Next Generation Sequencing 
NHEJ Non Homologous End Joining  
NLR Nucleotide binding leucine rich repeat  
NLS Nuclear Localisation Signal 
OD Optical Density 
ORF Open Reading Frame 
PAM Protospacer adjacent motif 
PAMP Pathogen associated molecular patterns 
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PCR Polymerase chain reaction 
pEDV Effector Detector Vector 
Pgt Puccinia graminis f. sp. tritici 
PM Plasma Membrane 
PRR Pattern Recognition Receptor 
Pst Puccinia striiformis f. sp. tritici 
PTI Pattern Triggered Immunity 
RAPD Random amplification of polymorphic DNA 
RFLP Restriction fragment length polymorphism 
RFP Red fluorescent protein 
RISC RNA-induced silencing complex 
RNA Ribonucleic acid 
RNP Ribonucleoprotein 
ROS Reactive Oxygen Species 
RT-PCR Reverse transcription PCR 
RT-qPCR Quantitative reverse transcription PCR 
SCR Small Cysteine Rich 
sgRNA Small guide RNA 
SNP Single Nucleotide Polymorphism 
SP Signal Peptide 
SSP Small Secreted Protein 
TF Transcription Factor 
TPM Transcripts Per Million 
VIGS Virus Induced Gene Silencing 
VOX Viral Overexpression 
WT Wild Type 
YR Yellow Rust 
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Chapter 1 General Introduction 
 

1.1 Wheat is 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 et 
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 et al., 2019). 
Therefore, improving wheat yield through control of pests and pathogens is essential for 
meeting global demand.  
 
1.2 Wheat rust 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 et al., 2009). These rust fungi are 
obligate biotrophs, meaning they require a living plant host to complete their life cycle 
(Lorrain et 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 f. sp. tritici (Pgt, stem rust), Puccinia triticina (Pt, leaf rust), and Puccinia striiformis f. 
sp. tritici (Pst, yellow rust) (McIntosh et al., 1995). Wheat rusts have plagued agriculture since 
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the domestication of cereal crops and continue to cause serious crop losses (McIntosh et 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 et al., 2014). 
Throughout history, this fungus has afflicted agriculture, with the disease first described in 
Europe in 1777 (Eriksson & Henning, 1896). In recent years, Pst 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 et al., 2015). Beddow et 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 Pst infection process on its wheat host.  
 
1.2.2 Pst asexual 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 et al., 2006). This germ tube eventually enters the plant via a stoma 
and subsequently differentiates into the substomatal vesicle (Chen et al., 2014). Other rust 
fungi produce a spherical appresorium at the stoma, however, this is rarely observed for 
Pst (Moldenhauer et 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 et al., 2014; Hovmøller et al., 2011). Through the haustoria, Pst 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.  
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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 et al. (2014) and is reused with permission under the Creative 
Commons Attribution License.  
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1.2.3 Pst Life cycle – sexual recombination produces genetic diversity 

The above infection process on the wheat host only represents a small portion of the full Pst 
life cycle. Pst, like all cereal infecting rust fungi, have an incredibly complex macrocyclic life 
cycle (Aime et al., 2017). The macrocyclic rusts are those that produce five spore stages 
sequentially throughout their life cycle. Pst is also heteroecious, meaning two unrelated plants 
are required to complete the life cycle (Lorrain et 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 Pst 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 et al., 2013). These aeciospores can travel to a new wheat host, 
whereby infection produces urediniospores. The full Pst life 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, Hovmøller et al. (2016) detected three Pst 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 (Sørensen et 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 et al., 2014; Hovmøller et al., 
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.  

 
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 et 
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 et al., 
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 Plant immunity: 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 et al., 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 et 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 PTI and ETI elicit similar and interacting pathways, and 
that perhaps there is no strict dichotomy between the two (Thomma et al., 2011). Indeed, 
recent data from Ngou et al. (2020) suggest PTI 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 et 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 et al., 2019). For the purpose of 
this thesis, I will refer to PRR triggered immunity as PTI and immunity triggered by NLRs 
as ETI 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 et al., 
2019). These funnel shaped resistosomes translocate to the plasma membrane upon activation, 
likely causing cell death by forming toxin-like pores (Wang et 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 (PTI). 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 et al. (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 et 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 et al., 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 et al., 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 et al., 2007). APR 
generally does not require elicitation by pathogen effectors in a gene-for-gene manner (Milne 
et al., 2019; Ellis et 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 
(Sørensen et al., 2014).  
 
1.5 Rust effectors  

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 et al., 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)



 

  

 
Figure 1-4 Effectors must pass through multiple membranes before entering the host cytoplasm. Left panel: Oomycete and fungal pathogens produce 
haustoria (a) and hyphae (b) that secrete effectors into host cell cytoplasm by unknown mechanisms. Right panel: Effectors secreted from haustoria (a) and 
hyphae (b) cross different biological membranes. EHMx, extrahaustorial matrix; EHM, Extrahaustorial membrane. This figure was published in Petre & 
Kamoun (2014) and is reused with permission from copyright holders under the Creative Commons License.



 

 26 

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 et al. (2017) discovered that the Pst effector 
PSTha5a23 can supress PTI-like responses induced by bacterial pathogens. Similarly, Pst 
effectors Pst_8713 and Pst_12806 were also shown to supress PTI mediated callose deposition 
in wheat (Zhao et al., 2018; Xu et al., 2019). Pst effectors can also supress ETI-like responses. 
For example, Ramachandran et al. (2017) delivered the Pst 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 et al., 2019).  
 
Due to functional redundancy, silencing an effector may not lead to reduced virulence of the 
rust pathogen. For example, silencing AvrL567 from flax rust does not show reduced growth 
on flax (Lawrence et al., 2010). However, a decreased number of pustules was observed when 
the PEC6 effector from Pst was silenced through host induced gene silencing (HIGS) (Liu et 
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 et al., 2010). Another strategy is to interfere with host immune 
responses. For example, the apoplastic effector Pep1 from Ustilago maydis inhibits the plant 
peroxidase POX12 that produces reactive oxygen species (ROS), key molecules in plant 
defence (Hemetsberger et al., 2012). Other effectors may interact with host proteins to redirect 
them away from production of host defence molecules. For example, the U. maydis effector 
Cmu1 diverts precursors of salicylic acid (SA) towards the production of aromatic amino acids 
(Djamei et 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 AvrL567 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 et al., 2006; Dodds et al., 2004). Dodds et al. (2006) found 12 sequence variants 
of AvrL567 from six rust strains. The six AvrL567 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 AvrL567-D is L6 specific. The variants of AvrL567 
found to be virulent in planta did not associate with either L6 or L7 in yeast. Similarly, 
Catanzariti et al. (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 AvrL567 and AvrM, rather than 
loss of function (Catanzariti et al., 2010; Dodds et 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 et 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 AvrL567 variants A and D revealed polymorphisms in residues that interact with the 
associated R protein (Wang et 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 AvrSr50 from Pgt is also polymorphic, 
with multiple alleles characterised from different isolates, and directly interacts with its 
cognate R protein (Chen et al., 2017). Direct interaction with Sr50 was also confirmed using 
a yeast two-hybrid system, along with cell death assays in both N. tabacum and N. benthamiana. 
Similarly, direct interaction of the Pgt effector AvrSr35 with Sr35 was determined through 
cell death assays in N. benthamiana and also bimolecular fluorescent complementation (BiFC). 
The AvrSr35 locus is also highly polymorphic, with many virulent isolates having severe 
deletions and truncations from transposon insertions in the avirulent allele (Salcedo et al., 
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2017). A table of cereal rust effectors from Pst and Pgt 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 
proteins 

Pathogen  Localisation  Cellular 
function 

Reference 

PEC6 Pst Nucleus and 
cytoplasm in 
wheat epidermal 
cells 

Suppression of 
PTI 

(C. Liu et al., 
2016) 

PSTha5a23 Pst Cytoplasm of 
wheat 
protoplasts 

Suppression of 
PTI 

(Cheng et al., 
2017) 

Pst_8713 Pst Cytoplasm and 
nucleus of wheat 
protoplasts 

Suppression of 
PTI, ETI 

(M. Zhao et al., 
2018) 

Pst 12806 Pst Chloroplasts in 
N. benthamiana 

Suppression of 
PTI 

(Xu et al., 2019) 

Shr7 Pst Not known Suppression of 
ETI 

(Ramachandran 
et al., 2017) 

PST02549 Pst P-bodies in the 
cytoplasm of N. 
benthamiana 

Not known. 
Likely alters 
host 
transcription. 

(Petre et al., 
2016) 

PstSCR1 Pst Apoplast of N. 
benthamiana 

Triggers PTI in 
non-host N. 
tobacco 

(Dagvadorj et 
al., 2017) 

AvrSr35 Pgt Cytoplasm of 
wheat cells, ER 
and cytoplasm of 
N. benthamiana 

Not known 
(avirulence) 

(Salcedo et al., 
2017) 

AvrSr50 Pgt Cytoplasm of 
wheat cells 

Not known 
(avirulence) 

(Chen et al., 
2017) 

PGTAUSPE-10-1 Pgt Not known Not known 
(avirulence) 

(Upadhyaya et 
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 
fungus, Melampsora lini. Indeed, the first rust effectors identified came from studying the M. 
lini – flax pathosystem. In the absence of sophisticated in silico 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 et 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 
CH5 strain. This strain was selfed, producing an F2 mapping population (Dodds et al., 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 AvrL567 (Dodds et 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 et al., 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 Pst 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 et al., 2014). 
Despite this, a segregating population has been established for Pst. The resulting linkage map, 
however, produced markers that could not fully resolve virulence loci associated with a 
particular resistance gene (Yuan et al., 2018). Fortunately, advances in next generation 
sequencing over the past few years have paved the way for a new era in effector discovery. 
  



 

 31 

1.6.2 Genome Mining 

Over the past decade, over 20 genomes of rust fungi have been sequenced (Lorrain et 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 et 
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 et al., 2012). Genomic studies of plant pathogens, including rust fungi, have 
produced a characteristic profile for candidate effectors (Petre et 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 et 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 et al., 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 et al., 2013; Saunders 
et al., 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 et al., 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 (Rafiqi et al., 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 et al., 2008). Further, in the flax rust effectors AvrM and AvrL567, 
deletion studies have revealed N-terminal domains that are important in host translocation 
(Ve et al., 2013; Rafiqi et 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 
(Rafiqi et 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 et al., 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 et al., 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 
(Raffaele et 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 et 
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 et 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 (Raffaele 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 et al. (2012) designed an in silico 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 Pst suggest a “one 
speed” genome instead of the commonly described “two speed genome.” Effector candidates 
in Pst were not enriched in particular regions in comparison to other genes (Schwessinger et 
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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 et al., 2019). 
 
In combination with general candidate effector mining, comparative genomics has emerged 
as a powerful tool for effector identification (Cantu et al., 2013; Plissonneau et al., 2017; 
Saunders et al., 2012; Upadhyaya et al., 2015; Wu et 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 et al. (2013) 
which used this approach to identify five Pst 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 Pst, Hubbard et 
al. (2015) were able to identify polymorphic and differentially expressed effector candidates 
which could be linked to the differential virulence profiles of Pst 2013 field isolates (Hubbard 
et al., 2015). Thirty-nine Pst 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 Pst effector candidates from a previous study, 10 genes were found to 
be upregulated and 9 were found to be down regulated (Hubbard et al., 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 et al., 2014). This high-throughput method of characterising fungal 
effectors in dicot plants has not been as successful in crop host plants (Prasad et al., 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 et al., 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, AvrSr50 and AvrSr35, were 
functionally characterised (Chen et al., 2017; Salcedo et 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 N. benthamiana may 
require optimisation to achieve appropriate protein levels and stability of both AVR and R 
protein (Bourras et al., 2015; Saur et al., 2019a; Saur et al., 2019b). For example, Saur et al. 
(2019a) were able to detect cell death caused by recognition of AVRA1 by the R protein 
MLA1 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 et 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 et 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 et al., 2018). However, this method can be used 
to confirm avirulence phenotypes of small effectors in wheat indirectly. For example, BSMV-
mediated overexpression of AvrSr50 in wheat leaves containing the cognate R gene induced 
an immune response that decreased the systemic spread of the virus itself (Chen et 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 et 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 et al., 2005; Bouton et al., 2018). Although disease symptoms 
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caused by FoMV are purportedly less severe than those caused by BSMV, it still can 
complicate interpretation of phenotypic readouts (Bouton et 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-ta. Reduced GUS activity was only observed 
when Avr-Pita was delivered in rice leaves expressing the corresponding resistance gene Pi-ta 
(Jia et 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 AvrPm3a2/f2 was co-bombarded into wheat cells with 
the associated R gene Pm3a along with a GUS reporter gene (Bourras et al., 2015). The 
decrease in GUS expression in co-bombarded cells indicated cell death and thus suggested 
AvrPm3a2/f2 is an avirulence effector (Bourras et al., 2015). However, due to the labour-
intensive nature of particle bombardment, it may not be viable for high-throughput screening 
(Upadhyaya et 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 et al., 2006; Lu et al., 2016; 
Ribot et al., 2013). Lu et al. (2016) transformed barley protoplasts containing MLA-1 or 
MLA13 with AVRa1 and AVRa13 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 Mla1-AVRa1 and Mla13-AVRa13 specific manner. 
Similarly, R/AVR pairs can be co-expressed in wheat and barley protoplasts to confirm 
avirulence properties of an effector. AvrSr50 and Sr50 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 et al., 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 Pst and Pt (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 

Pst 
 

(Liu et al., 2014) 
Yr5/YrSp (Marchal et al., 2018) 

Yr7 (Marchal et al., 2018) 
YrAS2388 (C. Zhang et al., 2019) 

Lr1  
Pt 
 

(Cloutier et al., 2007) 
Lr10 (Feuillet et al., 2003) 
Lr21 (Huang et al., 2003) 
Lr22a (Thind et al., 2017) 
Sr50 

Pgt 

(Mago et al., 2015) 
Sr33 (Periyannan et al., 2013) 
Sr35 (Saintenac et al., 2013) 
Sr22 (Steuernagel et al., 2016) 
Sr45 (Steuernagel et al., 2016) 
Sr13 (Zhang et al., 2017) 
Sr21 (Chen et 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 et al., 
2014). Certain bacteria deliver effectors directly into the host cytoplasm via a pilus that 
traverses the plant plasma membrane (Wagner et al., 2018). The T3SS can be exploited to 
target candidate effectors towards the pilus and directly into the host (Casper-Lindley et al., 
2002). This method was successfully used for a single Pgt 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 Pst to date. 
Unfortunately, reliable and robust methods for delivering and functionally characterizing 
candidate effectors of Pst in the native wheat host remains limited. I aimed to address these 
issues with the following specific objectives: 
 

1) Identify effector candidates of Pst 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 Pst are not associated with a single resistance protein in 
wheat. Here, I designed an in silico pipeline to mine effector candidates of Pst that specifically 
target the YR2 resistance protein. This pipeline is based on comparative genomics, a process 
that detects polymorphisms between Pst 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 Pst reference genome (Cantu et 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 et al. (2013) 
compared two isolates of similar origin that differ in virulence to only two different wheat 
varieties YrRob and YrSol. 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 et al. (2017) used this method to identify one the first confirmed avirulence 
effectors from Puccinia graminis f. sp. tritici (Pgt), AvrSr50. By sequencing a spontaneous gain 
of virulence mutant to wheat harbouring the Sr50 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 et al. (2017) found 24 genes annotated as 
haustorially secreted proteins, one of which was confirmed as AvrSr50. 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 Pgt isolate carrying AvrSr35 to EMS 
mutagenesis (Salcedo et al., 2017). By comparing the WT isolate to the gain of virulence 
mutants, the authors were able to find AvrSr35. 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 et al. (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 et 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 Pst 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 (Hovmøller et al., 2011). 
 
For example, (Steele et al., 2001) tested the hypothesis that modern pathotypes from Australia 
and New Zealand, each of which have assorted virulence profiles, originated from the first Pst 
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 Pgt effector AvrSr35 contain multiple MITE (miniature inverted-repeat transposable 
element) insertions (Li et al., 2019). Large DNA insertions can also disrupt avirulence alleles 
rendering them unrecognizable by the host. For example, sequencing AvrSr50 from multiple 
Pgt isolates revealed the most common virulence allele has a large 26 kbp insertion disrupting 
the gene (Chen et al., 2017). Other virulence alleles of AvrSr50 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 et 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 Sr50 mentioned previously arose through this 
type of mutation (Chen et al., 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 Pgt 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 et al., 2019).  
 
2.2.4 Introduction to the current study 
Two gain of virulence mutants to YR2 were previously isolated from Sørensen et al. (2013), 
providing an ideal comparative genomics dataset to search for AvrYr2. 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, Sørensen et al. (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 2-1 Virulence profiles of isolates and references used in this chapter 

Isolate designation  Virulence Phenotypea 

ID Genotype Lineage  1 2 3 4 5 6 7 8 9 10 15 17 25 27 32 Sd Sp 
UK75/30 Wildtype (W1) 1  - - - - - - - - - - - - 25 - 32 Sd Sp 
Mut15/05 Mutant (M1) 1  - 2 - - - - - - - - - - 25 - 32 Sd Sp 
DK24/95 Wildtype (W2) 2  - - 3 4 - 6 - - - - - - 25 - 32 Sd - 
Mut21/06 Mutant (M2) 2  - 2 3 4 - 6 - - - - - - 25 - 32 Sd - 
PST104E Reference -  - 2 3 4 - - - - - - - - 25 - - Sd - 

11281 Reference -  - - - - - - - - - - - - - - - - - 
a Names designate virulence corresponding to specific yellow rust resistance genes. -, 
avirulence; Sd, Strubes dickoff; Sp, Spalding prolific. Virulence profiles taken from (Li et al., 
2019; Hovmøller et al., 2013; Wellings, 2007) 
 

 
Figure 2-2 Schematic of wildtype and mutant isolates used in this study. Mut1 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.  
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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 et al., 2009). Previous Pst 
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 et 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 Pst 
(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 (Hovmøller and Justesen, 2007; 
Schwessinger et 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 et 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. 
Contigsa 

Technology/phased Total 
length (bp) 

No. 
proteins 
predicted 

Reference 

PST-130 
(unphased) 

29,178 Short reads/not 
phased 

65Mb 18,149 (Cantu et al., 
2011) 

PST-21 43,106 Short reads/not 
phased 

73Mb 20,653 (Cantu et al., 
2013) 

PST-43 49,784 Short reads/not 
phased 

71 Mb 21,036 (Cantu et al., 
2013) 

PST-87/7 55,502 Short reads/not 
phased 

53 Mb 20,688 (Cantu et al., 
2013) 

PST-08/21 50,898 Short reads/not 
phased 

56 Mb 20,875 (Cantu et al., 
2013) 

PST-78 17,295 Short reads/not 
phased 

117.31 Mb 19,542 (Cuomo et 
al., 2017) 

CY32 12,833 Fosmid to 
fosmid/not phased 

115 Mb 25,288 (Zheng et al., 
2013) 

PST-
104E137A- 

P: 156 
H: 475 

Long 
reads/partially 

phased 

P: 83Mb 
H: 73Mb 

P: 15,928 
H: 

14,321 

(Schwessinger 
et al., 2018) 

PST-11281 P: 381 
H: 873 

Long 
reads/partially 

phased 

P: 
84.75Mb 
H: 60.09 

Mb 

P: 16,869 
H: 

12,145 

(Li et al., 
2019) 

PST-130 
(phased) 

P: 151 
H: 458 

Long 
reads/partially 

phased 

P: 85.4Mb 
H: 65.9Mb 

P: 17,881 
H: 

14,173 

(Vasquez-
Gross et al., 

2020) 
PST-

DK0911 
P: 94  

H: 1176 
Long 

reads/partially 
phased 

P: 74Mb 
H: 52Mb 

P: 15,070 
H: 

14,321 

(Schwessinger 
et al., 2019) 

93-210 493 Long reads/not 
phased 

84 Mb 16,513 (Xia et al., 
2018) 

aP, Primary contigs; H, Haplotigs 
 
2.2.6 YR2  

YR2 is a seedling resistance gene that behaves in a gene-for-gene manner with Pst isolates 
avirulent on YR2 wheat (Calonnec et al., 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 cM 
from the YR2 locus on chromosome 7B (Lin et 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 Sørensen 
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 Short read pre-processing 

Illumina short reads were processed using Trimmomatic v0.33 (Bolger et al., 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 et 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 et al., 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 et 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 bcftools v.1.9 with parameters “-p vcfcompare -n-1 -c all WTlib.vcf 
Mutlib.vcf”. To find variants producing deleterious changes in genes coding for proteins, each 
.vcf file was run through SnpEff v 3.3a (Cingolani et al., 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 et al., 2011).  
 
2.3.6 Identifying Candidate Properties 

Protein domains of effector candidates were identified using InterProScan (Mitchell et al., 
2019). Matching genes in other reference genomes were identified using BlastP. Expression 
data was identified using publicly available information (Cantu et al., 2013).  
 
2.4 Results 

2.4.1 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 AvrYr2 effector.  
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Table 2-3 Alignment statistics of each isolate to the two reference genomes 

Reference Estimated 
Mean 

Coverage 

Genotype QC 
passed 
reads 

% 
mapped 

% 
properly 
paired 

% 
singletons 

PST-104E 
Pcontig 

45x W1 57077856 68.7 63.08 2.66 
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 
Hcontig 

48x W1 57084239 64.21 58.22 2.77 
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-
11281 

Pcontig 

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

PST-
11281 

Hcontig 

53x W1 57123365 59.75 51.92 3.5 
40x M1 47274065 54.66 43.7 4.34 
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 et 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 2-3c). 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).



 

  

 

 
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. 
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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.  
 

  



 

 53 

Table 2-4 Variants in candidate AvrYr2 genes  

Gene Name Length 
of 

protein 
(amino 
acids) 

SNP 
location 

W1 
SNP 

RATO 

M1 SNP 
RATIO 

Type of 
change 

PS_11-281_00009225 
(P contig) 

 

1241 Codon 
801 

G: 100 C/G: 45/55 Non 
synonymous 

coding 
PS_11_281_scaffold_712 

(H contig) 
798 Codon 

773 
G:100 C/G: 45/55 Non 

synonymous 
coding 

PS_11_281_scaffold_9696 
(H contig) 

1591 -  C:100 C/T: 52/48 SNP in 
intron 

 
2.4.4 Candidate properties 

To further characterise the candidate effectors, I searched for conserved protein domains using 
InterProScan (Mitchell et al., 2019). Candidates PS_11-281_00009225 and 
PS_11_281_scaffold_712 both contain zinc finger domains (Table 2-5). These two proteins 
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 
have PST-130 matches that are highly expressed in haustoria (Table 2-5). 
PS_11_281_scaffold_9696 seems to be more elusive, as no conserved protein domains were 
identified. Further, there is no RNA-seq data available for this candidate.  
 
Table 2-5 Properties of candidate AvrYr2 effectors 

Gene Name Closest match in 
PST-130 

Conserved 
protein domains 

RNA-seq info 
(PST-130) 

PS_11-281_00009225 
 

PST130_15095, 
PST130_15096 

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

Top 10% genes 
expressed in 
haustoria 

PS_11_281_scaffold_712 PST130_15096 Zinc finger, 
C3HC4 RING-
type 

Top 10% genes 
expressed in 
haustoria 

PS_11_281_scaffold_9696 PST130_03978 none - 
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2.5 Discussion 

2.5.1 Properties of candidate effectors  

2.5.1.1 Zinc finger 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 et al., 2017). Many proteins with 
zinc finger domains are transcription factors that can directly interact with DNA. The flax 
rust gene AvrP, for example, encodes an effector with zinc finger like domains (Zhang et al., 
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-
281_00009225 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 Rps1b is encoded by Avr1b-1 and Avr1b-2 (Shan et al., 2004). Avr1b-
1 encodes for a small secreted protein that triggers Rps1b mediated immunity, whereas Avr1b-
2 is a trans acting gene that is a positive regulator of Avr1b-1 transcription. Mutations in either 
gene can lead to gain of virulence on Rps1b 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 et al. 
(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 Avr1c gene gained virulence on soybean plants carrying Rps1c through 
silencing of Avr1c (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 et 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 et 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 et 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 Pst, this is particularly an issue as structural variations 
between clonal isolates can occur in spontaneous gain of virulence mutants (Chen et al., 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 et al., 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 Pst, where up to half of the entire genome can 
contain repetitive sequences (Schwessinger et al., 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 (Möller 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 et al., 2020; Ma et 
al., 2010). Internuclear heterozygosity within an individual can also be incredibly high 
(Schwessinger et 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 et al., 2018). These 
inaccessible regions are predicted to be associated with disease phenotypes. It is possible large 
regions of the Pst 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 et al., 2018). 
Further, by comparing three partially phased Pst genomes produced with long read 
technology, Vasquez-Gross et 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 AvrYr2 candidates have 
been missed (Schwessinger et al., 2018; Sørensen et al., 2013). Further, PST-104E is virulent 
on YR2 wheat, providing the possibility that the AvrYr2 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 et al., 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 et 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 et al. (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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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 et 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 Pst. A pan-genome is an assembly containing 
sequences found in multiple individuals of a species, along with genes found in only some 
individuals (Bayer et al., 2020). Creating a pan-genome for Pst 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 AvrYr2 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 AvrYr2 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 Pgt. This reference genome contains an assembly from long read 
and short read sequences from an Australian founder isolate with the pathotype 21-0 
(Upadhyaya et 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 AvrSr50 allele 
was derived from a pathotype included in the pan-genome (Chen et al., 2017). Comparative 
genomics between a spontaneous gain of virulence mutant and this wild type isolate was 
successful, presumably because the reference contained the avirulent AvrSr50 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 PCR methods 

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 µL reaction contained 2.5 µL 10X DreamTaq 

Buffer, 0.5 µL 10 mM dNTP, 0.5 µL 10 mM of each forward and reverse primer, 0.2 µL 

DreamTaq DNA polymerase (0.625 U total), 1 µL 10 pg - 1 µg template DNA, and nuclease-

free water to a total volume of 25 µL. 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 

Annealing 

Extension 

95 ˚C 

Variable 

72 ˚C 

30 seconds 

30 seconds 

1 minute per kb 

 

25 – 40x 

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 µL 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 µL contained 0.2 

μM dNTPs, 0.5 μM 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 1x 

Denaturation 

Annealing 

Extension 

98 ˚C 

Variable 

72 ˚C 

10 seconds 

30 seconds 

 30 seconds per kb 

 

25 – 35x 

Final extension 72 ˚C 5 minutes 1x 

 
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 (LB) 
overnight cultures with appropriate antibiotic (working concentrations in Appendix 1). E. coli 
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 pENTR-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. coli (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 µg DNA, 1x CutSmart Buffer, 1.0 µL (20 
unites) enzyme, and water to 50 µL. 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 µL 10X T4 Ligase buffer, 50 ng Vector DNA, Insert DNA 
(calculated using a molar ratio of 1:3 vector to insert), water to 20 µL, and 1 µL 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 µL of the ligation reaction was transformed into E. coli 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 
BsaI and BpiI 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 et al., 2015).  
 
New level zero modules were cloned into the PUAP1 universal acceptor (Patron et al., 2015) 
by PCR amplifying target DNA using primers designed as described in Patron et al. (2015). 
Sequences with existing BsaI and BpiI 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 µL T4 
Ligase Buffer (NEB), 1.5 µL 10x Bovine Serum Abumin (BSA), 200 units T4 DNA ligase 
(NEB), 5 units of BpiI (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 µL T4 Ligase Buffer (NEB), 1.5 µL 10x 
Bovine Serum Abumin (BSA), 200 units T4 DNA ligase (NEB), 5 units of BsaI 
(ThermoFisher). The reactions were incubated on a thermal cycler with conditions described 
in Table 3-3. 
 
E. coli was transformed with 1-5 µL 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 1 X 

80 ˚C 5 minutes 1 X 

16 ˚C hold hold 

 

3.3.3.1 Domesticating DNA for Golden Gate: Q5 Site Directed mutagenesis  

Both BsaI and BpiI 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 BsaI and BpiI recognition sites while retaining the amino acid sequence. 
Primers were designed using the NEBaseChanger software (http://nebasechanger.neb.com/). 
5 µL of the KLD reaction was transformed into E. coli 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. coli transformation 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 DH5α 
(ThermoFisher Scientific) strain. Approximately 100 ng of the plasmid of interest were 
incubated with 50 μL 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 µL 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 µL 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 µL) was added to the cells, which were then shaken for at least 1 
hour at 37 °C.  
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After the 1 hour incubation step, each transformation mixture (20-200 µL) was spread over 
LB-Agar plates containing the appropriate antibiotic selection. Plates were incubated at 37 
°C overnight and single colonies were selected and grown in liquid LB media with antibiotic 
at 37 °C overnight with continuous shaking at 200 rpm. The presence of DNA of interest was 
confirmed using colony PCR (3.1.2). This was subsequently confirmed via Sanger sequencing 
as described in section 3.2.3. Overnight bacteria culture from confirmed positive colonies were 
stored in 40 % glycerol at -80 °C. 
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Chapter 4 Utilising the bacterial type III secretion system for 
the delivery of rust effectors in wheat 
  

4.1 Abstract 

Many candidate effectors have been predicted for the wheat rusts, however, very few have been 
functionally characterised in the native host. In particular, only two rust effectors conferring 
avirulent phenotypes have been confirmed in wheat, including AvrSr50 and AvrSr35 from 
stem rust. This is likely due to the lack of available systems for high-throughput screening of 
effector function in wheat. In this chapter I tested two previously described methods for 
suitability in screening avirulence phenotypes of biotrophic fungal effectors in wheat. This 
included: (i) utilising the Pseudomonas fluorescens effector to host analyser (EtHAn) system 
described in Upadhyaya et al. (2014) and ii) the Burkholderia glumae delivery system described 
in Sharma et al. (2013). Using two previously described avirulence effectors from fungal 
pathogens of wheat, I showed the EtHAn system was unable to elicit R gene dependent HR. 
Further, I showed the wild type B. glumae strain tested is not suitable for screening avirulence 
phenotypes, as the wild type strain elicits nonhost cell death in multiple wheat accessions 
tested. Further, I describe a novel bacterial delivery system using the phytopathogenic bacteria 
Burkholderia cepacia that proliferates in wheat but does not naturally cause nonhost cell death. 
This system is also incapable of causing R gene dependent HR on wheat when expressing 
AvrSr50 or AvrRmg8. Previously published bacterial delivery systems for fungal effectors in 
wheat were developed before the emergence of any confirmed avirulence effectors for the 
wheat rusts. The results in this chapter therefore reveal critical information for designing 
experiments involving the bacterial T3SS as a delivery system in wheat, especially when 
screening for avirulence phenotypes of the wheat rusts. 
4.2 Introduction 

4.2.1 A high-throughput system is needed to test candidate effectors of the cereal 
rusts in wheat 

Recent developments in genomics and bioinformatics have prompted a radiation in effector 
prediction for the wheat rusts (Duplessis et al., 2011; Kiran et al., 2017; Garnica et al., 2013; 
Cantu et al., 2013; Upadhyaya et al., 2015; Saunders et al., 2012). High-throughput methods 
for delivering rust effectors in wheat are therefore required to screen through large numbers 
of candidates. Although Agrobacterium mediated transient expression is a useful high-
throughput method for characterising rust effectors in dicot host plants, these assays have not 
yet been successful in wheat (Catanzariti et al., 2006; Dodds et al., 2004; Upadhyaya et al., 
2014). Effectors from the wheat rusts can be confirmed by Agrobacterium mediated transient 
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expression in Nicotiana benthamiana, only if both the AVR and R gene are cloned and co-
expressed together, leading to a hypersensitive response. This is how the only confirmed 
avirulence effectors from the cereal rusts, AvrSr50 and AvrSr35, were functionally 
characterised (Salcedo et al., 2017; Chen et al., 2017). This method is restricted by the number 
of cloned associated R genes, which is very limited particularly for Pst (Klymiuk et al., 2018). 
Therefore, an alternative method must be used for screening multiple avirulence effector 
candidates, especially if the associated R gene has not been cloned.  
 
Other existing methods for effector delivery in wheat such as particle bombardment and 
protoplast transformation have proven to be incredibly laborious and time consuming 
(Upadhyaya et al., 2014). Functionally characterising the large repertoire of candidate rust 
effectors in the native wheat host thus poses an arduous and challenging task. Alternatively, 
utilizing the type III secretion system (T3SS) of bacteria to deliver fungal candidate effectors 
in planta remains an incredibly attractive method for high-throughput functional analysis of 
effectors in the host cytoplasm. This is because bacteria can be easily cultured and transformed 
across a short time scale under experimental conditions. Thus, a bacterial delivery system is 
valuable for studying candidate effectors of genetically intractable organisms like the wheat 
rusts.  
 

4.2.2 Introduction to the bacterial T3SS: a useful surrogate system for functionally 
characterising fungal effectors  

Previously, bacterial delivery systems have been developed by harnessing the T3SS of gram-
negative bacteria. Both pathogenic and symbiotic bacteria utilise the T3SS to deliver effectors 
directly into the host cytoplasm. This allows establishment of a close relationship with 
different types of eukaryotic hosts, including plants (Grant et al., 2006). Phytopathogenic 
bacteria use the T3SS to deliver a range of effectors into their host plants to manipulate the 
environment in favour of disease development. This includes dampening host defences, which 
facilitates pathogen propagation and survival (Grant et al., 2006; Chang et al., 2014). Bacteria 
deliver type III effectors through a membrane-embedded nanomachine that spans the 
bacterial inner membrane and outer membrane, the plant cell wall, and the plant plasma 
membrane (Figure 4-1, Büttner and He, 2009). A key component of this nanomachine is a 
needle like structure called the pilus that acts as a channel for translocation of effectors into 
the host (Tang et al., 2006). The pilus is 2-3 nm in diameter, suggesting translocated proteins 
must be at least partially unfolded as they enter the host (Chang et al., 2014).  
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Figure 4-1 Schematic representation of the T3SS of plant pathogenic bacteria. 
The basal body of the T3SS spans the bacterial inner membrane (IM), the 
periplasm (P), the bacterial outer membrane (OM). The pilus crosses the plant 
apoplast, and plant cell wall. Translocon proteins embedded in the host plasma 
membrane (PM) form a pore for transporting proteins into the host cytoplasm. 
Partially unfolded effector proteins in the acidic bacterial cytoplasm enter the T3SS 
via an ATPase. Effectors fold into a functional confirmation in the neutral pH of 
the host plant cytoplasm. Redrawn from Louhou et al. (2013) with permission 
from copyright holders under the Creative Commons License.  
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The building blocks of the T3SS, including the pilus, are encoded by hypersensitive response 
and pathogenicity (hrp) genes (Büttner and He, 2009). Mutating these genes leads to 
disruption of disease development, and the inability of bacteria to elicit cell death on nonhost 
plants. The hrp genes are only induced when bacteria are infiltrated into plants or are incubated 
in media that mimics the apoplast (acidic, low osmolarity, and nutritionally poor) (Tang et al., 
2006). The expression of hrp genes is also coordinated and hierarchal (Lohou et al., 2013). 
Expression starts with genes expressing subunits closer to the base of the T3SS, followed by 
the pilus subunits, translocon proteins, and finally effector proteins (Puhar and Sansonetti, 
2014). 

 
These effector proteins are targeted to the T3SS via a non-cleavable N-terminal secretion 
signal 20-30 amino acids in length (Büttner and He, 2009; Chang et al., 2014). Although 
these signals share no similarity in amino acid sequence, they do share amino acid 
composition. The N-terminal sequence is enriched in polar amino acids, is amphipathic, and 
has few charged hydrophobic amino acids (Arnold et al., 2009; Samudrala et al., 2009). Due 
to these characteristics, the N-terminus is likely flexible and unfolded, which is necessary for 
passage through the narrow pilus of the T3SS (Büttner and He, 2009). N-terminal secretion 
signals of the T3SS are not usually cleaved, however, some effectors are processed into shorter 
peptides in planta. For example, AvrRps4 from Pseudomonas syringae pv. pisi is cleaved in 
planta between amino acids G133 and G134 (Figure 4-2a, Sohn et al., 2009). This cleavage 
is required for full virulence activity in Arabidopsis plants (Sohn et al., 2009). Similarly, 
AvrRpt2 from Pseudomonas syringae pv. tomato strain DC3000 is N-terminally processed in 
Arabidopsis host plants. (Mudgett and Staskawicz, 1999). The C-terminal AvrRpt2 then 
cleaves the host protein RIN4, which subsequently activates RPS2-mediated disease 
resistance. (Grant et al., 2006). 
 
In addition to N-terminal processing, some type III effectors are post-translationally modified 
in planta. For example, the P. syringae effector AvrRpm1 is myristoylated and palmitoylated 
at its N terminus (Nimchuk et al., 2000). These are fatty acid modifications necessary for 
targeting AvrRpm1 to the plasma membrane, where it hyper phosphorylates host protein 
RIN4. This in turn leads to RPM1 mediated defence responses. (Grant et al., 2006). Post 
translational modification at the N terminus of bacterial type III effectors is therefore crucial 
for proper localisation. 
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Figure 4-2 Representations of expression constructs in pEDV vectors. A) Representation 
of the bacterial effector AvrRps4, including its in planta cleavage site between G133-134. B) 
Representation of the AvrRps4 pEDV. This vector contains the N-terminal secretion signal 
of AvrRps4, including the in-planta processing site. Candidate effectors can be cloned into 
the C terminus in frame with the AvrRps4 secretion signal. C) Representation of the AvrRpm1 
pEDV. This vector contains the N-terminal secretion signal of the bacterial effector 
AvrRpm1. This secretion signal contains the myristoylation and palmitoylation motifs that 
target AvrRpm1 to the plant plasma membrane. Candidate effectors can be cloned into the C 
terminus in frame with the AvrRpm1 secretion signal. 
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In summary, bacteria have evolved an elegant mechanism to deliver effector proteins directly 
into the host cytoplasm using a T3SS. Previous studies on bacterial effectors have delimited 
minimal N-terminal amino acid sequences required for targeting effectors to this secretion 
pathway. Scientists have been able to exploit this information to heterologously express and 
deliver non-bacterial effectors into the host cytoplasm.  
 
4.2.3 The T3SS can be harnessed to study non-bacterial effectors 

One of the first studies to heterologously express non-bacterial effectors using the T3SS was 
described by Sohn et al. (2007). The authors delivered Hyaloperonospora parasitica effector 
proteins ATR1 and ATR13 into Arabidopsis leaves by utilising the T3SS of Pseudomonas 
syringae pv. tomato DC3000. This was achieved by cloning the effectors in frame with the N-
terminal region of AvrRps4, which includes an in planta processing site, leading to free 
oomycete protein in the host cytoplasm. The cloning vector including the AvrRps4 promoter 
and AvrRps4 N-terminal secretion signal was thus deemed the “effector detector vector” 
(pEDV; Figure 4-2b). Pseudomonas syringae pv. tomato DC3000 expressing ATR1 and ATR13 
effectors fused to the secretion signal of AvrRps4 were able to elicit R gene (RPS4) dependent 
cell death. Rentel et al. (2008) were able to develop a similar system using the promoter and 
N terminus of AvrRpm1 (Figure 4-2c).  
 
Unfortunately, the Pseudomonas syringae pv. tomato DC3000 strain utilized in these studies is 
not compatible for use in monocot hosts. Yin & Hulbert (2011) noticed the wild type DC3000 
strain caused strong cell death on all wheat lines tested. Thus, this strain is not compatible for 
effector delivery in wheat, as cell death would mask any phenotype caused by an avirulence 
effector. A DC3000 derivate called CUCPB5500, which has 18 effectors deleted, still caused 
cell death, although less in magnitude (Yin and Hulbert, 2011). Another strain, called the 
Effector-to-Host Analyzer (EtHAn), did not cause any noticeable cell death phenotypes on 
all wheat lines tested, suggesting this strain is compatible for effector delivery in wheat (Yin 
and Hulbert, 2011).  
 

4.2.4 The T3SS of the EtHAn strain can be harnessed to deliver fungal effectors in wheat 

The EtHAn strain, a modified version of the non-pathogenic soil bacterium Pseudomonas 
fluorescens Pf0-1, does not elicit cell death because it lacks any virulence factors required for 
growth in planta. However, it has the hrp genes stably integrated into its genome, meaning it 
can assemble the T3SS (Thomas et al., 2009). The EtHAn strain expressing AvrRpm1 or 
AvrRpt2 was able to elicit HR when infiltrated in Arabidopsis plants with the cognate R 
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proteins, RPM1 and RPS2 respectively (Thomas et al., 2009). This confirms the T3SS of 
EtHAn is fully functional in planta. Further, the EtHAn strain expressing AvrRpm1 or 
AvrRpt2 is able to induce H2O2 production when infiltrated into wheat, suggesting this system 
is also compatible for effector delivery in cereals (Yin and Hulbert, 2011).  
 
To demonstrate rust effectors can be delivered in wheat using the T3SS, Upadhyaya et al. 
(2014) utilised the EtHAn system in combination with the pEDV. The authors showed that 
although the EtHAn strain does not proliferate inside wheat leaves over time, it still delivers 
detectable levels of protein in planta. On the other hand, a known pathogenic bacteria of 
wheat, Xanthomonas translucens, clearly multiplied over time in the apoplast. The authors also 
noted that the amount of protein delivered inside wheat leaves correlated with growth in 
planta over time. Unfortunately, wild type X. translucens also elicited nonhost cell death on 
wheat, deeming it unsuitable for screening avirulence phenotypes of effectors. Therefore, 
despite delivering comparatively less protein in planta, the pEDV EtHAn system was utilized 
for screening avirulence phenotypes of candidate rust effectors in wheat. Upadhyaya et al. 
(2014) subsequently cloned candidate rust effectors from Puccinia graminis f. sp. tritici (Pgt) 
into a pEDV vector carrying the AvrRpm1 promoter, and modified AvrRpm1 signal peptide. 
This signal peptide has mutations in the myristoylation and palmitoylation motifs, preventing 
trafficking of the protein to the plant plasma membrane. Using this system, a candidate 
effector PGTAUSPE-10-1 was delivered into wheat lines carrying different stem rust 
resistance genes. Clear HR was detected on wheat line W3534 (Sr22+), suggesting this 
candidate effector is AvrSr22. These data suggest the EtHAn system can deliver proteins into 
wheat leaves and can subsequently be used for screening avirulence phenotypes of candidate 
rust effectors. 
 

4.2.5 The T3SS of Burkholderia glumae can be harnessed to deliver fungal effectors in 
wheat 

A study by (Sharma et al., 2013) similarly sought to develop a high-throughput system to 
deliver effectors into monocot plants using the bacterial T3SS. Two known genes encoding 
cytoplasmic AVR proteins from the rice pathogen Magnaporthe oryzae, Avr-Pik and Avr-Pii, 
were cloned into a pEDV vector with the type III secretion signal from AvrRps4. 
Subsequently, Burkholderia glumae (a bacterial crop pathogen) was transformed with the 
pEDV-Avr-Pik-NLS or pEDV-Avr-Pii-NLS constructs. Translocation of fluorescently 
tagged effectors were determined via microscopy after inoculation of Burkholderia glumae 
strains carrying Avr-Pik-NLS or Avr-Pii-NLS on wheat leaf sheaths. At 3 DPI, clear 
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fluorescent signals could be detected in the nuclei of leaf sheaths, suggesting the B. glumae 
pEDV system is also effective in delivering effector proteins in wheat.  
 
Although bacterial delivery remains a promising option for screening avirulence phenotypes in 
wheat, there have previously been no confirmed wheat rust AVRs that could be utilised as 
appropriate positive controls for testing these systems. To date, the avirulence phenotype of 
PGTAUSPE-10-1 has not been followed up for further confirmation in wheat. Recently, the 
first AVR effectors from stem rust, AvrSr50 and AvrSr35, have been confirmed via 
Agrobacterium mediated transient co-expression in N. benthamiana with the corresponding R 
genes Sr50 and Sr35 respectively (Chen et al., 2017; Salcedo et al., 2017). In this chapter, I 
used the T3SS of both EtHAn and B. glumae to deliver the positive control AvrSr50 into 
plants containing to cognate R gene. Further, I used AvrRmg8 — a previously characterised 
avirulence effector from the hemibiotrophic fungal pathogen Magnaporthe oryzae (Triticum 
pathotype) — as a second positive control for testing these delivery systems in detecting 
avirulence phenotypes in wheat (Anh et al. 2018).  
 
4.3 Methods 

4.3.1 Plant materials used in this study 

Differential wheat lines for AvrSr50 (Gabo and Gabo + SR50) were kindly provided by Peter 
Dodds (CSIRO, Canberra, ACT, Australia). The diverse set of wheat accessions shown in 
Figure 4-5 was provided by the JIC seed store (Norwich, UK). S-615 (Rmg8+) wheat was 
provided by Sophien Kamoun (TSL, Norwich, UK).  
 
4.3.2 Bacterial strains used in this study 

All bacterial strains used in this study are listed in Appendix 2. Burkholderia glumae strains 
used in this study (106619, 301682, 302544, 302744, 302925, 302928) from Sharma et al. 
(2013) were originally obtained from NIAS (National Institute of Agrobiological Sciences) 
(Tsukuba, Ibaraki, Japan). Burkholderia cepacia strain ATCC 24516 and Pseudomonas syringae 
pv. lapsa strain ATCC10859 were obtained from the American Type Culture Collection 
(Manassas, Virginia). Pseudomonas fluorescens EtHAn was obtained from CSIRO (Canberra, 
ACT, Australia).  
 

4.3.3 Preparation of bacterial inoculum under normal conditions 

Frozen glycerol stocks stored at -80 °C of Burkholderia and Pseudomonas strains were streaked 
onto Kings B (KB) and LB agar respectively with appropriate antibiotic (Appendix 1). Plates 
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were incubated for 36 h at 29 °C to obtain a confluent lawn. A loopful of culture was added 
to 50 mL liquid KB or LB media with appropriate antibiotic in a 250 mL flask and was 
incubated at 29 °C with shaking (200 rpm) for 24 h. Cultures were cooled on ice, transferred 
to a 50 mL Falcon tube, and centrifuged at 5000 x g at 4 °C for 10 minutes. Cultures were 
re-suspended in 10 mM MgCl2 to the appropriate OD600 (0.001 – 5.0).  
 
4.3.4 Preparation of bacterial inoculum under T3SS pre-induction conditions 

Bacteria were prepared under T3SS pre-induction conditions as described in Upadhyaya et al. 
(2014). Glycerol stocks of Pseudomonas fluorescens EtHAn or Burkholderia cepacia were plated 
on LB agar or KB agar plates with appropriate antibiotics (Appendix 1) at 28 °C for 36 h. A 
loopful of the cultures were inoculated into 5 mL LB or KB. Cultures were incubated 
overnight at 28 °C with shaking (200 rpm). Overnight cultures were added to 50 mL LB or 
KB with antibiotics and incubated at 29 °C with shaking (200 rpm) until an OD600 >0.8 was 
reached (4-6 h). Cultures were then cooled on ice, transferred to a 50 mL Falcon tube, and 
centrifuged at 5000 x g at 4 °C for 10 minutes. Cultures were resuspended twice in 25 mL 
cold 10 mM MgSO4. Cell pellets were resuspended in a minimal medium (50 mM potassium 
phosphate buffer, 7.6 mM [NH4]2SO4, 1.7 mM MgCl2, and 1.7 mM NaCl; pH 5.7 to 5.8) 
with appropriate antibiotics and 10 mM fructose to an OD600 of 0.8. Resuspended cultures 
were incubated at 20 °C overnight with shaking (200 rpm). Cells were chilled and harvested 
by centrifuging at 5000 x g for 10 minutes at 4 °C and resuspended in 10 mM MgCl2 to the 
appropriate OD600 for infiltration.  
 
4.3.5 Infiltration of bacterial inoculum into wheat leaves 

Bacterial suspensions in 10 mM MgCl2 were pressure infiltrated into the adaxial side of the 
second leaf of 2-3-week-old wheat plants. Each bacterial suspension was infiltrated in 2-3 
spots until a 1 cm2 region was soaked with inoculum. Infiltrated plants were kept in a closed 
box with water overnight then transferred to a glasshouse. Induction of HR-like symptoms 
were assessed up to 14 DPI.  
 
4.3.6 Colony forming unit assay 

Pseudomonas fluorescens EtHAn was grown on LB agar plates with 10 μg/mL tetracycline, and 
B. cepacia was grown on KB agar plates with 50 μg/mL gentamycin. Plates were incubated at 
28 °C for 36-48 h. Bacteria were harvested from the plates and resuspended in 50 mL 10 mM 
MgCl2. Bacterial suspensions were transferred to a 50 mL Falcon, centrifuged at 5000 x g at 
4 °C for 10 mins. The supernatant was discarded, and bacteria were resuspended in 10 mM 
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MgCl2 to a final OD600 of 0.001. Bacteria were infiltrated on the adaxial side of the second 
leaf of three-week-old Gabo wheat plants with a 1 mL needleless syringe. The infiltration 
buffer (MgCl2) was also infiltrated into leaves as a negative control. Four leaf discs were 
harvested for each sample at every time point using a 4 mm diameter cork borer (Sigma 
Aldrich), resulting in a total area of 0.5 cm2 leaf tissue collected. For each condition, leaf 
samples were collected from six different infiltrations, resulting in six biological replicates. 
Leaf samples were placed in a 1.5 mL microcentrifuge tube with 500 μL 10 mM MgCl2 and 
a single 2 mm tungsten bead. Leaf tissues were subsequently disrupted using a Tissuelyser 
(Qiagen) set at 30 Hz for 30 s. Bacteria were diluted in a tenfold dilution series up to 10-7. A 
total of 10 μL from each dilution were dropped on selective KB or LB medium agar plates, 
which were then incubated at 28 °C for 36-48 h. The number of colonies (CFU per drop) 
were counted, and results were plotted on a line graph using ggplot2 in R (Wickham, 2009). 
Each point represents the average of six biological replicates, with error bars representing the 
standard error of the mean. Significant differences in CFU counts between P. fluorescens 
EtHAn and B. cepacia was calculated at each time point using a two tailed t- test assuming 
equal or unequal variance, depending on F-test values. Normalized distribution of data was 
checked using the Shapiro-Wilk test. P-values are indicated as ns (non-significant), P > 0.05; 
*, P < 0.05; **, P < 0.01; ***, P < 0.001. 
 
4.3.7 Plasmid constructions 

4.3.7.1 AvrSr50 in pEDV 

The AvrSr50 and AvrRmg8 control genes were cloned into the pNR526-G2AC3A (Appendix 
4) destination vector using Gateway cloning according to the manufacturer’s instructions 
(Invitrogen) as described in section 3.3.1. The coding sequence of AvrSr50 virulent and 
avirulent alleles were kindly provided by Peter Dodds (CSIRO, Canberra, ACT, Australia). 
The sequence was subsequently synthesized into a puC57 vector by GenScript (Piscataway, 
NJ, USA). The avirulent allele of AvrSr50 was amplified via PCR using primers AvrSr50-
TOPOF and Sr50-TOPOR. The virulent avrSr50 allele was amplified via PCR using primers 
avrSr50-TOPOF and Sr50-TOPOR (Appendix 2). The AvrRmg8 coding sequence (without 
the native signal peptide) was PCR amplified from wheat blast isolate BTJP4-1 genomic 
DNA, using primers AvrRmg8TOPF and AvrRmg8R (Appendix 3) as described in 3.1.3. 
Strain BTJP4-1 was kindly provided by Sophien Kamoun (TSL, Norwich, UK). Blunt-end 
fragments were produced using the proofreading Phusion high fidelity DNA polymerase 
(Thermo scientific) and ligated into the pENTR/D-TOPO entry vector (Invitrogen) as 
described in 3.3.1. Blunt-end fragments were produced using the proofreading Phusion high 
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fidelity DNA polymerase (Thermo Scientific) as described in section 3.1.3. Genes were 
amplified without the predicted signal peptide and cloned into the pENTR/D- TOPO entry 
vector via TA cloning (Invitrogen). Inserts from the entry vector were introduced into the 
GATEWAY destination vector pNR526-G2AC3A via LR recombination using Gateway 
LR Clonase II enzyme mix (Thermo Fisher) as described in 3.3.1. All plasmids were 
sequenced and confirmed via analysis using Geneious software (Biomatters Ltd.).  
 

4.3.7.2 Trimethoprim in pEDV 

Burkholderia cepacia strain ATCC 25416 is naturally resistant to many antibiotics, including 
gentamycin (selection in the pEDV vector pNR526-G2AC3A). Strain ATCC 25416, 
however, is susceptible to the trimethoprim antibiotic. To insert a trimethoprim resistance 
cassette into pNR526-G2AC3A, I PCR amplified the trimethoprim resistance gene (TpR) 
from plasmid pTKDP-dhfr (Addgene) using primers dhfr-BsrD1-F and dhfr-BsrD1-R 
(Appendix 2) as described in section 3.1.3. The PCR product was digested with BsrDI, and 
the pNR526-G2AC3A vector backbone was digested with BcgI (New England Biolabs) as 
described in section 3.3.2. The digestion reactions were size separated on a gel, bands were 
excised, purified, and ligated to produce pNR526-G2AC3A-Tpr (Appendix 4) as described 
in section 3.3.2. 
 
4.3.7.3 AvrSr50, AvrRmg8 in trimethoprim pEDV 

AvrSr50 and AvrRmg8 in the pENTR/D-TOPO entry vector generated in 4.3.7.1 were 
transferred to the destination vector PNR526-G2AC3A-Tpr via LR recombination using 
Gateway LR Clonase II enzyme mix (Thermo Fisher) as described in 3.3.1. 
 
4.3.8 Bacterial transformation 

4.3.8.1 Electroporation 

Wild type Burkholderia glumae and Pseudomonas fluorescens EtHAn were made electro-
competent using previously described methods (Saitoh & Terauchi, 2013; Choi et al., 2006). 
Frozen glycerol stock of either B. glumae or P. fluorescens were inoculated onto KB agar plates 
and incubated at 28 °C for 2-3 days in the dark. A fresh colony was transferred to 5 mL LB 
in a 15 mL tube and incubated at 28 °C for 16 h with shaking at 200 rpm. Cultures were 
transferred to 1 mL aliquots and centrifuged at 3500 x g at 4 °C for 5 min. The pellet was 
then resuspended in 1 mL filter sterilized 300 mM sucrose. Cultures were centrifuged again 
at 3500 x g at 4 °C for 5 min. The supernatant was discarded, and the pellet was resuspended 
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in 200 µL 300 mM sucrose solution and divided into 100 µL aliquots. Cells were used 
immediately for the transformation step. Vectors were transformed into Burkholderia glumae 
and P. fluorescens EtHAn competent cells using electroporation, following conditions 
described in Saitoh & Terauchi (2013) and Choi et al. (2006) respectively. One microgram of 
plasmid was added to 100 µL electrocompetent cells, and the mixture was added to an 
electroporation cuvette (0.1 cm electrode gap). The cells were electroporated using a Gene 
Pulser (BioRad) set at 25 µF, 1.8 kV, and 200 ohms. Cells were resuspended in 1 mL LB and 
transferred to 1.5 mL tubes. The tubes were incubated on a shaker set at 200 rpm and 28 °C 
for 2 h. Cells were plated on KB agar with appropriate antibiotic and incubated at 28 °C for 
2-3 days. Positive colonies were detected via colony PCR as described in 3.1.2.  

4.3.8.2 Triparental mating 

B. cepacia cannot be transformed via electroporation or heat shock methods, however, it can 
be transformed via triparental mating. Glycerol stocks of E. coli helper strain pKR2013 
(Appendix 4), donor strain (E.coli with TpR pEDV vector), and acceptor strain (B. cepacia) 
were streaked onto LB (E.coli) or KB (B. cepacia) agar plates with appropriate antibiotic. E. 
coli plates were incubated at 37 °C overnight, and B. cepacia plates were incubated at 28 °C for 
36-48 h. Overnight liquid cultures were inoculated from streaked plates with appropriate 
antibiotic. From these overnight cultures, 1 mL was centrifuged at 3 minutes at 3000 rpm. 
Each strain was resuspended in 1 mL LB and centrifuged again for 3000 rpm for 3 minutes. 
Each strain was then resuspended in 200 µL LB. In a single tube, 100 µL B. cepacia, 20 µL 
of the helper plasmid, and 20 µL of the donor plasmid were mixed together. This mating 
mixture was then plated on a KB agar plate for 24 h in a 28 °C cabinet without antibiotic. 
Cells on the plate were resuspended in 1 mL KB, diluted 1:10, 1:100, and 1:1000. Each 
dilution was plated on KB agar plates supplemented with gentamycin (50 µg/mL) and 
trimethoprim (100 µg/mL). Plates were incubated for 48 h at 28 °C. Positive colonies were 
confirmed via colony PCR as described in 3.1.2. 
 
4.3.9 Dendrogram analysis of common wheat varieties  

The dendrogram of common wheat varieties was previously generated by Pilar Corredor-
Moreno (Saunders Lab, JIC). Publicly available single nucleotide polymorphism (SNP) data 
from 103 wheat varieties was sourced from the Breeders' 35K Axiom® array which is an open 
collection of over 35,000 SNPs used to differentiate a wide range of wheat common accessions 
(Wilkinson et al. 2012). Plink 1.9 --distance square function (www.cog-
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genomics.org/plink/1.9/) (Chang et al., 2015) was used on this SNP data to build a distance 
matrix. A total of 34,516 variants were filtered to build the matrix. The R package 
‘Ape’ (Paradis et al., 2004) was used to create a dendrogram using a hierarchical clustering 
approach. 
 
4.4 Results 

4.4.1 The Pseudomonas fluorescens EtHAn system expressing AvrSr50 or AvrRmg8 is 
unable to elicit R gene dependent HR in wheat  

The pEDV EtHAn system was developed before any avirulence effectors of the cereal rusts 
(or any biotrophic/hemibiotrophic pathogen of wheat) were confirmed. This has recently 
changed, as AvrSr50 and AvrSr35 have been characterised and confirmed as avirulence 
effectors of stem rust (Chen et al., 2017; Salcedo et al., 2017). To show the pEDV EtHAn 
system is suitable for detecting avirulence phenotypes of rust effectors, I used one of the first 
confirmed avirulence effectors from stem rust, AvrSr50, as an appropriate positive control 
(Chen et al. 2017). AvrRmg8 from the hemibiotrophic fungal pathogen Magnaporthe oryzae 
pathotype Tritici (MoT) was also chosen as a positive control (Wang et al., 2018). The 
avirulent allele of AvrSr50 and AvrRmg8 were cloned into a vector containing the AvrRpm1 
promoter and modified AvrRpm1 signal peptide. This modified pEDV vector, called pEDV 
G2AC3A (Appendix 4), has the myristoylation and palmitoylation signals removed from the 
signal peptide to prevent localization to the plasma membrane. Bacteria were infiltrated at an 
OD600 of 2.0 into wheat lines differential for Sr50 and Rmg8, and phenotypes were observed 
over a seven-day period (Figure 4-3A). Infiltration buffer (MgCl2), wild type EtHAn strain, 
and EtHAn expressing the virulent avrSr50 allele did not elicit HR on any wheat variety as 
expected (Figure 4-3B-C). However, EtHAn expressing AvrSr50 or AvrRmg8 also did not 
elicit HR in an R gene dependent manner (Figure 4-3B-C). Cell death from an incompatible 
reaction usually occurs at 72 hours post infiltration (HPI), with clear water soaking lesions 
visible prior to HR (Upadhyaya et al., 2014). In this case, no visible water soaking lesions or 
cell death phenotypes developed over the course of 7 days post inoculation (DPI). These data 
suggest the pEDV EtHAn system is not suitable for detecting the avirulence phenotypes of 
the AvrSr50 or AvrRmg8 effectors in the native wheat host. 



 

  

 

 
 
Figure 4-3 Pseudomonas fluorescens EtHAn expressing AvrSr50 or AvrRmg8 does not elicit R gene dependent HR in wheat. A) Schematic diagram of 
the EtHAn delivery system. A modified version of the pEDV (pNR526-G2AC3A) was transformed into P. fluorescens EtHAn. The promoter and T3SS of 
the vector originate from AvrRPM1 from P. syringae. Stars indicate alanine substitutions at the G2 and C3 residues previously shown to prevent localisation to 
the plasma membrane. Positive transformants were cultured and subsequently infiltrated into the appropriate wheat lines. gmR, Gentamycin resistance. B) P. 
fluorescens EtHAn expressing AvrSr50 on Sr50+ plants and C, AvrRmg8 on Rmg8+ plants do not elicit HR. Bacterial strains were infiltrated at an OD600 of 2.0. 
Photographs were taken 7 days post-inoculation. Representative photographs from three independent biological replicates are shown. All replicates displayed 
the same phenotype. 
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4.4.2 Wild type Burkholderia glumae strain 106619 elicits strong HR on all wheat 
accessions tested 

Similar to the pEDV EtHAn system, Sharma et al. (2013) were able to deliver fungal effectors 
into wheat cells using the bacterial T3SS. Specifically, the authors were able to deliver two 
Magnaporthe effectors in wheat using Burkholderia glumae. I tested the B. glumae pEDV system 
(Sharma et al., 2013) for suitability in detecting avirulence properties of rust effectors. To this 
aim, I transformed B. glumae with a pEDV vector containing AvrSr50 or AvrRmg8 and 
subsequently infiltrated wheat lines differential for Sr50 and Rmg8. However, I noticed B. 
glumae caused HR-like cell death on wheat lines lacking the associated R gene. At an OD600 

of 0.5 and 0.1, wild type B. glumae elicited strong cell death on all differential wheat lines 
tested (Figure 4-4). In order to check whether these phenotypes are specific to these four 
wheat lines, B. glumae was infiltrated into leaves of multiple wheat accessions from different 
phylogenetic clades indicated in Figure 4-5A. Similar to the lines differential for AvrSr50 and 
AvrRmg8, all other varieties tested showed signs of cell death 1-2 days post infiltration at an 
OD600 of 0.5 and 0.1 (Figure 4-5B). Due to the ability of wild type B. glumae to elicit cell 
death on so many genetically diverse wheat accessions, this would limit the ability to screen 
rust effectors in lines naturally containing corresponding resistance genes. Hence, the B. 
glumae pEDV system would not be an ideal system for high-throughput screening of multiple 
rust effectors for detecting avirulence properties.  
 

 
Figure 4-4 Wild type Burkholderia glumae strain 106619 elicits HR on wheat lines 
differential for Sr50 and Rmg8. Photographs were taken 2 days post-inoculation. 
Representative lesions from three different inoculations are shown. 
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Figure 4-5 Burkholderia glumae strain 106619 elicits cell death across a set of 
genetically diverse wheat lines. A) Dendrogram showing the relationship between 103 
commercial wheat accessions. Accessions chosen to test HR induced by B. glumae are denoted 
by an asterisk. The dendrogram was constructed using data from 34,516 single nucleotide 
polymorphism (SNP) positions from 103 wheat varieties and a hierarchical clustering 
approach. Colours represent seven distinct clades identified. B) All 18 wheat varieties 
infiltrated with B. glumae strain 106619 displayed cell death. Bacteria were infiltrated at an 
OD600 of 0.5 and photographs taken 7 days post-infiltration. Representative lesions from three 
separate infiltrations are shown. All biological replicates displayed a cell death phenotype. 
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4.4.3 Burkholderia cepacia is the only wild type bacterial strain tested that may be 
suitable for development as a high-throughput screening system of rust effectors 
in wheat 

Bacteria that would be suitable for effector delivery would need to be pathogenic on wheat 
(express a T3SS and proliferate in planta), but also must not elicit cell death under natural 
conditions. To identify other bacterial strains that may be suitable for development as a high-
throughput screening system I tested other cereal infecting bacteria that were likely to be 
virulent (and thus replicated in planta) for non-specific cell death on wheat. First, I 
investigated five other B. glumae strains named 301682, 302544, 302744, 302925, and 302928 
(Appendix 2) as these strains were originally tested by Sharma et al. (2013) for varying levels 
of pathogenicity on cereals. Some of these strains were more virulent than strain 106619, 
which was used for microscopy studies in the paper. Additionally, we tested a strain of P. 
syringae (Pseudomonas syringa pv. lapsa) known to be pathogenic on wheat. Lastly, we tested 
Burkholderia cepacia; a species that is pathogenic on both humans and plants. B. cepacia was 
the only strain that did not cause cell death on wheat variety Vuka when tested at two different 
optical densities (Figure 4-6). Clear cell death phenotypes appeared 48 h after infiltration for 
all other strains. Wild type B. cepacia also did not elicit cell death when infiltrated into wheat 
lines differential for Sr50 and Rmg8 at an OD600 of 0.5 and 0.1 (Figure 4-7A). These data 
suggest B. cepacia may act as a suitable strain for delivering effectors in wheat using the pEDV 
vector as B. cepacia did not induce HR in the varieties tested.  
 
The next step was to confirm that B. cepacia was also able to proliferate in planta. I hypothesize 
pEDV EtHAn expressing AvrSr50 or AvrRmg8 is unable to cause R gene dependent HR due 
to poor proliferation of the bacteria in planta (Upadhyaya et al., 2014). This may lead to low 
levels of avirulence effector protein delivered in wheat, resulting in a lack of HR. To determine 
if B. cepacia was able to proliferate at higher levels in planta than EtHAn, I performed a colony 
forming unit (CFU) assay over time on infiltrated wheat leaves. The amount of colony forming 
units per cm2 of infiltrated wheat was determined over four days. On day four, the number of 
EtHAn bacteria remained similar to time point zero, supporting previous observations by 
Upadhyaya et al. (2014) (Figure 4-7B). In contrast, the CFU count of B. cepacia increased by 
two log fold in comparison to time point zero (Figure 4-7B). These data suggest replication 
of B. cepacia in planta may lead to enough protein production/delivery of avirulence effectors 
in wheat to elicit HR. In combination with the inability to cause cell death on its own, this 
would indicate B. cepacia may potentially be suitable for screening avirulence phenotypes of 
candidate rust effectors in wheat. 
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Figure 4-6 All wild type phytopathogenic bacterial strains tested elicit cell death on 
wheat except Burkholderia cepacia strain ATCC 25416. Strains 301682, 302544, 30277, 
203925, and 302928 are Burkholderia glumae strains from Sharma et al. (2013). Bacteria were 
infiltrated on Vuka leaves at two different optical densities. Images were taken at 7 DPI. 
Representative lesions from at least three different inoculations are shown.
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Figure 4-7 Burkholderia cepacia did not exhibit cell death when infiltrated into wheat 
varieties differential for Sr50 and Rmg8 and proliferated in planta. A) B. cepacia strain 
ATCC25416 does not elicit HR on the wheat varieties differential for Sr50 and Rmg8 when 
infiltrated at an OD600 of 0.1 or 0.5. Representative photos from three independent biological 
replicates are shown and photographs were taken 7 days post-infiltration (DPI). All biological 
replicates displayed the same phenotype. B) B. cepacia strain ATCC25416 proliferates in 
planta over time, whereas the number of colony forming units (CFU) per cm2 of leaf area for 
P. fluorescens EtHAn remained constant. Both strains were independently infiltrated into 
three-week-old Gabo wheat leaves at an OD600 of 0.001 suspended in MgCl2. Bacteria in the 
leaves were quantified at 0-4 dpi. Each point represents the average of six biological replicates, 
with error bars representing the standard error of the mean. Significant differences in CFU 
counts between P. fluorescens EtHAn and B. cepacia was calculated at each time point using a 
two tailed t- test assuming equal or unequal variance, depending on F-test values. Normalized 
distribution of data was checked using the Shapiro-Wilk test. P-values are indicated as ns 
(non-significant), P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001. 
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4.4.4 Burkholderia cepacia expressing AvrSr50 or AvrRmg8 under the pEDV vector 
does not elicit HR in an R dependent manner 

To test if the B. cepacia pEDV system was suitable for detecting avirulence properties of 
effectors in wheat, I transformed this strain with either AvrSr50 or AvrRmg8. When selecting 
for transformants containing the original pNR526 G2AC3A vector (Appendix 4) I noticed 
many colonies grew on selective media, none of which had the vector. I hypothesized the wild 
type B. cepacia strain may be naturally resistant to the selective antibiotic (gentamycin). Indeed, 
when I incubated B. cepacia on plates with commonly used antibiotics (including gentamycin), 
a confluent lawn of bacteria grew. There were reports B. cepacia is also resistant to multiple 
antibiotics in a clinical environment, where it can infect immuno-compromised individuals 
with cystic fibrosis (Avgeri et al. 2009). Trimethoprim is one of the only antibiotics effective 
for treating clinical cases of B. cepacia infection, so I decided to evaluate whether it could also 
inhibit growth of the plant infecting B. cepacia strain used in this chapter (Avgeri et al., 2009). 
Indeed, our B. cepacia strain was unable to grow on plates supplemented with trimethoprim, 
confirming it is susceptible to this antibiotic. Thus, I inserted a trimethoprim resistance gene 
into the bacterial T3SS vector (pEDV). However, it was also discovered B. cepacia is 
recalcitrant to transformation by heat shock and electroporation methods. I therefore 
successfully developed a transformation protocol involving triparental mating, in which a 
helper E.coli strain could be used to facilitate the transfer of the pEDV vector into the acceptor 
strain (B. cepacia) as described in section 4.3.8.2. 
 
Once we were able to transform B. cepacia with AvrSr50 or AvrRmg8, bacteria were infiltrated 
into wheat lines differential for Sr50 or Rmg8 respectively. Infiltrations were performed at two 
optical densities (OD600 0.5 and 2.0) and cell death phenotypes monitored over a seven-day 
period. During this time, there was no evidence of a R gene dependent HR phenotype for B. 
cepacia expressing AvrSr50 or AvrRmg8 (Figure 4-8A,B). At the higher OD600 of 2.0, B. 
cepacia elicited a non-specific chlorotic phenotype on Vuka and S-615, which is likely the 
result of native B. cepacia elicitors being expressed to sufficient levels to elicit a chlorotic 
response (Figure 4-8B). 
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Figure 4-8 B. cepacia is unable to elicit Sr50 and Rmg8 mediated HR when expressing 
the corresponding avirulence effectors. B. cepacia expressing AvrSr50 was unable to induce 
HR on Sr50+ plants (A) or when expressing AvrRmg8 on Rmg8+ plants (B). Infiltrations were 
performed at an OD600 of 0.5 and 2.0. Representative leaves from at least three independent 
biological replicates are shown. All biological replicates displayed the same phenotype. 
Pictures were taken 7days post-infiltration. 
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4.4.5 EtHAn and B. cepacia expressing AvrSr50 or AvrRmg8 under the pEDV vector 
does not elicit HR in an R gene dependent manner using T3SS inducing buffer. 

It has been shown that the delivery of proteins via the T3SS of Pseudomonas spp. can be 
enhanced by growing bacteria in culture media that mimics the apoplast (Huynh et al., 1989; 
Rahme et al., 1992; Stauber et al., 2012). This buffer pre-induces the T3SS, leading to an 
increase in T3SS protein delivery (Stauber et al., 2012). For example, Upadhyaya et al. (2014) 
were able to detect increased levels of Cya (calmodulin-dependent andenylate cyclase domain 
A) protein delivery into wheat after pre-inducing the T3SS. To test if pre-induction of the 
T3SS could lead to R gene dependent cell death, pEDV EtHAn expressing AvrSr50 or 
AvrRmg8 was cultured in apoplast mimicking media prior to infiltration (Upadhyaya et al., 
2014). Pre-induced cultures were re-suspended in MgCl2 and infiltrated into wheat lines 
differential for Sr50 or Rmg8. Some cell death can be observed at 14 days post infiltration; 
however, they were not R gene dependent (Figure 4-9A,B). For example, wild type EtHAn 
seemed to elicit clear cell death on Sr50- wheat leaves when infiltrated at OD600 2.0. This 
illustrates that pre-induction of P. fluorescens EtHAn through growth in minimal media may 
activate indiscriminate necrosis in wheat that could then be problematic when using P. 
fluorescens EtHAn as a protein delivery system in wheat and in particular when screening for 
HR induction. 
 
We also tested if pre-induction of B. cepacia expressing AvrSr50 or AvrRmg8 could elicit R 
gene dependent cell death. Following infiltration, leaves were observed over a 7-day period. 
No evidence of R-gene dependent HR phenotypes for B. cepacia strains expressing AvrSr50 
or AvrRmg8 following potential pre-induction were seen (Figure 4-10A,B). However, similar 
to P. fluorescens EtHAn, B. cepacia elicited cell death on a few leaves in an indiscriminate 
manner that was not linked to AVR and R protein combinations.  
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Figure 4-9 P. fluorescens EtHAn grown in a T3SS pre-inducing media is unable to elicit R 
gene dependent HR. When pre-induced in media mimicking the apoplast, EtHAn was 
unable to induce HR in an R dependent manner when A, expressing AvrSr50 on Sr50+ plants, 
and B, expressing AvrRmg8 on Rmg8+ plants. Infiltrations were performed at an OD600 of 0.5 
and 2.0. Representative leaves from at least three independent biological replicates are shown. 
Pictures were taken 7 days post-infiltration. Not all biological replicates displayed the same 
phenotype. A bar graph including percentage of leaves showing a cell death phenotype is 
shown in the right-hand panel. 
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Figure 4-10 B. cepacia grown in a T3SS pre-inducing media is unable to elicit R gene 
dependent HR. When pre-induced in media mimicking the apoplast, B. cepacia was unable 
to induce HR in an R dependent manner when A, expressing AvrSr50 on Sr50+ plants, and 
B, expressing AvrRmg8 on Rmg8+ plants. Infiltrations were performed at an OD600 of 0.5 and 
2.0. Representative leaves from at least three independent biological replicates are shown. 
Pictures were taken 7 days post-infiltration. Not all biological replicates displayed the same 
phenotype. A bar graph including percentage of leaves showing a cell death phenotype is 
shown in the right-hand panel. 
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4.5 Discussion 

4.5.1 EtHAn appears unsuitable for screening candidate avirulence effectors in wheat  

Using two previously characterised avirulence effectors of biotrophic/hemibiotrophic fungal 
pathogens of wheat, I showed that pEDV EtHAn does not elicit R gene dependent HR 
(Figure 4-3). Similarly, this system failed to elicit an immune response in Barley lines 
containing the cognate R gene when delivering AVRa1 or AVRa13 from Blumeria graminis f. 
sp. hordei (Bgh) (Lu et al., 2016; Saur et al., 2019). To date, this system has only been successful 
for identifying avirulence properties of fungal effectors in cereals once (Upadhyaya et al., 
2014).  
 
One possibility is that EtHAn is delivering low levels of protein into wheat cells. Indeed, 
Upadhyaya et al. (2014) found EtHAn delivered less protein in planta in comparison to the 
known pathogenic bacteria of wheat, Xanthomonas translucens. To demonstrate how much 
protein was being delivered in planta, the authors transformed both EtHAn and X. translucens 
with a pEDV vector containing a calmodulin-dependent adenylate cyclase (Cya) from 
Bordetella pertussis. The Cya protein domain is inactive in prokaryotes but becomes active and 
produces cAMP in eukaryotes in the presence of calmodulin. When both strains were 
infiltrated into wheat leaves, X. translucens gave a significantly higher cAMP signal. This 
suggests that EtHAn is delivering low levels of protein in planta, especially in comparison to 
X. translucens.  
 
Despite low levels of protein delivery in wheat, Upadhyaya et al. (2014) were able to use the 
pEDV EtHAn system to discover a candidate avirulent Pgt effector (PGTAUSPE-10-1) that 
caused HR on Sr22+ wheat. However, to date this candidate AVR gene has not been 
subsequently confirmed as a true avirulence protein. One possibility is that the cell death 
caused by PGTAUSPE-10-1 may not be related to the R gene locus containing Sr22 in wheat 
line W3534. The wheat lines used to screen avirulence activity were not near isogenic, 
suggesting cell death could potentially be caused by other loci unrelated to R genes. It is also 
conceivable that this system could work for another R/AVR pair that requires a lower threshold 
of AVR detection to elicit HR.  
 
Future work will include confirmation of fungal effector translocation into wheat cells. 
Although previous studies have shown EtHAn can deliver a Cya domain into wheat, it has 
not been shown this system can deliver a fungal effector tagged with the Cya domain. 
Confirmation of translocation could also be achieved by tagging a fluorescent protein to a 
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fungal effector, however, fluorescent proteins often clog the narrow pilus of the T3SS (Galán, 
2009). In summary, these future experiments would help uncover whether or not heterologous 
fungal protein is actually being translocated into wheat cells using this system.  
 

4.5.2 B. glumae and B. cepacia are unsuitable for screening candidate avirulence 
effectors in wheat using the pEDV vector 

Similar to the pEDV EtHAn system, Sharma et al. (2013) were able to successfully deliver 
fungal effectors in wheat using the T3SS of Burkholderia glumae. Effectors from Magnaporthe 
oryzae fused with a nuclear localisation signal and fluorescent tag were clearly seen in the 
nucleus 3 DPI using confocal microscopy, despite previous reports that fluorescent tags usually 
clog the pilus (Galán, 2009). However, when I infiltrated the same wild type B. glumae strain 
into multiple wheat accessions, nonhost cell death appeared within 48 hours post inoculation 
(Figure 4-5). It is possible Sharma et al. (2013) did not see cell death during their confocal 
microscopy experiments due to the method of inoculation. Sharma et al. (2013) immersed leaf 
sheaths or cut leaves in bacterial inoculum (OD600 0.75), whereas I infiltrated bacteria directly 
into the apoplast of wheat seedlings. Indeed, HR like cell death was not detected in rice leaf 
sheaths when an avirulence effector was delivered in plants with the cognate R gene using the 
B. glumae pEDV system (Hiromasa Saitoh, personal communication). However, when B. 
glumae was infiltrated into cereal leaves, Sharma et al. (2013) were also able to see non-specific 
cell death (Hiromasa Saitoh, personal communication). Therefore, this system may be used 
to deliver effectors of cereal phytopathogens in wheat for microscopy studies. However, the 
data presented in this chapter suggests it cannot be used to screen avirulence phenotypes of 
candidate effectors in wheat.  
 
I hypothesize it is possible the T3SS can be used to screen avirulence phenotypes of candidate 
effectors in wheat under three conditions. One, the bacteria must not cause non-host cell 
death on its own. Secondly, the bacteria must deliver sufficient protein to elicit HR. Third, 
the effector must not require eukaryotic specific post-translation modifications that cannot be 
conferred by bacteria. I discovered a phytopathogenic bacteria, B. cepacia, that may fulfill at 
least the first two requirements. Specifically, B. cepacia did not cause nonhost cell death under 
normal infiltration conditions (Figure 4-6Figure 4-7). B. cepacia also proliferated to higher 
levels than EtHAn in wheat, suggesting it may deliver more protein in planta (Figure 4-7). 
However, it was not able to elicit R gene dependent HR when expressing AvrSr50 or AvrRmg8 
in the pEDV vector (Figure 4-8). I hypothesize B. cepacia is still not delivering enough protein 
to elicit R gene dependent HR.  
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4.5.3 Pre-inducing the T3SS of EtHAn or B. cepacia elicits non-specific cell death  

I hypothesized that pre-inducing the T3SS may increase protein delivery by EtHAn or B. 
cepacia. However, growing these bacteria in pre-inducing media prior to infiltration led to 
nonspecific cell death in wheat (Figure 4-9, Figure 4-10). It is possible EtHAn contains 
unknown elicitors that only cause cell death when protein delivery reaches a certain threshold. 
These unknown elicitors may lie in the hrp/hrc region from P. syringae pv. syringae 61 (Psy61) 
that was incorporated into the Pf0-1 progenitor isolate of EtHAn (Thomas et al., 2009). A 
similar nonhost response was reported for P. fluorescens EtHAn in tomato and tobacco. 
However, the Pf0-1 progenitor isolate which lacks the hrp/hrc region did not elicit nonhost 
cell death, suggesting EtHAn may contain elicitors in this region (Thomas et al., 2009). 
Similarly, O’Neill et al. (2018) found EtHAn induced more callose deposition than Pf0-1 
when infiltrated in N. benthamiana suggesting the hrp/hrc region integrated into EtHAn can 
elicit an immune response.  
 
I found that the nonhost defence response caused by pre-induced EtHAn occurred more 
frequently in certain host genotypes, suggesting that wheat varieties may differ in response to 
these elicitors. For example, the S-615 variety was particularly prone to non-specific cell death 
caused by pre-induced EtHAn (Figure 4-9B). Similarly, when the T3SS of B. cepacia is pre-
induced, it starts to elicit non-specific cell death. It is likely inducing the T3SS increases 
protein delivery by B. cepacia. However, the non-specific cell death suggests B. cepacia carries 
its own virulence factors that elicits non-host cell death when enough protein is delivered. 
Knowing that pre-induction can induce non-specific cell death will guide future use of this 
system for protein delivery in wheat. 
 

4.5.4 EtHAn is suitable for delivering effectors and assessing avirulence phenotypes in 
other plant systems than wheat 

Although pEDV EtHAn could not be used to elicit R gene dependent HR with the effectors 
tested in this chapter, it has been successfully used for this purpose in other plant systems. For 
example, pEDV EtHAn mediated delivery of the flax rust effector AvrM elicited strong HR 
in transgenic tobacco carrying the cognate R gene (Upadhyaya et al., 2014). Furthermore, 
many bacterial effectors expressed by pEDV EtHAn have shown to elicit R gene dependent 
HR in Arabidopsis (Thomas et al., 2009). Similar to wheat, EtHAn does not proliferate over 
time inside Arabidopsis leaves (Thomas et al., 2009). However, the ability of EtHAn to elicit 
HR when expressing avirulence effectors in Arabidopsis suggests the threshold to elicit cell 
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death may be lower in Arabidopsis than in wheat. It is also possible the T3SS of EtHAn may 
be more active in these other plant species than in wheat. Phytopathogenic bacteria only 
express effector proteins and T3SS machinery when particular chemical signals from a 
potential plant host are perceived (Anderson et al., 2014). These signals may be different across 
plant species, leading to differential recognition and thus induction of the T3SS. While the 
EtHAn system can be used to assess avirulence of effectors in other plant species, it clearly 
must be further modified for usage in wheat.  
 

4.5.5 EtHAn is suitable for detecting virulence phenotypes in wheat, but not avirulence 

The EtHAn system has not yet been used to confirm avirulence properties of effectors, 
however, it has been used multiple times to investigate virulence phenotypes of candidate rust 
effectors in wheat. Although EtHAn itself does not cause cell death or chlorosis in wheat, it 
does elicit PTI responses in wheat, including callose deposition. Cheng et al. (2017) delivered 
a candidate Pst effector, PSTha5a23, using the pEDV EtHAn system and noticed decreased 
callose deposition in comparison to infection with EtHAn alone. These data suggest 
expression of the candidate effector could be supressing PTI associated callose deposition in 
wheat. Using the same method, candidate Pst effectors Pst_8713 and Pst_12806 were also 
shown to supress PTI mediated callose deposition in wheat (Zhao et al., 2018; Xu et al., 2019). 
The EtHAn delivery system, therefore, can be used successfully to elucidate function of 
heterologous rust effectors in terms of PTI suppression.  
 
Delivery of candidate effectors in wheat using pEDV EtHAn can also be used to show 
suppression of ETI. Ramachandran et al. (2017) delivered Pst candidate effector Shr7 in wheat 
using pEDV EtHAn and subsequently infiltrated the area with P. syringae DC3000. The 
region infiltrated with Shr7 showed reduced HR in comparison to leaves infiltrated with P. 
syringae DC3000 on its own. These data suggest Shr7 can supress nonspecific cell death caused 
by P. syringae DC3000. Using the same method, Pst_12806 was shown to supress HR in 
wheat caused by P. syringae DC3000 (Xu et al., 2019). It is possible the threshold for eliciting 
HR is generally much higher in wheat in comparison to the threshold needed to induce 
virulence phenotypes, such as suppression of PTI and ETI. This may explain why the pEDV 
EtHAn system is so effective for characterising virulence phenotypes of rust effectors, but not 
avirulence phenotypes. 
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4.5.6 Chimeric effectors may not be recognized by the bacterial T3SS, or may not 
function properly in the plant cytoplasm 

In addition to insufficient levels of protein being delivered, the EtHAn and Burkholderia 
systems may be producing aberrant chimeric protein products that could evade immune 
signalling normally induced by a wild type effector. Delivery systems mediated by the T3SS 
require chimeric proteins with a bacterial N-terminal secretion signal and C-terminal effector 
protein. These N-terminal peptides that target proteins to the T3SS are not normally cleaved, 
unless the effector contains an in-planta processing site. These chimeric proteins may not 
efficiently enter the host cytoplasm for many reasons. Firstly, the chimeric protein may take 
on a confirmation that cannot pass through the narrow pilus of the T3SS. Many bacterial 
effectors have evolved folding kinetics that favour a disordered state in the mildly acidic 
bacterial cytoplasm, leading to a partially unfolded conformation needed for passage through 
the pilus (Dawson et al., 2009). These proteins are also highly stable in the neutral host 
cytoplasm, leading to a conformation needed for proper functioning (Figure 4-1, Dawson et 
al., 2009). For example, AvrPto, an effector from the bacteria P. syringae, has an intrinsic pH 
sensor to control folding dynamics across pH gradients (Dawson et al., 2009). In the neutral 
pH of the host cytoplasm, AvrPto is stable and in a functional conformation. As the pH is 
lowered to the acidic conditions of the bacterial cytoplasm, a conserved residue called H87 is 
ionized. This ionization leads to protein instability, and ultimately the loss of a folded 
confirmation. This confirmation subsequently allows passage through the narrow pilus. 
However, effectors from other organisms, including rust fungi, may not have evolved the same 
folding kinetics. Therefore, it is possible chimeric proteins may clog the narrow pilus. This 
phenomenon has been demonstrated in the bacterial human pathogen Yersinia enterocolitica. 
Effectors were fused to stably folded protein domains, which subsequently blocked the T3SS 
(Lee and Schneewind, 2002; Feldman et al., 2002). When these domains were destabilised by 
a chaperone or by mutations, the chimeric proteins no longer blocked the pilus and were 
secreted. Ultimately, heterologous expression of rust effectors may similarly produce protein 
products with stably folded domains, precluding secretion through the pilus.  
 
Disruption of secretion though the pilus may also be affected by lack of chaperone binding 
domains in chimeric rust effectors targeted to the T3SS. Many bacterial effectors that do not 
have special folding kinetics have evolved close relationships with chaperone proteins. 
Chaperone proteins bind directly to their cognate effectors via a chaperone binding domain 
(CBD) and unfold them for passage through the pilus (Lohou et al., 2013; Feldman and 
Cornelis, 2003). Chaperone proteins are often small (15-20 kDa), and have an alpha helix at 
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the C-terminus (Lohou et al., 2013). Although small, chaperone proteins perform many roles. 
Firstly, they can guide unfolded effectors for ATP-dependent entry into the T3SS (Akeda 
and Galán, 2005). As the normal folding conditions for effectors are within the host 
cytoplasm, chaperones can also prevent degradation inside the unfavourable environment of 
the bacterial cell (Lohou et al., 2013). For example, the ShcM chaperone is required for the 
secretion and the translocation of the HopM1 effector from P. syringae pv. tomato into the 
plant host. ShcM directly binds to HopM1 via a chaperone binding domain, subsequently 
protecting it from degradation by Lon proteases inside the bacterial cytoplasm (Losada and 
Hutcheson, 2005). Effectors from other organisms would not have the same chaperone 
binding domains as bacterial effectors. Therefore, a chimeric protein with a C-terminal rust 
effector may be subject to degradation, or improper unfolding for passage through the pilus.  
 
In addition to obstruction of passage through the T3SS pilus, chimeric effectors may disrupt 
proper localisation. Targeting effectors to the correct subcellular compartment in planta is also 
influenced by the T3SS N-terminal secretion signal. For example, effectors that function near 
the host plasma membrane may benefit from an AvrRpm1 signal peptide that contains 
myristoylation and palmitoylation signals. These signals are known to target AvrRpm1 to the 
plant plasma membrane, and subsequently augments its avirulence activity (Nimchuk et al., 
2000). Similarly, effectors that function in the cytoplasm would require, for example, an 
AvrRps4 secretion signal that targets proteins to the nucleus and cytoplasm (Sohn et al., 2012). 
Indeed, a cytoplasmic effector from the oomycete Hyaloperonospora arabidopsidis, ATR1, is 
only able to induce HR in Arabidopsis plants carrying the cognate R gene when fused to the 
AvrRps4 signal peptide, but not the AvrRpm1 signal peptide (Goritschnig et al., 2012). 
Alternatively, ATR1 may only function/fold properly as a free protein without an N-terminal 
peptide. This would occur with an AvrRps4 signal peptide which has a cleavage site, and not 
an AvrRpm1 signal peptide. However, not all AvrRpm1 protein is targeted to the plant plasma 
membrane (Guttman and Greenberg, 2001). Therefore, in cases where the AvrRps4 secretion 
signal impedes folding of chimeric effectors, the AvrRpm1 signal peptide may be appropriate 
for targeting cytoplasmic effectors to the right location. This may explain why, for example, 
oomycete effector ATR39-1 only triggers an R gene dependent HR when expressed as a 
fusion to the AvrRpm1 signal peptide, and not AvrRps4 (Goritschnig et al., 2012). Clearly, 
whether or not chimeric effectors will properly fold and function in planta must be assessed 
on a case-by-case basis. 
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This is further demonstrated by experiments where the N-terminal secretion signal between 
effectors of phylogenetically distant species of bacteria have been swapped (Puhar and 
Sansonetti, 2014). For example, the secretion signal from the bacterial plant pathogen Dickeya 
dadantii can be used to translocate effectors from Pseudomonas syringae and Yersinia when 
heterologously expressed in E. coli (Puhar and Sansonetti, 2014). Mechanisms of recognition 
and targeting of bacterial effectors to the T3SS may be conserved between distantly related 
species. In conclusion, the folding kinetics of a chimeric effector will depend on the 
compatibility between the N-terminal secretion signal and C-terminal effector domain.  
 
4.5.7 General considerations and caveats for using the bacterial T3SS for assessing 

avirulence phenotypes in wheat 

Protein delivery mediated by the bacterial T3SS may work if the N-terminal and C-terminal 
domains retain the functional confirmation for proper targeting and localisation in planta. It 
is also possible current bacterial delivery systems could work for detecting avirulence 
phenotypes if other R/AVR pairs are used that require a lower threshold for causing cell death. 
Further, expression of the same R gene can differ between wheat accessions and transgenic 
lines. It is possible a reaction may be seen only on certain accessions that have a particularly 
high expression of the R gene being studied. Therefore, I do not discourage the use of the 
bacterial T3SS for delivery and characterisation of fungal effectors in planta. However, if these 
systems are to be used in the future, one must keep in mind false negatives are likely to occur.  
 
The bacterial T3SS may be used to functionally characterise fungal effectors on a case-by-case 
basis, however, it should not be used to conclusively screen effectors for avirulence phenotypes 
on its own. The data presented in this chapter suggest current methods using the T3SS for 
delivering rust effectors in wheat are not reliable or consistent for detecting avirulence 
phenotypes. This is likely due to insufficient protein being delivered to reach the threshold 
required to elicit HR. Theoretically, a reliable system could be developed if certain criteria are 
met. Firstly, the bacteria must not elicit HR on its own. Secondly, the bacteria must deliver 
enough effector protein to elicit HR. Finally, chimeric proteins must be folded and targeted 
correctly to the T3SS. Meeting all of these criteria is conceivably possible, and the data 
presented in this chapter provide critical information for the development of a consistent 
delivery system mediated by the T3SS. 
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4.6 Conclusion 

In this chapter, I investigated whether two previously published methods for delivering fungal 
effectors in wheat using the bacterial T3SS are suitable for detecting avirulence phenotypes of 
fungal effectors (Upadhyaya et al., 2014; Sharma et al., 2013). Using AvrSr50 and AvrRmg8 
as positive controls, I showed that P. fluorescens EtHAn cannot elicit R gene dependent HR 
in wheat. Further, I show the T3SS of B. glumae strain 106619 used in Sharma et al. (2013) 
is not suitable for avirulence screening of candidate effectors, as the wild type strain elicits HR 
on multiple wheat accessions tested. I tested another phytopathogenic bacteria, Burkholderia 
cepacia, for suitability in delivering fungal effectors in wheat for the purpose of detecting 
avirulence. Although B. cepacia proliferates in wheat and does not cause HR on its own, it was 
not able to elicit R dependent HR. When grown in T3SS inducing media, B. cepacia and 
EtHAn elicit non-specific cell death, likely conferred by native virulence factors. It is 
theoretically possible to use the T3SS of bacteria to identify and characterise fungal effectors 
in wheat, however, multiple caveats must be kept in mind when planning experiments. This 
is especially pertinent, as the previously described caveats are not mentioned in current reviews 
that mention the T3SS for functionally characterising fungal effectors in wheat (Prasad et al., 
2019; Lorrain et al., 2019).  
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Chapter 5 Utilising Magnaporthe oryzae (Triticum pathotype) 
for the heterologous expression of rust effectors in wheat  

 

5.1 Abstract 

Characterisation of effectors from filamentous plant pathogens in cereal hosts not only 
requires the development of high-throughput functional assays, but also the concomitant use 
of low-medium throughput techniques for confirmation. A largely unexplored low-medium 
throughput avenue for delivering rust effectors in wheat includes heterologous expression in a 
different fungus that is experimentally tractable. To this aim, I chose the wheat (Triticum) 
infecting pathotype of Magnaporthe oryzae (MoT). In this chapter I characterized one M. 
oryzae transformant that is able to cause a Sr50 dependent hypersensitive response (HR) in 
wheat when expressing AvrSr50. This particular transformant has a wheat blast cytoplasmic 
effector promoter and signal peptide upstream of the AvrSr50 coding sequence and 40 copies 
of this construct in its genome. Expression studies indicated this transformant expresses more 
AvrSr50 transcript than other transformants with a lower copy number. Whole genome 
sequencing using Nanopore technology revealed the entire donor DNA plasmid was tandemly 
inserted 40 times into a genomic region with structural variation between the wheat blast and 
rice blast reference genome. This region is also highly enriched in transposable elements and 
predicted M. oryzae effector proteins. Further, I investigated whether insertion location may 
be important for the expression of AvrSr50 by utilising CRISPR/Cas9 genome editing. 
Finally, I explore the utility of an M. oryzae delivery system for visualising rust effector proteins 
in wheat using confocal microscopy. The findings presented in this chapter provide the 
foundations for the subsequent optimisation of an M. oryzae mediated delivery system of rust 
effectors in wheat, particularly for the purpose of detecting avirulence phenotypes.  
 
5.2 Introduction 

An ideal surrogate fungal species for the heterologous expression and delivery of effectors in 
wheat would have the following characteristics: 

a) Naturally infect many wheat genotypes 
b) Experimentally tractable (can be cultured and transformed in the laboratory) 
c) A model organism with a plethora of genomic resources  
d) For the purpose of detecting avirulence phenotypes of cytoplasmic effectors in 

wheat, the fungus should be a biotroph or a hemi-biotroph  
M. oryzae is an ascomycete fungus that can infect multiple grasses, including economically 
important cereal crops such as rice, wheat, barley, and millet (Talbot, 2003). The M. oryzae 
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Triticum pathotype (MoT) that causes wheat blast disease fulfils all the above requirements as 
an ideal species for the heterologous expression and delivery of effectors in its native wheat 
host. Although other fungi do meet some of these requirements, the resources available are 
not quite as developed as those for M. oryzae. The following section will introduce M. oryzae 
in the context of the above characteristics.  
 
5.2.1 Magnaporthe oryzae causes devastating disease on many plant species 

including wheat 

The most studied M. oryzae pathotype is the rice infecting strain that causes rice blast. The 
rice blast fungus can infect many parts of the plant, including the leaves, stems, nodes, and 
panicles (Wilson and Talbot, 2009). This particular disease destroys enough rice to feed 60 
million people per year, causing a major threat to global food security (Pennisi, 2010). This is 
highlighted by the fact rice provides 19 % of a person’s average daily calories consumed 
worldwide, with numbers rising to 30 % in Asia alone (Elert, 2014). Over the past few years, 
there have been incredible advances in understanding the cell biology of infection of this 
fungus (Yan and Talbot, 2016). This is likely due to the high impact this fungus has on 
worldwide agriculture and its amenability to experimental manipulation (Ebbole, 2007).  
 
The M. oryzae Triticum pathotype (MoT, or wheat blast) is a genetically distinct pathotype 
that poses a severe threat to global wheat production (Ceresini et al., 2018). This pathotype is 
capable of infecting all above ground parts of the wheat plant (Cruz and Valent 2017). M. 
oryzae infection on wheat was first reported in Brazil in 1985, and soon spread to neighbouring 
wheat-producing countries in South America (Igarashi et al., 1986, Cruz & Valent, 2017). 
Losses in these regions range from low to 100 %, with higher losses associated with El Niño 
weather conditions (continuous rains followed by high humidity) (Kohli et al., 2018). 
Recently, wheat blast has garnered significant attention due to the 2016 outbreak in 
Bangladesh (Callaway, 2016). Farmers were found burning infected fields in attempt to 
control the disease, which had ultimately spread to approximately 15,000 hectares (Callaway, 
2016). This outbreak also represented the first occurrence of the disease in Asia, which was 
likely caused by strains originating from South America (Islam et al., 2016). Recently, MoT 
has also been confirmed for the first time on wheat growing in Africa (Tembo et al., 2020). 
MoT strains not only infect different wheat cultivars as evidenced through multiple disease 
epidemics, but it can also infect triticale, barley, durum wheat, oat, and some weed species 
(Urashima and Kato, 1993; Islam et al., 2020). The potential for wheat blast to spread to other 
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wheat growing regions continues to fuel further research involving the molecular mechanisms 
of infection (Islam et al. 2020).  
 
5.2.2 M. oryzae is an experimentally tractable model organism  

Perhaps one of the most attractive features for studying M. oryzae is its amenability to 
experimental procedures (Ebbole, 2007; Wilson and Talbot, 2009). For one, this fungus can 
be cultured under experimental conditions outside of living host tissue (Valent et al., 1991). 
Secondly, there are well-established protocols for genetically transforming M. oryzae that are 
relatively straightforward to perform, including protoplast and Agrobacterium mediated 
transformation (Talbot, 2003). During transformation, DNA enters the genome randomly 
with an efficiency of about 40 transformants per microgram using the protoplast method 
(Talbot, 2003).  
 
In M. oryzae, DNA enters the genome primarily through the non-homologous end-joining 
(NHEJ) pathway for repairing double stranded breaks (DSBs). Therefore, targeted gene 
replacement via homologous recombination occurs at low frequencies; from 1 – 25 % success 
rate depending on the locus (Krappmann, 2007). Knocking out components of the NHEJ 
pathway (known as Ku70 or K780 mutants), however, can increase homology directed repair 
(HDR), and therefore targeted gene replacement (Villalba et al., 2008). Recently, Foster et al. 
(2018) developed a method for CRISPR (clustered regularly interspaced short palindromic 
repeat)-Cas9 (CRISPR-associated nuclease 9) mediated genome engineering in M. oryzae 
that increases the frequency of DSB’s occurring in a gene of choice. In the CRISPR/Cas9 
system, the Cas9 endonuclease is targeted to a specific genomic sequence of interest by a single 
guide RNA (sgRNA) via Watson-Crick base-pairing (Figure 5-1, Ding et al., 2016). A 
protospacer-adjacent motif (PAM) with the sequence of 5’ NGG 3’ is required immediately 
downstream of the targeted DNA for recognition by Cas9 (Sternberg et al., 2014). The Cas9 
endonuclease creates a DSB at the recognition locus. The subsequent repair of the induced 
DSB allows genome engineering based on either NHEJ or HDR (Dicarlo et al., 2013). The 
NHEJ pathway is error prone and usually introduces an insertion or deletion at the break site 
(Ding et al., 2016). If a donor DNA with flanking regions homologous to the genomic break 
site is provided, the DSB can be repaired via HDR using the donor DNA as a template 
(Dicarlo et al., 2013). The donor DNA is then integrated into the genome at the DSB site.  
 
CRISPR/Cas9 components can either be expressed in vivo within the organism of interest via 
plasmid delivery or can be delivered as a pre-complexed ribonucleoprotein (RNP) (Cho et al., 
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2013). In the first scenario, a plasmid carrying the Cas9 coding sequence and sgRNA sequence 
are transformed into the cell, in which both elements are transcribed in vivo (Figure 5-2A). 
The Cas9 and sgRNA then complex within the cell before genome editing. In the second 
approach, purified nuclear-localised Cas9 protein and in vitro synthesized sgRNA are pre-
complexed into an RNP (Figure 5-2B). After transfection the RNP constructs are cleared 
from the cell, whereas plasmid mediated delivery continuously transcribes CRISPR/Cas9 
components within the cell (Gearing, 2016). As stable expression of Cas9 is toxic to M. oryzae, 
the RNP delivery method remains more efficient (Foster et al., 2018). In summary, many 
methods to genetically manipulate M. oryzae exist, including targeted insertion of a gene of 
interest. The experimental tractability of this organism and the many tools available for genetic 
manipulation makes M. oryzae an ideal surrogate for heterologous expression of candidate 
effectors.  
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Figure 5-1 Schematic illustration of Cas9/gRNA genome editing. The Cas9 protein (in 
blue) is directed to a DNA target by a gRNA through base pairing. The recognition site is 
upstream of the PAM (NGG) sequence. The Cas9/gRNA complex introduces a double 
stranded break which is repaired by either NHEJ or HDR. The NHEJ pathway will introduce 
an indel for knockout experiments. Kock-in experiments occur via HDR when a donor 
template is present with homologous sequences flanking the transgene. This image was first 
published in Ding et al. (2016) and is reused here with permission under the Creative 
Commons Attribution Licence.  
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Figure 5-2 Plasmid vs. RNP mediated Cas9/gRNA delivery. A) Plasmid based delivery of 
Cas9/gRNA complexes require transcription and translation of both elements inside the target 
cells. B) Cas9 RNPs are delivered into cells as pre-assembled Cas9/gRNA complexes ready to 
interact with the target DNA. Modified from Gearing (2016).  
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5.2.3 M. oryzae has many genomic resources  

The M. oryzae genome was the first fungal plant pathogen genome to be sequenced (Dean et 
al., 2005). Since then, due to advances in whole genome and next generation sequencing 
(NGS) technology, over 50 M. oryzae whole genome assemblies have been successfully 
generated (Bao et al., 2017; Wu et al., 2015; Xue et al., 2012; Zhang et al., 2016; Dean et al., 
2005). One of the most recent genome assemblies to be added to the list is a wheat blast 
reference genome of the MoT strain B71 (Peng et al., 2019). In addition to effector discovery, 
these resources have provided insight into the contribution of genomic plasticity to host 
adaptation, specificity, and host range (Bao et al., 2017; Ebbole, 2007). 
 
5.2.3.1 Genomic resources have contributed to the identification of many avirulence 

genes 

Map-based cloning, comparative genomics, and transcriptome studies have led to the cloning 
of multiple avirulence effectors (at least 12) responsible for varying virulence phenotypes 
between different isolates (Mosquera et al., 2009; Fernandez and Orth, 2018; Wu et al., 2015). 
One of the first avirulence effectors cloned, and perhaps one of the most well studied, is a host 
specificity determinant called PWL2. M. oryzae isolates harbouring this gene are no longer 
able to infect weeping lovegrass (Sweigard et al., 1995). Although its role in infection is 
currently unknown, PWL2 is expressed highly during infection and is present in many field 
isolates (Sweigard et al., 1995; Mosquera et al., 2009). Another cloned effector with 
implications in host specificity is PWT3 (Ceresini et al., 2018). The role of avirulence gene 
PWT3 has been implicated in the emergence of wheat blast in Brazil. The authors posit wheat 
blast emerged from a Lolium infecting isolate that had undergone a host shift (Inoue et al., 
2017). The Lolium derived isolates carrying the Ao avirulence allele at the PWT3 locus were 
able to infect a widely planted wheat cultivar lacking the associated R gene rwt3. Isolates 
emerged with mutations at the PWT3 locus, which ultimately led to the wheat blast epidemic 
in South America (Inoue et al., 2017; Ceresini et al., 2018).  
 
Genomic and transcriptomic resources from wheat infecting isolates have also led to the 
cloning of avirulence gene AvrRmg8 which is present in strains associated with the recent 
outbreak in Bangladesh (Wang et al., 2018; Anh et al., 2018). Seedling assays have shown 
isolates carrying AvrRmg8 are unable to infect wheat cultivar S-615 which harbours Rmg8 
(Wang et al., 2018). These data provide encouraging results for deployment of resistant wheat 
varieties in Bangladesh (Islam et al., 2020). 
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5.2.3.2 Genomic plasticity 

Not only have multiple effector genes been cloned, but fundamental concepts have emerged 
about how genomic plasticity may contribute to the evolution of these genes. Many 
filamentous fungi, including M. oryzae, have a ‘two-speed genome’ which contain gene sparse, 
repeat rich regions that evolve more rapidly than the rest of the genome (Raffaele and 
Kamoun, 2012). These regions enriched in effector genes are thought to serve as a ‘cradle’ for 
adaptive evolution (Dong et al., 2015). A classic example of this concept is demonstrated by 
the multiple translocations of the avirulence gene Avr-Pita (Chuma et al., 2011). This gene 
was initially found in a repeat rich subtelomeric region and has been found to translocate to 
other retro-transposon rich regions of the genome. The authors suggest frequent loss, 
recovery, and translocation of Avr-Pita represents adaptation towards the deployment of the 
associated resistance gene Pita (Chuma et al., 2011).  
 
Long read sequencing technologies such as PacBio and Nanopore provide additional 
resolution to whole-genome assemblies in comparison to short reads generated from NGS 
platforms, especially in regions enriched in effectors (Faino et al., 2016). New long read 
sequence technology can therefore allow the evaluation of repetitive elements and their 
involvement in the evolution of virulence. For example, Bao et al. (2017) constructed whole 
genome assemblies of M. oryzae field isolates using PacBio sequencing and were able to detect 
large-scale chromosomal rearrangements potentially induced by transposable elements. In 
summary, the plethora of genomic studies and resources from M. oryzae provide criticial 
information on effector biology that will no doubt be useful when harnessing this fungus for 
the heterologous expression of effectors from other fungi.  
 
5.2.4 M. oryzae is a hemibiotroph that secretes effectors into the cytoplasm using 

signal peptides 

Heterologous expression of effectors in M. oryzae for delivery into the wheat host will not only 
require knowledge about genome biology, but it will also require advances in cell biology for 
the proper targeting of effectors to their correct domains. The following section introduces 
the cell biology of M. oryzae infection, including effector secretion during early time points of 
infection in host plants. 
 
5.2.4.1 Magnaporthe oryzae life cycle 

Most knowledge of the M. oryzae life cycle is provided by studies involving rice infecting 
pathotypes which is summarized in Figure 5-3 (Wilson and Talbot, 2009). M. oryzae infection 
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begins when a three-celled asexual spore called a conidium lands on a rice leaf. The conidium 
subsequently germinates into a germ tube that eventually differentiates into the appresorium 
(Talbot, 2003). The appresorium is a critical structure for entry into rice cells, producing 
enough turgor pressure to force a penetration peg through the plant cuticle and into the 
epidermis (De Jong et al., 1997). The fungus then produces invasive hyphae (IH) that are 
always surrounded by invaginated rice plasma membrane (Wilson and Talbot, 2009). During 
this prolonged biotrophic phase, IH move cell to cell via plasmodesmata (Kankanala et al., 
2007). Through these hyphae, the fungus is able to secrete effectors that manipulate host 
biology in favour of disease progression (Valent & Khang, 2010). Simultaneously, IH are 
specialized feeding structures that uptake nutrients derived from living plant cells. As M. 
oryzae is a hemibiotroph, it subsequently enters a necrotrophic phase whereby nutrition is 
derived from dead or dying rice tissue (Wilson and Talbot, 2009). Disease lesions begin to 
appear 72 to 96 hours after initial infection (Wilson and Talbot, 2009) with symptoms 
appearing as early as 48 hours post infection (HPI) for wheat blast (Ceresini et al., 2018). 
Sporulation then occurs under conditions of high humidity. These spores are then able to 
spread to adjacent plants by wind or dewdrop splash, renewing the cycle (Talbot, 2003).  
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Figure 5-3 Magnaporthe oryzae life cycle. The infection cycle starts when a three celled spore 
called a conidium adheres to the plant cell surface through secretion of an adhesive. As the spore 
tip mucilage holds the conidium in place, a germ tube emerges which eventually differentiates 
into an appresorium. The conidium undergoes autophagic cell death, while the appresorium 
produces substantial turgor through melanisation. This produces a downward force in which the 
penetration peg enters the host cell through the epidermis. During the biotrophic phase, the 
plasma membrane becomes invaginated around invasive hyphae. For rice infecting strains, 
disease symptoms can occur 72 -96 hours after infection. Sporulation occurs under conditions of 
high humidity. New conidia can transfer to nearby plants through dewdrop splash. This image 
was first published in Wilson and Talbot (2009) and is reused with permission from copyright 
holders under the license number 4951350146260. 
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5.2.4.2 Intracellular invasive growth and effector secretion of M. oryzae 

The early stages of invasive growth of the blast fungus are summarized in Figure 5-4. Figure 
5-4A shows the differentiation of the penetration peg into the primary invasive hyphae (IH). 
Further, this diagram illustrates the IH are surrounded by the plant derived extra invasive 
hyphal membrane (EIHM) during its biotrophic phase (Fernandez and Orth, 2018). Figure 

5-4B shows a structure called the biotrophic interfacial complex (BIC) that begins to develop 
at the tip of primary IH (Khang et al., 2010). It has been shown that cytoplasmic effector 
proteins preferentially accumulate at the BIC before passing through the EIHM and into the 
plant host cytoplasm (Khang et al., 2010). It was later shown that the BIC lies outside of the 
fungal plasma membrane and is essentially a plant-derived interface (Giraldo et al., 2013). 
Further, secretion of effectors via the BIC occurs through a Golgi independent, non-
conventional pathway involving exocysts (Giraldo et al., 2013). Apoplastic effectors, on the 
other hand, do not accumulate in the BIC but are secreted via the conventional endoplasmic 
reticulum (ER)-Golgi pathway and disperse evenly into the EIHM compartment (Giraldo et 
al., 2013; Khang et al., 2010). It is now clear that targeting proteins to these two distinct 
secretion systems is dependent on specific N-terminal signal peptides. Fluorescent proteins 
fused to a cytoplasmic effector signal peptide and promoter accumulate at the BIC and are 
subsequently translocated into the host cell (Khang et al., 2010). Conversely, fluorescent 
proteins fused to an apoplastic effector promoter and signal peptide were found in the 
apoplastic space outlining invasive hypha (Khang et al., 2010).  

 
The discovery of N-terminal signal peptides that target proteins inside the cytoplasm is 
pertinent information for developing a heterologous expression system for delivering effectors 
inside the host cytoplasm. Hypothetically, known N-terminal signal peptides of cytoplasmic 
effectors could be tagged onto a protein of interest for internalisation into the host cytoplasm. 
Other experimentally tractable fungi have the capability of targeting proteinaceous effectors 
into the host cytoplasm, however, these mechanisms of internalisation are not easily 
transferred to any protein of interest. The effector SnToxA from the necrotrophic fungal 
wheat pathogen Parastagonospora nodorum, for example, is internalized into the host cytoplasm 
where it interacts with Tsn1 resulting in cell death (Liu et al., 2006). The internalisation of 
this effector is dependent on an RGD motif present in residues 136-143 (Manning et al., 
2008). Therefore, a cleavable N-terminal secretion signal would be preferable to attaching an 
RGD motif to a protein of interest, as such a motif may alter effector folding/function.  
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Figure 5-4 Growth of invasive hyphae during early stages of infection. These illustrations 
are based on rice infecting isolates 22-40 h post inoculation inside rice cells. A) The BIC 
initially develops at the tip of the first invasive hyphae. B) The BIC then localizes that the 
subapical region of the first bulbous IH. C) As the hyphae moves between plasmodesmata, 
new BICs are formed in the IH tip in adjacent cells. S, spores; GT, germ tube; A, 
appressorium; N, nucleus; BIC, biotrophic interfacial complex; IH, invasive hyphae; EIHM, 
extrainvasive hyphal membrane. This image was first published in Fernandez & Orth (2018) 
and is reused with permission from copyright holders under the license number 
4951350438782.  
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5.2.5 Host pathogen interfaces of haustoria and non-haustoria forming fungi: 
commonalities and differences  

Expressing rust effectors inside an M. oryzae surrogate will not only require knowledge of 
invasive hyphae, however, it will also require an understanding of the secretion systems 
employed by the rust species of interest. Biotrophic and hemibiotrophic pathogenic fungi 
utilize either invasive hyphae or haustoria as a site for effector secretion and nutrient uptake 
from the plant (Gan et al., 2010). To compare and contrast these two different strategies, I 
will focus on the haustoria forming biotrophic rusts, and the invasive hyphae forming 
hemibiotrophic blast fungus M. oryzae. The first noticeable difference between these fungi is 
the method of growth from cell to cell once invasion inside the plant tissue occurs. 
Magnaporthe invasive hyphae are intracellular, and move from one cell to the next via 
plasmodesmata (Giraldo and Valent, 2013). By contrast, rust invasive hyphae are always 
extracellular and move within the apoplast, only entering host cells via specialized feeding 
structures called haustoria (Garnica et al., 2014). 

 
Despite these differences, the invasive hyphae and haustoria perform similar functions. They 
are both at the intimate host-pathogen interface where nutrients are taken up by the fungi and 
effector proteins are secreted into the plant. Both structures are always surrounded by a plant-
derived structure called the extra haustorial membrane (EHM), or extra invasive hyphal 
membrane (EIHM) for rust fungi or M. oryzae respectively (Figure 5-5, Gan et al., 2010). 
Both the EHM and EIHM keep the intracellular fungal structures separated from the host 
cytoplasm. Furthermore, in both scenarios, cytoplasmic effectors must pass through multiple 
membranes before reaching the host cytoplasm. In the case of haustoria, fungal effectors must 
pass through the haustorial membrane, the haustorial cell wall, the extrahaustorial matrix, and 
finally the extrahaustorial membrane (Figure 5-5A, Gan et al., 2004). The exact mechanisms 
involved in this process remain poorly understood. For M. oryzae, cytoplasmic effectors must 
similarly pass through the fungal plasma membrane and cell wall of the invasive hyphae 
(Figure 5-5B, Gan et al., 2010). Next, effectors pass through the EIHM and into the plant 
host cytoplasm. As described in the previous section, this is mediated by preferential 
accumulation at the biotrophic interfacial complex, and subsequent secretion through a Golgi 
independent exocyst pathway (Khang et al., 2010; Giraldo et al., 2013). Whether or not 
haustoria forming fungi employ a similar strategy for secretion into the host cytoplasm remains 
unknown.  
 
In summary, the M. oryzae Triticum pathotype is a promising surrogate fungus for the 
secretion of heterologous rust effectors into the wheat cytoplasm. Although wheat blast and 
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rust fungi are phylogenetically distant (Ascomycete vs. Basidiomycete respectively), both fungi 
produce similar intracellular structures for the secretion of effectors into the host cytoplasm. 
Further, many N-terminal signal peptides of M. oryzae cytoplasmic effectors are known which 
may be used for targeting heterologous effectors to the BIC and thus the host cytoplasm. In 
this chapter, I utilise the many genomic and experimental resources available for M. oryzae to 
develop a heterologous expression system for delivering rust effectors in wheat.  
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Figure 5-5 Host pathogen interfaces of fungi producing invasive hyphae vs. haustoria A) 
Haustoria forming fungi, such as the cereal rusts, secrete effectors (purple) to the 
extrahaustorial matrix (EHMX); a discrete compartment sealed off from the rest of the 
apoplast via a neckband (N). Effectors cross the extrahaustorial membrane (EHM), a 
membrane derived from the host plasma membrane that invaginates around the haustorium, 
into the host cytoplasm, where they may interact with target proteins or the cognate host R 
protein. B) Non haustoria forming fungi, such as Magnaporthe oryzae, grow within host cells 
via invasive hyphae (IH), which are surrounded by the host plasma membrane-derived extra-
invasive hyphal membrane (EIHM). Cytoplasmic effectors are secreted into the biotrophic 
interfacial complex (BIC), which may mediate effector entry across the EIHM into the host 
cell. PM, plant plasma membrane; CW, plant cell wall; HM, haustorial membrane; HCW, 
haustorial cell wall; Ap, appressorium; FPM, fungal plasma membrane; FCW, fungal cell wall. 
Adapted from Gan et al. (2010).  
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5.3 Methods 

5.3.1 Magnaporthe strains and wheat lines used in this study 

Wheat blast isolate BTJP4-1 and wheat line S-615 were provided by Sophien Kamoun, The 
Sainsbury Laboratory, Norwich, UK (Islam et al., 2016). Wheat blast isolate PY06047 was 
provided by Nicholas Talbot, The Sainsbury Laboratory, Norwich, UK. AvrSr50 differential 
wheat lines (Gabo, Gabo + Sr50) were provided by Peter Dodds, CSIRO, Canberra, ACT, 
Australia (Chen et al., 2017). A list of fungal strains and transformants used in this thesis is 
provided in Appendix 6.  
 
5.3.2 AvrRmg8 protein alignment 

Previously published AvrRmg8 sequences from wheat blast isolates BR48, BR5, and BR116.5 
were obtained from Wang et al. (2018). Genomic DNA was isolated from PY06047 and 
BTJP4-1 following the protocol described in 5.3.5. The AvrRmg8 sequence was PCR 
amplified from DNA of these isolates using primers AvrRmg8F and AvrRmg8R (Appendix 
7) as described in 3.1.3. The PCR product was purified and sent for Sanger sequencing as 
described in 3.2.3. Amino acid alignments were performed using Geneious Prime 2020.2 
(Biomatters Ltd.).  
 
5.3.3 Fungal growth, maintenance and storage 

Magnaporthe strains were grown through filter paper discs (3 mm, Whatman International) 
and desiccated for long term storage at -20 °C. For routine growth, desiccated discs were 
grown on complete media (CM) agar (For 1 L combine 10 g D-glucose, 2 g peptone, 1 g yeast  
extract, 1 g casamino acids, 6 g NaNO3, 0.52 g KCl, 0.52 g MgSO47HOH, 1.5 g KH2PO4, 
1 mL trace elements (in 100 ml add 2.2 g ZnS047HOH, 1.1 g H3BO3, 0.5 g MnCl24HOH, 
0.5 g FeSO47HOH, 0.17 g CoCl26HOH, 0.16 mg CuSO45HOH, 0.15 mg 
Na2MoO42HOH, 5 g Na4EDTA), 1 mL vitamin solution (in 100 ml add 0.01 g biotin, 0.01 
g pyridoxine, 0.01 g thiamine, 0.01 g riboflavin, 0.01 g PABA (p-aminobenzoic acid) and 
0.01 nicotinic acid), adjusted to pH 6.5 with NaOH, and 15 grams of agar for solid media) at 
24 °C in a controlled growth room set at 12 h light/ 12 h dark cycle.  
 
5.3.4 Magnaporthe transformation 

Wild type PY06047 or BTJP4-1 strains were transformed following the protoplast method 
adapted from Talbot et al. (1993). Wild type strains were grown on CM agar for 
approximately one week. Young mycelium from the edge of a colony was cut and blended in 
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150 mL liquid CM. Blended liquid cultures were incubated for 48 h at 25 °C with shaking at 
125 rpm. Mycelia was then harvested by filtering through miracloth (Merck). The mycelium 
was then transferred into a sterile Falcon tube (Corning) with 40 mL OM buffer (1.2 M 
MgSO4.7H20, 10 mM NaPO4, 5 % (w/v) Glucanex (Novo Industries, Copenhagen), pH 5.4 
using 1 M Na2HPO4). The Falcons were then placed in a shaking incubator for 3 hours at 75 
rpm and 30 °C. The OM and fungal mixture were then carefully transferred to fill half a sterile 
Oakridge tube (Nalgene) and overlaid with equal parts cold ST buffer (0.6 M sorbitol, 0.1 M 
Tris HCL pH 7.0). The Oakridge tubes were centrifuged for 15 minutes at 4085 x g and 4 
°C in a HB-6 swinging bucket rotor (Thermo Fisher Scientific). Protoplasts were recovered 
at the OM/ST hazy interface using a pipette and transferred to a new sterile Oakridge tube. 
The protoplasts were washed by filling the tubes with cold STC buffer (1.2 M sorbitol, 10 
mM Tris HCL pH 7.5, 10 mM CaCl2). Protoplasts were pelleted by centrifugation at 1470 
x g at 4 °C for 10 minutes, and the supernatant discarded. The wash step was repeated twice 
by filling tubes with 10 mL cold STC followed by centrifugation at 1470 x g at 4 °C. 
Protoplasts were resuspended in STC buffer and aliquoted in 150 mL volumes at a 
concentration of 107/mL and mixed with 2-6 μg of DNA. The protoplasts were incubated 
with DNA at room temperature for 20 minutes. After the incubation step, 1 mL of PTC 
buffer (60 % (w/v) PEG 4000, 10 mM Tris-HCL pH 7.5, 10 mM CaCl2) was added to each 
150 mL aliquot and gently mixed by pipetting up and down. The PTC mixture was incubated 
at room temperature for 15 minutes then added to 150 mL molten (45 °C) BDCM bottom 
agar (0.8 M sucrose, 1.7 g L-1 yeast nitrogen base without amino acids and Ammonium 
sulphate, 2 g L-1 Ammonium nitrate, 1 g L-1 asparagine, 10 g L-1 glucose, pH 6.0 with 
Na2HPO4 1 M, 1 % agar). Bottom agar was then split between 5-6 sterile petri dishes and 
incubated for 16-48 h in the dark at 24 °C. The plates were then overlaid with BDCM top 
agar (1.7 g L-1 yeast nitrogen base, 2 g L-1 Ammonium nitrate, 1 g L-1 asparagine, 10 g L-1 
glucose, 1% agar) with either Glufosinate ammonium (Basta) or Chlorimuron ethyl 
(Sulfonylurea) selection at a concentration of 600 μg/mL. Transformants were then 
subcultured onto new CM agar plates containing 300 μg/mL Basta or Sulfonylurea. For 
genotyping, fungi were grown on cellophane discs, and DNA was extracted following 5.3.5. 
Successful transformation was determined by PCR amplification of insert DNA as described 
in section 3.1.1 .  
 
5.3.5 Fungal CTAB DNA extraction for genotyping and Nanopore sequencing 

DNA extractions were performed with the help of Phoebe Davey, Francesca Minter, and 
Andrey Korolev (Saunders lab). Using a mortar and pestle, fungal cellophane discs were 
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ground in liquid nitrogen into a fine powder and transferred into a 1.5 mL Eppendorf tube 
with 500 μL CTAB buffer (2 % (w/v) Hexadecyltrimethylammonium Bromide (CTAB), 100 
mM Tris base, 10 mM Ethylenediaminetraacetic acid (EDTA) and 0.7 M NaCl. Samples 
were incubated at 60 °C for 30 minutes with occasional shaking. An equal volume of 
chloroform isoamyl alcohol (24:1) was added to the tubes and shaken for 20 minutes. The 
tubes were then centrifuged at 13 000 rpm for 10 minutes. The top aqueous phase was 
transferred to a new Eppendorf with 500 uL CIA and shaken for 5 minutes. The tubes were 
again centrifuged at 13 000 rpm for 10 minutes. The top aqueous phase was transferred to a 
new Eppendorf tube with an equal volume of phenol chloroform isoamyl alcohol 125:24:1. 
Tubes were shaken until the solution turned cloudy and then centrifuged at 13 000 rpm for 5 
minutes. The top aqueous phase was transferred to a new Eppendorf tube with 1 mL ice cold 
Isopropanol (Propan-2-ol), mixed, and then incubated at -20 °C for a minimum of 20 
minutes. The DNA was pelleted by centrifugation at 15 000 x g for 10 minutes. The 
supernatant was then decanted, and the tubes were left open to dry the pellet. The pellet was 
resuspended in 500 uL sterile water, 0.1 volume 3 M NaOAc, and 1 mL ice cold 100 % 
ethanol. The tubes were then incubated at -20 °C for 10 minutes and centrifuged at 15 000 x 
g for 20 minutes. The supernatant was decanted, and the pellet was washed with 400 uL ice 
cold 70 % ethanol. This was followed by a final centrifugation step at 15 000 x g for 5 minutes. 
The supernatant was decanted, and the pellet dried in a speed vacuum desiccator. The DNA 
pellet was resuspended in 25 – 50 µL in sterile water and stored at -20 °C.  
 
5.3.6 Magnaporthe infection assays  

Conidia from 1-2-week-old cultures grown on CM agar were resuspended using a sterile glass 
spreader and sterile water. The conidial suspension was filtered through miracloth (Merck) 
and spores were counted on a haemocytometer. The conidial suspension was then diluted to 
a concentration to 1x105 spores/mL in 0.25 % (v/v) tween gelatine. Detached leaves were 
placed in petri dishes containing 1 % water agar. Spot inoculation was performed by placing 
5 µL droplets of conidial suspension on detached leaves and wicking away droplets after 24 h. 
Spray inoculation was performed using an artist’s paintbrush and placing leaves in high 
humidity in the dark for 24 h. For both inoculation methods, leaves were placed in a growth 
chamber set at the same conditions for growing inoculum (section 5.3.3). Infection 
phenotypes were assessed at 4-5 days post inoculation (DPI). Lesion lengths were measured 
in Image J and statistical differences between lesions were performed using a student’s T test 
(***: p < 0.005, **: p < 0.01, *: p< 0.05; 2-tailed t-test).  
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5.3.7 Cloning vectors for Magnaporthe transformations 

All vectors cloned for standard Magnaporthe protoplast transformations (using the NHEJ 
pathway) are listed in (Appendix 5). All primers used for cloning are listed in  
Appendix 7. To clone pPWL2:AvrRmg8, the avirulent allele of AvrRmg8 was amplified by 
PCR from BTJP4-1 genomic DNA using primers AvrRmg8_BamH1F and 
AvrRmg8_EcoRV_R as described in 3.1.1. Both PCR product and vector backbone pCB-
Ppwl2-mcherry-stop (Figure 5-6, Saitoh et al., 2012) were digested with the restriction 
enzymes BamHI and EcoRV according to the manufacturers protocol (New England Biolabs) 
as described in 3.3.2. The digested backbone was treated with alkaline phosphatase (Roche) 
to prevent self-re-ligation. The PCR product and digested backbone were ligated to produce 
pPWL2:AvrRmg8 as described in 3.3.2.  
 
To clone pPWL2:AvrSr50, the avirulent allele of AvrSr50 was PCR amplified as described in 
3.1.1 using from a vector containing the AvrSr50 coding sequence provided by Peter Dodds 
(CSIRO, Canberra, ACT, Australia). BamHI and EcoRV sites were introduced at the 5’ and 
3’ ends respectively of the full coding sequence via PCR amplification using primers sr50-
BamHIF and Sr50-EcoRV-R. The PCR product of AvrSr50 and vector backbone pCB-
Ppwl2-mcherry-stop were digested with BamHI and EcoRV according to the manufacturers 
protocol (New England Biolabs) as described in 3.3.2. Mcherry from pCB-Ppwl2-mcherry-
stop was replaced with an AvrSr50 insert via ligation using a T4 DNA ligase (New England 
Biolabs) to produce Ppwl2:AvrSr50 as described in 3.3.2.  
 
To produce pRp27-AvrSr50, pPWT3-AvrSr50, and pTrpc-AvrSr50, promoters pRP27 and 
pPWT3 from wheat blast (Magnaporthe oryzae) and pTrpC from Aspergillus nidulans were PCR 
amplified from wheat blast genomic DNA (strain PY06047) and vector pBHt2G-RFP 
(Addgene) respectively as described in section 3.1.1. NotI and XbaI restriction sites were 
introduced at the 5’ and 3’ ends of these promoters respectively using primer pairs pRP27-
Not1F and pRP27-Xba1R, pPWT3-Not1F and pPWT3-Xba1R, and pTrpc-Not1F and 
pTrpc-Xba1. The PCR product and pCB-Ppwl2-AvrSr50 backbone were digested, purified 
and ligated to produce pRp27:AvrSr50, pTrpc:AvrSr50, and pPWT3:AvrSr50 as described 
in section 3.3.2.  
 
To produce vectors pRP27:PWT3SP:AvrSr50, pPWT3:PWT3SP:AvrSr50, and 
pTrpc:PWT3SP:AvrSr50 the AvrSr50 signal peptide was replaced with the wheat blast signal 
peptide from PWT3 using PCR ‘sowing by overlap extension’ of PY06047 genomic DNA. 
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Primers PWT3SP-BAMHI-F and PWT3SP-OverlapAvr-R were used to amplify the PWT3 
signal peptide, with a 3’ region overlapping with the AvrSr50 coding region (not including the 
signal peptide). PCR cycling conditions were as described in 3.1.1 with the modification of a 
1 s extension time. The AvrSr50 coding sequence (not including the signal peptide) was 
amplified using primers AvrSr50-OverlapPWT3SP-F and AvrSr50-HindIII-R, introducing 
a 5’ overlap region with the PWT3 signal peptide. A final overlap extension PCR was 
performed using the above two PCR products as DNA template, with the addition of the 
terminal primers PWT3SP-BAMHI-F and AvrSr50-HindIII-R. This PCR product was 
purified and digested with BamHI and HindIII, along with the backbone vectors 
pRp27:AvrSr50, pTrpC:AvrSr50, and pPWT3:AvrSr50 as described in 3.3.2 . Digested PCR 
products and backbone vectors were ligated using T4 DNA ligase (NEB) to produce 
pRP27:PWT3SP:AvrSr50, pPWT3:PWT3SP:AvrSr50, and pTrpc:PWT3SP:AvrSr50 as 
described in 3.3.2.  
 
To produce pPWL2:PWT3SP:AvrSr50 both vectors pCB-Ppwl2-mcherry-stop and 
pPWT3:PWT3SP:AvrSr50 were digested with the restriction enzymes Not1HF and Xba1 
(New England Biolabs) as described in 3.3.2. DNA fragments from digested vectors were size 
separated on a 1 % agarose gel. The PWL2 promoter band and PWT3SP AvrSr50 backbone 
(without the PWT3 promoter) were excised from the gel and ligated using T4 DNA ligase 
(New England Biolabs) to produce pPWL:PWT3SP:AvrSr50 as described in 3.3.2.  
 
All subsequent cloning was performed using the Golden Gate method as described in section 
3.3.3 as Golden Gate domesticated Magnaporthe protoplast transformation compatible 
vectors became available (Pennington et al., 2017). To produce 
pPWT3:PWT3SP:AvrPm3a2/f2 new level zero components were cloned for the pPWT3 
promoter, PWT3 signal peptide, and AvrPm3a2/f2 coding sequence (without the native signal 
peptide). Primers pPWT3_GGF and pPWT3_GGR, and PWT3SP_GGR and 
PWT3SP_GGR were used to PCR amplify level zero inserts from vector 
pPWT3:PWT3SP:AvrSr50. PCR products were purified and inserted into the universal level 
zero vector acceptor PUAP1 (Weber et al. 2011) as described in section 3.3.3. Primers 
AvrPm3a_GGF and AvrPm3a_GGR were used to PCR amplify the AvrPm3a2/f2 coding 
sequence from a vector provided by Corrine Arnold (Brown lab, JIC) and the PCR product 
ligated into PUAP1. The transcription terminator SCD1 from pCB-Ppwl2-mcherry-stop 
was PCR amplified using primers 3SCD1T_GGF and 3SCD1T_GGR. The PCR product 
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was purified and ligated into PUAP1. Level 0 constructs were integrated into the pcb-1532B 
level 1 vector acceptor (Pennington et al., 2017) using methods described in 3.3.3.  
 
 

 
 
Figure 5-6. Vector map of pCB-pPWL2-mcherry-stop. pPWL2, the promoter from the M. 
oryzae cytoplasmic effector PWL2; MCS, multiple cloning site; T, SCD1 terminator; Cmr, 
chloramphenicol resistance; BAR, bialaphos resistance.  
 
5.3.8 Copy number analysis  

Copy number analysis of transgenes was performed by iDNA genetics (Norwich, Norfolk, 
UK) using a TaqMan real-time PCR assay, using a probe against the BAR (Bialaphos 
resistance) gene (the fungal selection gene contained in Magnaporthe expression constructs).  
 
5.3.9 Relative expression using RT-PCR 

Three-week-old Gabo wheat plants (Sr50-) were spray inoculated with 1x105 conidia/mL 
from the WT strain (PY06047), a single copy pPWT3:PWT3SP:AvrSr50 transformant (PS-
7), two double copy transformants (PS-10, PS-22), and the 40 copy transformant (PS-2). 
Total RNA was extracted from leaves 3 DPI using the RNeasy Plant Mini Kit (Qiagen). RNA 
was subsequently treated with TURBO DNase (Life technologies) to remove genomic DNA. 
The concentration of DNase-treated RNA was measured on the Qubit Fluorometer (Life 
Technologies). Using 2 µg of each sample, cDNA was synthesized using Superscript II 
Reverse Transcriptase (Life Technologies) with a mixture of oligo (dT) and random hexamer 
primers. The expression of AvrSr50 and the M. oryzae actin gene (Mo-actin) were confirmed 
via PCR using primers and conditions indicated in Appendix 8. 
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5.3.10 RNA extraction for RNA-seq and RNA-seq analysis 

RNA extracted from section 1.3.9 was sent for RNA-seq with the help of Clare Lewis 
(Saunders Lab). Good quality RNA (RNA Integrity Number (RIN) > 7) was sent for library 
preparation and sequencing to GENEWIZ (UK). Sequencing was carried out on the Illumina 
HiSeq 2500 platform (150 bp, paired end reads). RNA-seq paired end reads were trimmed 
and filtered using Trimmomatic version 0.39 (Bolger, Lohse, and Usadel, 2014). Transcript 
abundances (TPM values; transcript per million) were quantified from filtered paired-end 
reads using Kallisto v 0.46 (Bray et al., 2016). The transcriptome from wheat blast reference 
genome (B71ref1), along with the AvrSr50 transcript, was used for TPM calculations.  
  
5.3.11 RT-qPCR 

The second leaf from three-week-old Gabo plants were spray inoculated with transformants 
PS-7 (single copy AvrSr50) and PS-2 (40 copy AvrSr50) in a detached leaf assay as described 
in section 5.3.6. Leaves were collected at 1 – 5 DPI and flash frozen in liquid nitrogen. Total 
RNA was extracted from leaves using the RNeasy Plant Mini Kit (Qiagen). RNA was 
subsequently treated with TURBO DNase (Life Technologies) to remove genomic DNA. 
The concentration of DNase-treated RNA was measured on the Qubit Fluorometer (Life 
technologies). Using 3 ug of each sample, cDNA was synthesized using Superscript II Reverse 
Transcriptase (Life technologies) with a mixture of oligo (dT) and random hexamer primers. 
Primers for RT-qPCR were designed following a set of standard criteria (Udvardi, 
Czechowski, and Scheible 2008): (i) Primer Tm = 60 ± 1 °C; (ii) Primer length: 18 to 25 bases; 
(iii) GC content between 40 and 60 %; (iv) Short PCR product (between 60 and 150 bp). 
Primers used to amplify the M. oryzae actin control and AvrSr50 are listed in Appendix 9. 
 
RT-qPCR was performed using LightCycler 480 SYBR Green I Master Mix (Roche) in 384- 
well plates with each primer at a final concentration of 0.25 µM and 0.05 µL of cDNA in a 
10 µL reaction. The RT-qPCR program used consisted of a preincubation at 95 °C for 5 
minutes; followed by 45 amplification cycles of 95 °C for 10 seconds, 60 °C for 15 seconds, 
and 72 °C for 30 seconds and a final melt-curve step cooling to 65 °C and then heating to 97 
°C with five reads per 1 °C as the temperature increased. Melt curves were examined to contain 
a single PCR product. Crossing thresholds were calculated using the second derivative method 
provided in the LightCycler 480 SW 1.5 software (Roche). 
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Primer efficiencies were calculated for each primer pair using a serial dilution of cDNA (1, 
1:2, 1:4, 1:8, 1:16, 1:32). The Cp (Crossing point) value for each cDNA concentration was 
plotted against the logarithm of the cDNA concentration to build a standard curve. The 
amplification factor was calculated (Schmittgen and Livak 2008) by the following equation 
using the slope of the standard curve. Good primer efficiency was considered when the 
amplification factor is ~2.  

!"#$%&%'()%*+	&(')*- = 10!
"

#$%&' 
 
To measure gene expression using RT-qPCR, three technical replicates were used per 
reaction. The mean Cp of AvrSr50, or the target gene (T) in experiment (TE) and control 
(TC) samples was obtained. The mean Cp values were also obtained for the control 
housekeeping gene M. oryzae Actin (H) in the experiment (HE) and control samples (HC). I 
calculated the difference between TE and HE (TE-HE) and TC and HC (TC-HC) to obtain 
ΔCp values for the experiment (ΔCTE) and control (ΔCTC) conditions, respectively. ΔΔCp 
was calculated by finding the difference between ΔCTE and ΔCTC. Fold change was 
calculated as 2-ΔΔCp. 
 
5.3.12 Nanopore sequencing, assembly of the PS-2 genome, and genome coverage 

analysis 

Assistance with Nanopore library preparation was provided by Nicola Cook (Saunders Lab). 
DNA from PS-2 was extracted using a CTAB/phenol chloroform protocol described in 
section 5.3.5. The length of DNA fragments after extraction was determined using the Femto 
Pulse System (Agilent). Purity of genomic DNA was determined using a Nanodrop, and 
concentration was determined using a Qubit Fluorometer (Invitrogen). After passing quality 
control, 4 µg of DNA was used for library construction following the 1D genomic DNA by 
ligation kit (SQK-LSK109) from Oxford Nanopore (Oxford Nanopore Technologies). The 
sample was sequenced on a MinION sequencer using flow cells FLO-MIN106D R9 (Oxford 
Nanopore Technologies) following the manufacturer’s instructions. Base calling and 
demultiplexing was performed using Albacore v.2.3.3 (Oxford Nanopore Technologies). 
Reads were de novo assembled into contigs using Canu v1.8 (Koren et al. 2017). To find the 
insertion region, the AvrSr50 donor vector was used as a query in a BLAST search against the 
contigs produced by Canu. Raw nanopore reads were first aligned to all contigs using 
minimap2 version 2.7 (Li, 2018). To determine contig coverage, samtools coverage (version 
1.10) was used with default parameters (Li et al. 2009). To determine the coverage of the 
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tandem insertion, samtools coverage was used with the following parameters: -r 
tig00000018:3376081-3474584 raw_reads_aligned_sorted.sam.gz 
 
5.3.13 Whole genome assembly alignments for collinearity analyses 

The PS-2 contigs were aligned to wheat blast reference (B71ref1) and the rice blast reference 
(70-15) genome using the NUCmer utility of the MUMmer3 software (Kurtz et al. 2004). 
The coordinate output file was filtered for sequence alignments >10kb in length, with >70% 
similarity (delta-filter options -l 10000 -i 70). The MUMmerplot utility was used to generate 
a dot plot for visualization (with options -l and –color). The colour scale was adjusted to 
display similarity between 80 % and 100 %. 
 
5.3.14 De-novo transcriptome Assembly 

RNA-seq reads from transformant PS-2 generated from section 5.3.10 were de novo 
assembled using Trinity v2.11.0 (Grabherr et al. 2011). The de novo assembled transcripts 
were used as a database for a BLAST search using the AvrSr50 coding sequence as a query.  
 
5.3.15 Discovery of Effectors in PY06047  

I obtained sequences from previously described M. oryzae effectors described in Yoshida et al. 
(2016). I performed a BLAST search on the PY06047 Nanopore reference to find 
presence/absence polymorphisms for these avirulence genes. For avirulence genes present in 
the genome, I obtained TPM expression values from the RNA-seq analysis from section 
5.3.10.  
 
5.3.16 Cloning donor DNA for CRISPR/Cas9 targeted insertion of AvrSr50 

Donor DNA vectors for targeted insertion of AvrSr50 are listed in Appendix 10. All primers 
described in this section are listed in  
Appendix 7. All vectors were cloned using the Golden Gate method as described in section 
3.3.3. Donor DNAs consisted of the pPWT3:PWT3SP:AvrSr50 construct with homologous 
regions to the insertion site flanking the 5’ and 3’ ends. Homologous regions were cloned to 
start at either side of the predicted cut site (around 3 bp upstream of the selected PAM 
sequence described in section 5.3.17) and were extended until a BpiI or BsaI site was detected 
with a limit of 800 bp. For targeted insertion to MGG_04257, two new level zero vectors 
corresponding to the 5’ and 3’ homology regions were cloned into the universal acceptor 
plasmid PUAP1 (Weber et al. 2011). Using primers 5’04257_GGF and 5’04257_GGR, and 
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3’04257_GGF and 3’04257_GGR, 5’ and 3’ homology regions were PCR amplified from 
PY06047 genomic DNA. Similarly, primers 5’Pib_GGF and 5’Pib_GGR, and 3’Pib_GGF 
and 3’Pib_GGR were used to PCR amplify 5’ and 3’ homologous regions from PY06047 
genomic DNA. Using primers 5’Rmg8_GGF and 5’Rmg8_GGR, and 3’Rmg8_GGF and 
3’Rmg8_GGR, the 5’ and 3’ homology regions of AvrRmg8 were PCR amplified from 
BTJP4-1 genomic DNA. The same level zero construct described in 5.3.7 containing 
PWT3SP was used to clone all donor DNAs. Level zero constructs containing the pPWT3 
promoter and SCD1 terminator were cloned by PCR amplifying vector pPWT3:AvrSr50 
using the following primer pairs: pPWT3_TGAC_GGF and pPWT3_GGR, and 
SCD1T_GGF and SCD1T_TACT_GGR. The PCR products were purified and ligated into 
the universal Golden Gate level zero acceptor PUAP1 as described in section 3.3.3. The 
AvrSr50 coding sequence was first domesticated to remove BsaI and BpiI sites as described in 
section 3.3.3.1 using primers AvrSr50_Q5_F and AvrSr50_Q5_R. For insertion into the 
PUAP1 vector (Weber et al. 2011), AvrSr50 was first PCR amplified using primers 
AvrSr50_GGF and AvrSr50_GGR. All level zero constructs were assembled together into a 
level 1 acceptor listed in Appendix 10. using the method described in section 3.3.3.  
 
5.3.17 RNP mediated CRISPR/Cas9 targeted insertion of AvrSr50 

Targeted insertion of pPWT3:PWT3SP:AvrSr50 to AvrPib, MGG_04257, and AvrRmg8 in 
Magnaporthe oryzae isolates PY06047 and BTJP4-1 was performed using repair of 
CRISPR/Cas9 induced DSBs by HDR as described in Foster et al. (2018). sgRNAs were 
designed using Geneious prime 20202.2 and are listed in Appendix 11. CRISPR sites with 
the highest activity score as calculated by Doench et al. (2014) and with the highest specificity 
score (no off-targets) were chosen. sgRNAs were synthesized using the EnGen sgRNA 
synthesis kit (NEB) using the manufacturer’s instructions. Immediately after synthesis, 
sgRNAs were purified using a T2040 RNA clean-up kit (NEB). sgRNAs were then 
complexed with 6 µg purified Cas9 (NEB) at a 1:1 molar ratio for 10 minutes at room 
temperature. Normal protoplast transformations were performed as described in 5.3.4. During 
the DNA incubation step, the appropriate donor DNA (2 µg in 6 µL) with homologous 
regions flanking the insert was added along with pre-complexed Cas9/sgRNA (4 µL).  
 
5.3.18 Cloning and Magnaporthe transformations for microscopy 

The BAS4:GFP (BAR selection) vector was provided by Vincent Were (Talbot lab, TSL). 
The pPWT3:PWT3SP:AvrSr50:mcherryNLS vector was constructed using four separate 
level zero components. The first three level zero components: pPWT3, PWT3SP, and AvrSr50 
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are described in section 5.3.16. The mcherryNLS level zero construct was cloned from the 
pcb-pPWL2-mcherryNLS vector (Saitoh et al., 2012) using primers mcherry_GGF and 
NLSstop_GGR. All level zero components were assembled into the level 1 acceptor vector 
pcb1532-S as described in section 3.3.3.  
 
5.3.19 Leaf Sheath Inoculations for Microscopy 

Leaf sheath inoculations were performed with the help of Vincent Were (Talbot lab, TSL). 
To observe the localisation of AvrSr50 in invasive hyphae, leaf sheaths from Gabo wheat were 
inoculated with 4 mL of a suspension at 5 x 104 of conidia mL-1 in 0.2 % (w/v) gelatine using 
a syringe as described in (Kankanala et al., Valent 2007). The inoculated leaf sheaths were 
incubated at 24 °C for at least 27 h before dissecting a thin layer of the inner leaf sheath using 
a blade and mounted on a glass slide for microscopy.  
 
5.3.20 Confocal Microscopy 

Confocal microscopy was performed with the help of Vincent Were (Talbot lab, TSL). Laser 
Confocal microscopy imaging was carried out using a Leica, TCS SP8 motorised inverted 
laser confocal microscope at 63x objective with oil immersion. Lasers were set as follows: for 
GFP and RFP tagged proteins excitation was set at 488 and 561 nm laser diodes and the 
emitted fluorescence detected using 495-550 and 570-620 nm, respectively. 
 
5.4 Results 

5.4.1 A wheat blast strain carrying the AvrRmg8 allele can be used as a positive control 
for HR induction in infection assays 

To use M. oryzae as a surrogate system for detecting HR induced by avirulent rust effectors, 
I first sought to find a positive control for cell death in leaf infection assays. To this aim, I 
decided to use a MoT strain carrying the avirulent allele of AvrRmg8, which is recognized by 
the R gene Rmg8 present in S-615 wheat (Anh et al., 2018). I selected the Brazilian isolate 
PY06047 for use due to its aggressive virulence and ability to conidiate well under laboratory 
conditions. To check if this MoT strain carries an avirulent allele of AvrRmg8, the gene was 
PCR amplified and the amino acid sequence aligned to three previously described alleles; type 
eI, eII, and eII’, which are all avirulent on S-615 wheat (Wang et al., 2018). However, the 
PY06047 isolate had an uncharacterised allele which I termed eII’’ (Figure 5-7A). This allele 
is identical to eII, except for one amino acid substitution C3R. To check if the PY06047 
AvrRmg8C3R eII variant was avirulent on S-615 wheat, I inoculated this strain on detached 
leaves using spray and spot inoculation, along with a Bangladeshi strain BTJP4-1 which 
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carries the avirulent eI type allele (confirmed using PCR amplification and sequencing in this 
thesis).  
Clear localized HR can be seen on S-615 plants when inoculated with BTJP4-1 using both 
inoculation methods (Figure 5-7B). This was quantified by measuring lesion lengths, which 
were significantly smaller on S-615 leaves than Vuka (Rmg8-) (Figure 5-7C). Rmg8- control 
plants (Vuka) are clearly susceptible to both BTJP4-1, and Brazilian isolate PY06047. S-615 
plants were also susceptible to PY06047 using the spray inoculation method. However, spot 
inoculation experiments with PY06047 infecting S-615 resulted in slightly smaller lesions in 
comparison to infection on Vuka plants (Figure 5-7C). This may be explained by genetic 
variation between Vuka and S-615 that is not associated with Rmg8 (they are not near isogenic 
lines). An alternative explanation may be that the eII’’ allele of PY06047 is only partially 
virulent. Due to the visually obvious avirulence phenotype of isolate BTJP4-1 on S-615 wheat, 
I decided to use this strain as a positive control for the induction of HR. This positive control 
was used in all subsequent infection assays described in this thesis.  



 

 125 

 
Figure 5-7 Wheat blast isolate BTJP4-1 carrying AvrRmg8 can be used as a positive 
control for HR in infection assays. A) Amino acid alignment between known AvrRmg8 
alleles and the novel allele found in isolate PY06047. B) The second leaf of 14-day old wheat 
seedings were inoculated with conidium using spray or spot inoculation methods. Images from 
representative leaves were taken 4 DPI C) Lesion lengths on 2-3 wheat leaves from each host 
genotype were measured at 4 DPI. Asterisks denote statistically significant differences (***: p 
< 0.001, **: p < 0.01, *: p< 0.05; 2-tailed t-test).  
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5.4.2 Transformants expressing the AvrRmg8 control gene under the PWL2 promoter 
are able to elicit R dependent HR 

Previous studies have shown the PWL2 effector is highly expressed in M. oryzae during 
infection on rice leaves and can be visualised in the BIC when fused to fluorescent markers 
(Mosquera et al. 2009; Khang et al. 2010; Saitoh et al. 2012). Therefore, I initially chose this 
promoter to express rust effector proteins in MoT. To this aim, I obtained vector 
pPWL2:mcherry (Figure 5-6) from Saitoh et al. (2012). As a positive control to see if the 
vector was functional in MoT, I cloned the avirulence coding sequence of AvrRmg8 (from 
isolate BTJP4-1, including the native AvrRmg8 signal peptide) into the pPWL2:mcherry 
backbone, and removed the fluorescent tag to produce pPWL2:AvrRmg8 (Figure 5-8A). This 
construct was then transformed into strain PY06047. Three separate transformants were 
obtained which were subsequently spot inoculated onto Rmg8+ and Rmg8- plants. Out of 
three transformants, two were able to elicit Rmg8 dependent HR (Figure 5-8B). The lesion 
lengths from these two transformants, PWLRmg-1 and PWLRmg-5 were significantly 
smaller on Rmg8+ wheat than Rmg8- wheat (Figure 5-8C). These data confirm the vector 
obtained from Saitoh et al. (2012) is functional and can be used in a wheat blast isolate to 
express avirulence genes.  
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Figure 5-8 The PWL2 promoter can be used to express sufficient levels of AvrRmg8 to 
induce R dependent HR. A) Representation of the pPWL2 donor DNA construct containing 
the AvrRmg8 coding sequence. The start and end of the gene construct is denoted by black 
arrows. The start of the AvrRmg8 coding sequence is denoted by the pink arrow. The scale 
bar shows 100 bp. B) The second leaf of 14-day old wheat seedings were inoculated with 
conidium from three separate transformants (PWLRmg1,3,5) using the spot inoculation 
method. Images from representative leaves were taken at 4 DPI C) Lesion lengths on 2-3 
wheat leaves of each host genotype were measured at 4 DPI. Asterisks denote statistically 
significant differences (***: p < 0.001, **: p < 0.01, *: p< 0.05; 2-tailed t-test).  
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5.4.3 Transformants with the PWL2 promoter driving expression of AvrSr50 are unable 
to elicit R dependent HR  

To express rust effectors in wheat blast, I decided to continue using AvrSr50 as a rust effector 
positive control for detecting avirulence phenotypes (Chen, 2017). First, I cloned AvrSr50 
into the pPWL2:mcherry vector (Figure 5-6) removing the mCherry tag. It is currently 
unknown whether rust cytoplasmic effector signal peptides are functional in M. oryzae for 
targeting effectors into the host cytoplasm. Therefore, I decided to clone AvrSr50 into the 
pPWL2 vector with (Figure 5-9A) and without (Figure 5-9C) the native rust effector signal 
peptide. Previous studies have shown M. oryzae cytoplasmic effector signal peptides are 
sufficient for targeting fluorescent proteins into the BIC and the host cytoplasm (Khang et al. 
2010). Therefore, I chose the signal peptide from the PWT3 effector (PWT3SP) that is found 
in wheat blast isolates (Figure 5-9C). Three separate transformants were obtained for each 
construct and were spot inoculated onto Sr50+ and Sr50- plants (Figure 5-9A,C). 
Transformants with either construct did not produce lesion lengths significantly different 
between Sr50+ or Sr50- leaves (Figure 5-9B, D). Although pPWL2 has been previously 
described as a strong promoter during infection on rice plants, these data suggest a stronger, 
constitutive promoter may be required to drive AvrSr50 expression to levels required for HR. 
Further, it is possible the MoT strains require the use of promoters more commonly found in 
wheat infecting isolates. To date PWL2 has only been identified in the mini-chromosome of 
few wheat blast infecting isolates (Peng et al., 2019). Although MoT strains are considered 
the same species as those strains infecting rice, they are genetically distinct and do not infect 
rice plants (and vice versa) (Yoshida et al., 2016). In summary, the data presented in this 
section suggests a different promoter and/or signal peptide combination may be more suitable 
for expressing AvrSr50 in wheat blast. 
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Figure 5-9 Transformants expressing AvrSr50 under the PWL2 promoter are unable to 
elicit R dependent HR. A,C) Conidia from transformants containing the pPWL2:AvrSr50 
and pPWL2:PWT3SP:AvrSr50 construct were inoculated on the second leaf of 14-day old 
wheat seedings using the spot inoculation method. Images from representative leaves were 
taken at 4 DPI. The start and end of the transgene constructs are shown with black arrows. 
The start of the coding sequence is denoted by a pink arrow. The scale shows 100bp. The 
native signal peptide is used unless otherwise stated. B,D) Lesion lengths on 2-3 wheat leaves 
of each host genotype were measured at 4 DPI. Lesions were measured from each 
transformant shown in ‘A,C’ respectively.  
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5.4.4 Transformants with a wheat blast or constitutive promoter are unable to elicit R 
dependent HR when used in combination with the native AvrSr50 signal peptide 

To test the possibility of using a wheat blast effector promoter for expressing AvrSr50, I chose 
to use the promoter of the effector PWT3. This effector has previously been described and is 
found in many wheat blast isolates (Inoue et al. 2017). MoT isolates with the intact Ao 
avirulence allele cannot infect wheat with the associated R gene Rwt3. Isolates with the B type 
allele, or the Ao type allele with disruptions in the coding sequence are able to infect both 
Rwt3+ and Rwt3- plants. Due to the sequence availability of this effector, I was able to 
successfully clone the PWT3 promoter from the PY06047 isolate used for transformations in 
this thesis. First, I replaced the pPWL2 promoter from the pPWL2:AvrSr50 vector with the 
pPWT3 sequence from PY06047 to produce pPWT3:AvrSr50 (Figure 5-10A). None of the 
individual transformants obtained with this construct showed signs of R dependent HR 
(Figure 5-10A); All lesion lengths on Sr50+ leaves were not significantly different than those 
on Sr50- leaves (Figure 5-10B).  

It is possible a stronger, constitutive promoter is required for the expression of AvrSr50, or the 
native AvrSr50 signal peptide is not functional in M. oryzae. To address the first possibility, I 
chose two constitutive fungal promoters known to be functional in filamentous fungi. The 
first promoter, the M. oryzae ribosomal protein 27 (RP27), is a common promoter used for 
the constitutive expression of proteins including effectors (Jones et al., 2017; Khang et al., 
2010; Shipman et al., 2017). An M. oryzae transformant with the P27 promoter and Avr-Pita1 
signal peptide driving EGFP expression presented BIC fluorescence at 27 HPI (Khang et al. 
2010). These previous studies suggest the P27 promoter may be a suitable constitutive 
promoter for expressing AvrSr50 in MoT. The second promoter chosen was the TrpC 
constitutive promoter from Aspergillus nidulans. This promoter is widely used to express 
selection genes in multiple fungal species, including M. oryzae (Carroll, Sweigard, and Valent 
1994). First, I PCR amplified the RP27 promoter from PY04027 genomic DNA and the 
TrpC promoter from the pBHt2G-RFP (Addgene) vector. Next, I replaced the pPWL2 
promoter from pPWL2:AvrSr50 with either constitutive promoter to produce 
pRP27:AvrSr50 (Figure 5-10C) and pTrpc:AvrSr50 (Figure 5-10E). Two separate 
transformants containing either construct were obtained and spot inoculated onto Sr50+ and 
Sr50- leaves (Figure 5-10C, Figure 5-10E). Disease lesions from transformants with either 
constitutive promoter were not significantly different on leaves with the corresponding R gene 
(Figure 5-10D, Figure 5-10F). In summary, neither a wheat blast effector promoter nor a 
constitutive fungal promoter is effective for expressing AvrSr50 when the native rust signal 
peptide is used.  
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Figure 5-10 Transformants containing a constitutive fungal promoter or a wheat blast 
cytoplasmic effector promoter in combination with the AvrSr50 native signal peptide 
are unable to elicit R dependent HR. Conidia from transformants containing the A) 
pPWT3:AvrSr50 C) pRP27:AvrSr50, and E) pTrpc:AvrSr50 constructs were inoculated on 
the second leaf of 14-day old wheat seedings using the spot inoculation method. Black arrows 
above transgene models indicate the start and end of the construct. The start of the coding 
sequence is denoted by a pink arrow. The scale shows 100 bp. The native AvrSr50 signal 
peptide is used in all constructs. Images from representative leaves were taken at 4 DPI. 
B,D,F) Lesion lengths on 2-3 wheat leaves of each host genotype were measured at 4 DPI. 
Lesions were measured from each transformant shown in ‘A,C,E’ respectively.  
  



 

 132 

5.4.5 A single transformant expressing AvrSr50 with a wheat blast signal peptide is able 
to elicit R dependent HR 

Due to the possibility that M. oryzae could require a species-specific signal peptide for 
targeting effectors to the BIC and thus the host cytoplasm, I decided to replace the native 
AvrSr50 signal peptide with a wheat blast cytoplasmic effector signal peptide (PWT3SP). The 
PWT3SP:AvrSr50 construct was then cloned into a vector with the promoters from the 
previous section (pPWT3, pRP27, and pTrpc). Transformants with constitutive promoters 
(Figure 5-11C, E) were unable to produce disease lesions significantly different on Sr50+ 
leaves in comparison to Sr50- leaves (Figure 5-11D, F). A single transformant with the 
PWT3:PWT3SP combination (PS-2) displayed signs of HR on Sr50+ leaves (Figure 

5-11A). Disease lesions from this transformant were significantly smaller on Sr50+ leaves in 
comparison to Sr50- leaves (Figure 5-11A). All other transformants with this same 
expression construct did not display R dependent HR (Figure 5-11A,B). To confirm the 
PS-2 HR phenotype, I repeated infection assays three times using both spot and spray 
inoculations. A representative of these infection assays are shown in Figure 5-12A. 
Transformant PS-2 consistently showed a cell death phenotype in an Sr50 dependent manner, 
with disease lesions significantly smaller on Sr50+ leaves (Figure 5-12B). These assays 
confirm the PS-2 transformant, which has a wheat blast cytoplasmic effector promoter and 
signal peptide, is able to elicit R dependant HR when expressing AvrSr50.  
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Figure 5-11 A single transformant with the PWT3 promoter and signal peptide is able to 
elicit R dependent HR. All other transformants containing the PWT3SP did not show this 
phenotype. Conidia from transformants containing the A) pPWT3:AvrSr50 C) 
pRP27:AvrSr50, and E) pTrpc:AvrSr50 constructs were inoculated on the second leaf of 14-
day old wheat seedings using the spot inoculation method. Images from representative leaves 
were taken at 4 DPI. B,D,F) Lesion lengths on 2-3 wheat leaves of each host genotype were 
measured at 4 DPI. Black arrows above transgene models indicate the start and end of the 
construct. The start of the coding sequence is denoted by a pink arrow. The scale shows 100 
bp. The PWT3 signal peptide is used in all constructs. Lesions were measured from each 
transformant shown in ‘A,C,E’ respectively. Asterisks denote statistically significant 
differences (***: p < 0.001, **: p < 0.01, *: p< 0.05; 2-tailed t-test). 
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Figure 5-12 Transformant PS-2 elicits Sr50 dependent HR. A) Transformant PS-2 was 
inoculated on the second leaf of 14-day old wheat seedings using the spray and spot 
inoculation methods. Untransformed PY06047 was used as a negative control, and BTJP4-1 
was used as a positive control for an HR phenotype on wheat. Images from representative 
leaves were taken at 4 DPI. B) Lesion lengths on 2-3 wheat leaves of each host genotype were 
measured at 4 DPI. Lesions were measured from each M. oryzae isolate indicated. Asterisks 
denote statistically significant differences (***: p < 0.001, **: p < 0.01, *: p< 0.05; 2-tailed t-
test).  
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5.4.6 Transformant PS-2 has more copies of AvrSr50 than all other transformants 

The other eight transformants with the same construct as PS-2 did not display Sr50 dependent 
HR (Figure 5-11A). During protoplast transformation, it is common to obtain copy number 
variants (Jeenes et al., 1991). Multiple transgene copies can sometimes induce silencing 
leading to lower levels of mRNA (Su et al., 2012). On the other hand, if the multiple copies 
are not silenced, additive effects of each gene can increase overall levels of mRNA. To 
determine if copy number variation is contributing to the PS-2 HR phenotype, I analysed all 
confirmed transformants for copy number variation. Genomic DNA was sent to IDNA 
genetics (Norwich, UK), and copy number was determined using a TaqMan real-time PCR 
assay using a probe against the resistance gene in the donor vector (BAR). Using this analysis, 
it was determined transformant PS-2 had 40 copies of AvrSr50, while all other transformants 
with the same expression construct had 1-3 copies (Table 5-1). 
 
5.4.7 Expression data suggests AvrSr50 expression is increased in PS-2 in comparison 

to other transformants 

Multiple copies of the pPWT3:PWT3SP:AvrSr50 transgene may lead to increased AvrSr50 
mRNA levels. To determine if the PS-2 transformant was expressing AvrSr50 to higher levels 
than other transformants, I conducted semi-quantitative RT-PCR experiments followed by 
RNA-seq. First, I extracted RNA from tissue infected with transformants PS-7 (1 copy), PS-
10 (2 copies), PS-22 (2 copies), PS-2 (40 copies), and the WT strain. Tissue was collected 
from 1-3 DPI. I was only able to obtain visible bands for AvrSr50 from tissue collected at 3 
DPI (Figure 5-13). RT-PCR data from PS-2 infected leaves of replicates one and two showed 
a brighter band than other transformants with 1-2 copies of the same construct (Figure 5-13). 
This suggests PS-2 could have higher AvrSr50 expression levels than other transformants. 
However, in replicate 3, the AvrSr50 expression band was not brighter than the one shown 
for PS-22 (which has two copies of the same construct). Differing levels of overall infection 
on the leaves collected at this time point (3 DPI) could explain this. Further, each biological 
replicate was performed on separate days with separate inoculum. Different infections may 
progress differently if not performed with the exact same conditions. Therefore, the variation 
in strength of the PS-2 band may be explained by variation in infection progression.  

RNA from the RT-PCR experiment was subsequently sent for RNA-seq. Transcripts 
per million (TPM) values of AvrSr50 were calculated for transformants PS-7, PS-22, and PS-
2 (Figure 5-14A). Transformant PS-2 showed increased expression in comparison to 
transformants with less copies, however, the increase was not significant. This may be 
explained by the variation between biological replicates also seen with the RT-PCR data. 
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Nonetheless, the increased expression of the PS-2 transformant suggests increased copies of 
AvrSr50 is associated with increased levels of mRNA. Figure 5-14B shows TPM values for a 
control gene (subunit of the exocyst complex - MGG_01760) which does not significantly 
vary between transformants.  

 
Table 5-1 Transgene copy number of MoT transformants. 

1Copy number analysis was performed by IDNA genetics (Norwich, UK). 
 
  

Construct Name Transformant Name R gene dependent 
HR 

Copy 
Number1 

pPWL2:AvrRmg8 PWLRmg-1 Y 1 
PWLRmg-3 N 1 
PWLRmg-5 Y 1 

pPWL2:AvrSr50 PWL-1 N 2 
PWL-2 N 3 
PWL-5 N 2 
PWL-8 N 1 
PWL-12 N 1 

pPWT3:AvrSr50 P-17 N 1 
P-29 N 1 
P-30 N 1 
P-32 N 1 

pRP27:AvrSr50 R-1 N 3 
R-3 N 2 

pTrpc:AvrSr50 T-2 N 3 
T-7 N 1 

pPWL2:PWT3SP:AvrSR50 PWLS-2 N 1 
PWLS-8 N 21 
PWLS-11 N 1 

pPWT3:PWT3SP:AvrSr50 PS-2 Y 40 
PS-7 N 1 
PS-10 N 2 
PS-22 N 2 
PS-35 N 3 
PS-41 N 1 
PS-42 N 1 
PS-43 N 1 
PS-44 N 1 

pRP27:PWT3SP:AvrSr50 RS-2 N 1 
RS-6 N 4 

pTrpc:PWT3SP:AvrSr50 TS-7 N 2 
TS-11 N 1 
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Figure 5-13 Semi-quantitative RT-PCR shows transformant PS-2 is expressing AvrSr50 at 
3DPI. M. oryzae actin is used as a positive control. Transformants PS-2, PS-22, PS-7, PS-10, 
and the WT strain were infected on whole Gabo (Sr50-) plants and leaves were collected 3 DPI. 
Three biological replicates were sampled. Each biological replicate was taken from infections 
set up on different days with inoculum set up from different plates. 
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Figure 5-14 RNA-seq data from tissue collected 3DPI suggest PS2 expresses more 
AvrSr50 than other transformants with the same expression construct. A) AvrSr50 
expression of transformants PS-7, PS-22, PS-2, and the untransformed WT strain. B) 
Control gene (subunit of the exocyst complex, MGG_01760) expression of Magnaporthe 
transformants.  Isolates were infected on whole Gabo (Sr50-) plants and the second leaf was 
collected 3 DPI. Each data point represents a single biological replicate. Each biological 
replicate was taken from infections set up on different days with inoculum set up from 
different plates. Expression data is expressed as TPM (transcripts per million), calculated 
using Kallisto, version 0.46.0. 
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5.4.8 An RT-qPCR time course confirms AvrSr50 expression is significantly increased in 
PS-2 in comparison to other transformants at 2DPI 

To validate the RNA-seq data and to determine the expression profile of the PS-2 
transformant over time I performed RT-qPCR with infected tissue collected from 1-5 DPI 
(Figure 5-15). Expression was calculated relative to AvrSr50 expression of the single copy 
transformant (PS-7) at 1 DPI. The PS-2 transformant showed higher relative expression of 
AvrSr50 than PS-7 at each day post infection. At 2 DPI, PS-2 expression of AvrSr50 reached 
its peak at 10-15 x significantly higher expression than PS-7. Together the expression analysis 
illustrated that PS-2 expressed more AvrSr50 transcript than other transformants carrying the 
same construct with a lower copy number.  
 
5.4.9 Whole genome sequencing and de novo assembly of PS-2 shows a large tandem 

insertion of AvrSr50 

5.4.9.1 Nanopore sequencing and assembly  

It is also unknown if the 40 copies of AvrSr50 in PS-2 have inserted into multiple independent 
places within the genome or as a tandem insertion. Another possibility is that one of these 40 
copies has inserted near a particularly strong promoter and is the main driving force of AvrSr50 
expression in comparison to the other copies. Knowing the position of the AvrSr50 copies 
within the PS-2 genome is therefore pertinent for developing an informed strategy in 
replicating the phenotype of this transformant. To determine the location of the 40 AvrSr50 
copies, I sequenced the whole genome of PS-2 using Nanopore technology due to the 
possibility of a tandem insertion that could be resolved by Nanopore sequencing. The PS-2 
sequencing run produced N50 read lengths and total base counts comparable to those of wheat 
blast isolates sequenced by Win et al. (2019) using similar methods (Table 5-2). For the PS-
2 sequencing run, I obtained 6.3 Gbp total base counts, which translates to approximately 153 
x coverage for a 41 Mb genome. The PS-2 sequenced reads were assembled into 21 contigs 
using the Canu (v1.7) software (Koren et al., 2017). The genome assembly statistics for PS-2 
are comparable to the best assemblies generated from Win et al. (2019) (Table 5-3). Taken 
together, these data suggest enough reads have been generated during the sequencing run to 
generate an assembly with good coverage.  
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Figure 5-15 PS-2 AvrSr50 relative expression peaks at 2DPI. AvrSr50 relative expression 
measured using RT-qPCR from wheat infected with PS-7 (single copy) and PS-2 (40 copies) 
transformants. The second leaf from 14-day old Gabo (Sr50-) wheat seedlings were infected 
with inoculum from each transformant. Three separate leaves were sampled from days 1-5 
post infection. Expression is shown as the fold change relative to the average of PS7 infected 
leaves at 1 DPI. Asterisks denote statistically significant differences (***: p < 0.001, **: p < 0.01, 
*: p< 0.05; 2-tailed t-test). 
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Table 5-2 Summary statistics of Nanopore sequencing runs 

 
Table 5-3 Summary statistics of genome assemblies from Nanopore sequencing reads 

Wheat blast 
isolate 

Number 
of 

Contigs 

Assembly 
Length 

(bp) 

NG50 (bp) Max length 
(bp) 

Mean 
Length (bp) 

Min length 
(bp) 

PS-2 21 42,866,477 6,394,504 7,937,122 2,041,260 44,244 
BTJP4-1 59 44,506,712 4,344,896 7,174,201 754,351 13,054 

BTMP13-1 16 43,978,087 6,037,509 10,783,101 2,748,630 7,390 
BTGP1-b 74 44,406,102 2,814,025 6,505,875 600,082 5,533 
BTGP6-f 57 44,234,333 3,705,381 6,048,575 776,041 8,312 

BR32 21 41,471,325 5,047,693 11,366,628 1,974,825 18,099 
 
5.4.9.2 High levels of co-linearity between the contigs of PS-2 and the wheat blast 

reference chromosomes (B71) 

Quality assessment of the PS-2 assembly was determined by aligning the PS-2 contigs with 
the wheat blast reference genome B71ref1 (Peng et al., 2019), and the rice blast reference 
genome 70-15 (Dean et al., 2005). These alignments suggested significant co-linearity 
between PS-2 and B7ref1 chromosomes (Figure 5-16). Additionally, the overall sequence 
identity between the two isolates was near 98 %, as indicated by the orange coloured line of 
the dot plot (Figure 5-16). Overall co-linearity was also observed when PS-2 contigs were 
aligned with the chromosome quality reference genome of rice blast isolate 70-15 (MG8) 
(Figure 5-17). Further, the seven largest PS-2 contigs align very closely with the seven 
chromosomes of both the rice blast and wheat blast reference genomes, suggesting a near 
chromosome level PS-2 assembly. These results suggest acceptable quality of the PS-2 
assembly generated in this chapter.

Wheat blast isolate Number of Reads Base Count (Gbp) Read N50 (bp) Reference 
PS-2 577, 392 6.3 24,624 This study 

BTJP4-1 464,107 3.1 9,437 Win et al. (2019) 
BTMP13-1 181,812 1.4 25,365 Win et al. (2019) 
BTGP1-b 158,055 1.3 11,213 Win et al. (2019) 
BTGP6-f 284,212 1.9 9,448 Win et al. (2019) 

BR32 655,377 5.5 11,021 Win et al. (2019) 



 

  

 
Figure 5-16 The PS-2 genome assembly is overall colinear with wheat blast reference genome. Co-linearity dot plot of alignments between PS-2 contigs 
and B71ref1 chromosomes. The orange coloured line indicates sequence similarity of ~98 % across the genomes.



 

  

 
Figure 5-17 The PS-2 genome assembly is overall colinear with the rice blast reference genome. Co-linearity dot plot of alignments between PS-2 contigs 
and 70-15 chromosomes. The orange coloured line indicates sequence similarity of ~95 % across the genomes
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5.4.9.3 The PS-2 tandem insertion is located on contig 0018 of the PS-2 assembly near a 
region of structural variation  

Using a BLAST search, I was able to locate a single tandem insertion of AvrSr50 within contig 
0018 of the PS-2 assembly. There is no evidence of insertion events anywhere else in the PS-
2 assembly, suggesting all copies may have inserted into a single place within the genome. The 
tandem insertion included the entire donor vector concatenated multiple times with a total 
length of 98,512 bp (Figure 5-18). Contig 0018 contained 17 copies of AvrSr50, which is less 
than the 40 copies determined using TaqMan real-time PCR. However, due to the repetitive 
nature of the sequence, it is possible there were more copies than the assembly software could 
resolve. Indeed, many of the unassembled contigs are saturated end to end with a tandem 
sequence of pPWT3:PWT3SP:AvrSr50. To determine if the assembly software could resolve 
the tandem insertion, raw nanopore reads were aligned to the 0018 contig using the minimap 
aligner (Li, 2018). Visual analysis of the alignment was performed using the Geneious Prime 
software version 2020.2 (Biomatters Ltd). No single reads were found spanning the entire 
tandem insertion, suggesting the software could not resolve all copies of AvrSr50. Further, the 
read coverage from this alignment was determined using the samtools coverage utility (Li et 
al., 2009). The coverage of contig 0018 is 139x, whereas the interval containing the tandem 
insertion has a coverage of 226x. These data suggest the copies of AvrSr50 in contig 0018 only 
show around half of all copies in the tandem insertion. Therefore, the true copy number of 
the tandem insertion was not fully resolved using de-novo assembly but can be estimated at 
around 40 copies. For simplicity, the rest of this thesis will continue to refer to the tandem 
insertion as having 40 copies.  
 
Upstream of the 40-copy insertion, the entire 0018 contig aligns with chromosome 6 of the 
rice blast reference genome, as determined by a BLAST search (Figure 5-18). Curiously, 
immediately downstream of the insertion site there are 10,000 base pairs of E.coli 
chromosomal DNA. It is likely the vector donor concatenated along with part of the E.coli 
chromosome before inserting into the Magnaporthe genome. Interestingly, only 13,000 bp 
downstream of the insertion site is contiguous with chromosome 6 of the rice blast reference 
genome. Co-linearity plots suggest large regions of contig 0018 downstream of the insertion 
site align with chromosome 1 of the rice blast reference genome (Figure 5-17). Further, 
alignments with B7ref1 chromosomes suggest contig 0018 is completely co-linear with B7ref1 
chromosome 6 (Figure 5-16). This suggests the region downstream of the insertion site is not 
an error in the PS-2 assembly, but merely represents a large structural variation between the 



 

 145 

wheat blast and the rice blast reference genome. These findings correspond with reports from 
Peng et al. (2019) in which two megabases of chromosome 1 from MG8 is found on 
chromosome 6 of wheat blast reference genome (B71Ref1). This same chromosomal re-
arrangement was found in a rice infecting isolate in which mobile elements were found at the 
centre of the break point, suggesting TE elements in the role of genomic plasticity of this 
region (Bao et al. 2017). 
 
The insertion event was found disrupting gene MGG_04257 which is located on chromosome 
6 of the rice blast reference genome. In a dual RNA-seq analysis of infected rice tissue at 24 
hours post infection, MGG_04257 was found upregulated 219-fold (Kawahara et al., 2012). 
The authors also note MGG_04257 has a signal peptide and is predicted to be a secretory 
lipase (Kawahara et al., 2012). It is possible that this gene codes for an effector protein, as 
extracellular fungal lipases are known to have a function in plant cell wall degradation and 
inhibition of callose deposition during early stages of infection (Blumke et al., 2014). 
Additionally, two other neighbouring genes (MGG_04258 and MGG_04259) also have 
predicted signal peptides. Therefore, this particular location may be enriched in effectors and 
thus highly upregulated and transcriptionally active during early time points of infection. It is 
plausible then, that both copy number and insertion location may contribute to the likely 
required levels of transcription required for Sr50 dependent HR.  
 
 

 
Figure 5-18 The PS-2 tandem insertion is located in a region of structural variation. Blue 
represents BLAST hit matches to the donor DNA (vector backbone and AvrSr50 expression 
cassette). Pink regions represent blast hit matches to chromosome 6 of the 70-15 rice blast 
reference genome. Green annotations are genes surrounding the insertion site that have 
confirmed signal peptides. The orange region represents the ~10,000 bp stretch of E.coli 
chromosomal DNA. The purple region represents sequences are contiguous with 
chromosome 1 of the rice blast reference assembly.  
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5.4.10 RNA-seq data analysis suggests no read through from the MGG_04257 promoter 

As mentioned in the previous section, the 40-copy tandem insertion was found disrupting 
gene MGG_04257. To determine the possibility of transcription read through from the native 
MGG_04257 promoter, I analysed the first insertion in more detail. This disruption occurred 
242 bp downstream the start of the MGG_04257 coding sequence (Figure 5-19). The start 
of the tandem insertion consisted of the last 91 bp of the PWT3 promoter, followed by the 
rest of the pPWT3:PWT3SP:AvrSr50 expression vector. I searched possible open reading 
frames in this region. One possible reading frame uses the start codon from MGG_04257, 
however, this transcript is predicted to be terminated near the insertion site as the pPWT3 
promoter sequence introduces a stop codon (Figure 5-19). Furthermore, aligning RNA-seq 
reads from 3 DPI (section 5.4.6) to this region suggests AvrSr50 expression is not driven by 
the MGG_04257 promoter. There is a drop off in aligned reads at the predicted stop codon 
introduced by the first pPWT3 sequence indicated by a star in (Figure 5-19). There is a 
possibility a fusion event could be missed due to reads mapping to other copies of the tandem 
insertion. To test this, RNA-seq reads were aligned to the first insertion region (shown in 
Figure 5-19) without the other tandem copies. No fusion transcripts were identified from this 
analysis. Further, RNA-seq reads were de novo assembled using Trinity v2.11.0 (Grabherr et 
al., 2011). None of the transcripts containing the AvrSr50 coding sequence contained a 5’ 
UTR originating from MGG_04257. Therefore, I conclude the pPWT3 promoter is likely 
the only promoter driving AvrSr50 transcription in the PS-2 transformant at 3 DPI. Any 
positional effects this locus may have on AvrSr50 transcription is not due to the MGG_04257 
promoter.  
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Figure 5-19 The PS-2 transformant does not express AvrSr50 via the MGG_04257 
promoter at 3 DPI. RNA-seq reads obtained from Gabo (Sr50-) leaves infected with PS-2 at 
3DPI were aligned to the first tandem insertion. The top panel is a schematic of the first 
insertion which is disrupting MGG_04257. The MGG_04257 ORF is shown with the 
predicted premature stop codon (asterisk) introduced by the pPWT3 sequence. The bottom 
panel shows the raw RNA-seq reads aligned to this region, with a drop off of reads spanning 
the introduced stop codon.  
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5.4.11 CRISPR/CAS9 targeted insertion of AvrSr50 to select places in the Magnaporthe 
genome 

The evidence provided thus far suggests both copy number and insertion location may be 
important for the expression of AvrSr50. Curiously, transformant PWLS-8 (expression 
construct pPWL2:PWT3SP:AvrSr50) has 21 copies of AvrSr50 yet does not show R 
dependent HR (Table 5-1). This suggests that either 21 copies still do not reach the threshold 
for the induction of HR or the particular insertion location of these copies is not conducive to 
high transcription during infection, potentially due to chromatin states. To answer the 
question if insertion location is important for transformants to induce Sr50 dependant HR, I 
decided to use Crispr/Cas9 targeted insertion of AvrSr50 to selected regions in the M. oryzae 
genome.  
 
5.4.11.1 Other known effectors that are expressed at 3DPI are chosen for targeted 

insertion 

Along with the original site of the tandem insertion, MGG_04257, I decided to choose other 
effector genes present in PY06047 that are expressed during infection on wheat for targeted 
insertion. First, I obtained sequences from previously described M. oryzae effectors described 
in Yoshida et al. (2016). Then, I performed a BLAST search on the PY06047 Nanopore 
reference to find presence/absence polymorphisms for these avirulence genes. For avirulence 
genes present in the genome, I obtained TPM expression values from the RNA-seq analysis 
from section 5.4.6. Genes with non-zero levels of expression are shown in Figure 5-20. Next, 
I targeted AvrSr50 to these locations and selected transformants. I was able to obtain positive 
transformants with AvrSr50 targeted to MGG_04257, AvrRmg8, and AvrPib. The following 
sections will characterise these transformants in more detail.  
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Figure 5-20 Expression of known effectors in the PY06047 strain. Expression is shown as 
the log10TPM (transcript per million) value calculated from the Kallisto software. RNA-seq 
reads were obtained from Gabo (Sr50-) leaves infected with WT and PS-2 conidia. Three 
biological replicates were collected at 3DPI. TPM values for each biological replicate are 
shown as individual data points.  
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5.4.11.2 Transformants with AvrSr50 targeted to the AvrPib genomic locus do not elicit 
R dependent HR 

One of the most highly expressed known AVR genes in the PY06047 genome is AvrPib 
(Figure 5-20). I targeted the pPWT3:PWT3SP:AvrSr50 expression construct to a region in 
the AvrPib coding sequence that had the highest predicted CRISPR site activity as calculated 
by Doench et al. (2014). The donor DNA was cloned to have 5’ and 3’ homology to either 
side of the predicted cut site, which is usually 3-4 bp upstream of the PAM (NGG) sequence, 
indicated by a star in Figure 5-21A. To check if the transformants obtained incorporated the 
donor DNA, I amplified genomic DNA from each transformant with primers in the 5’ and 3’ 
homology regions of the donor DNA, as indicated by F1 and R1 primers in Figure 5-21A. 
Using this primer pair, I determined 32/35 transformants had the insertion (Figure 21B). To 
determine if the vector inserted into the AvrPib locus, I used a forward primer just upstream 
of the 5’ homology region cloned into the donor vector and a reverse primer located in the 
AvrSr50 coding sequence (denoted as F2 and R2 in Figure 5-21A). The majority of 
transformants had the insert at the AvrPib genomic locus (Figure 5-21C). The efficiency of 
CRISPR/Cas9 targeted insertion can therefore be very efficient in M. oryzae. Five separate 
transformants were randomly chosen to screen on plants for cell death. None of the 
transformants were able to elicit R dependent HR (Figure 5-22 A,B). Therefore, although 
this particular genomic locus carries a highly expressed effector during early time points of 
infection (AvrPib), it may not be suitable for the heterologous expression of AvrSr50. 
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Figure 5-21 AvrSr50 is successfully targeted to the AvrPib locus using CRISPR/Cas9 
technology. A) The donor plasmid was cloned to contain the pPWT3:PWT3SP:AvrSr50 
expression construct with 5’and 3’ regions homologous to the insertion region. The gRNA 
(brown) was designed to target the region upstream of a PAM (NGG) sequence. The asterisk 
denotes the predicted cut site (~3bp upstream the PAM). After homologous recombination 
with the donor DNA, the expression construct is integrated at the AvrPib locus. B) Using 
primers F1 and R1 (designed in pink in figure A), most transformants show integration of the 
donor DNA via PCR. The correct predicted amplicon size, 2362 bp, is indicatede by the star. 
C) Using primers F2 and R2 (designed in pink in figure A), most transformants show 
integration of the donor DNA in the correct place via PCR. The predicted amplicon size, 
1685 bp, is indicated by the star. The ladders shown in B and C is 1 Kb plus (NEB).   
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Figure 5-22 Transformants with AvrSr50 targeted to the AvrPib locus do not show R 
dependent HR. Five separate transformants with AvrSr50 targeted to the AvrPib locus were 
chosen to infect plants. The second leaf of 14-day old wheat seedling were infected using the 
spot inoculation method. Photos were taken 4 DPI. A representative of three biological 
replicates are shown. B) Lesion lengths from 2-3 separate leaves of each host genotype were 
measured at 4 DPI.  
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5.4.11.3 Transformants with AvrSr50 targeted to the AvrRmg8 genomic locus in a 
different highly virulent strain do not display R dependent HR 

In addition to assessing the importance of the genomic locus, the expression of AvrSr50 may 
vary in different wheat blast strains used for transformations. To explore both of these 
possibilities, I chose a highly virulent strain obtained from the recent Bangladesh outbreak 
(BTJP4-1), all of which are known to carry the avirulent allele of AvrRmg8. Using a strategy 
similar to the previous section, the pPWT3:PWT3SP:AvrSr50 expression construct was 
targeted to the AvrRmg8 locus of BTJP4-1 (Figure 5-23A). Using primers F1 and R1 
(indicated in Figure 5-23A) I determined four transformants contained the donor DNA 
(Figure 5-23B). Using primers F2 and R2, I determined two transformants (8 and 11) 
contained the donor DNA in the right 5’ position in the intended AvrRmg8 locus (Figure 
5-23). Neither of these two transformants were able to elicit R dependent HR (Figure 5-24A, 
B). Similar to the previous section, although the AvrRmg8 locus is highly expressed during 
early time points of infection in Bangladeshi isolates, it may not be suitable for the 
heterologous expression of AvrSr50. 
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Figure 5-23 AvrSr50 is successfully targeted to the AvrRmg8 locus using CRISPR/Cas9 
technology. A) The donor plasmid was cloned to contain the pPWT3:PWT3SP:AvrSr50 
expression construct with 5’and 3’ regions homologous to the insertion region. The gRNA 
(brown) was designed to target the region upstream of a PAM (NGG) sequence. The asterisk 
denotes the predicted cut site (~3bp upstream the PAM). After homologous recombination 
with the donor DNA, the expression construct is integrated at the AvrRmg8 locus. B) Using 
primers F1 and R1 (designed in pink in figure A), four transformants show integration of the 
donor DNA via PCR. The correct predicted amplicon size, 1839 bp, is indicated by the star. 
C) Using primers F2 and R2 (designated in pink in figure A), two transformants show 
integration of the donor DNA in the correct place via PCR. The correct predicted amplicon 
size, 2325 bp, is indicated by the star. The ladders shown in B and C is 1 Kb plus (NEB).  
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Figure 5-24 Transformants with AvrSr50 targeted to the AvrRmg8 locus do not show 
Sr50 dependent HR. Two separate transformants with AvrSr50 targeted to the AvrRmg8 
locus were inoculated on plants. The second leaf of 14-day old wheat seedling were infected 
using the spot inoculation method. Photos were taken 4 DPI. A representative of three 
biological replicates are shown. B) Lesion lengths from 2-3 separate leaves of each host 
genotype were measured at 4 DPI. 
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5.4.11.4 Targeting AvrSr50 to the original MGG_04257 genomic locus gives variable 

infection results 

Using the same strategy as the two previous sections, I was able to target AvrSr50 to the 
original MGG_04257 location where the 40-copy tandem insertion was found (Figure 
5-25A). Three transformants (1,2 and 4) contained the donor DNA as confirmed using PCR 
primers denoted as F1and R1 (Figure 5-25A,B). These three transformants were also inserted 
into the right 5’ locus as determined via PCR using primers denoted as F2 and R2 (Figure 
5-25A,C). Two transformants, C04257-1 and C042574 were unable to elicit R dependent 
HR (Figure 5-26A,B). Transformant C04257-2, however, displayed an avirulence phenotype 
on Sr50+ leaves that was subtle, yet statistically significant (Figure 5-26A,B). Due to the 
subtlety of this phenotype, I repeated the infection assay multiple times (Figure 5-27). As a 
positive control, I included the PS-2 transformant in these assays. Out of four infection assays, 
C04257-2 displayed significant avirulence phenotypes half of the time (Figure 27A,B). 
Further, these avirulence phenotypes were much more subtle than those caused by PS-2. The 
lesion lengths were more variable and on average larger than those caused by PS-2 on Sr50+ 
wheat (Figure 27A,B).  
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Figure 5-25 AvrSr50 is successfully targeted to the MGG_04257 locus using 
CRISPR/Cas9 technology. A) The donor plasmid was cloned to contain the 
pPWT3:PWT3SP:AvrSr50 expression construct with 5’and 3’ regions homologous to the 
insertion region. The gRNA (brown) was designed to target the region upstream of a PAM 
(NGG) sequence. The asterisk denotes the predicted cut site (~3bp upstream the PAM). After 
homologous recombination with the donor DNA, the expression construct is integrated at the 
MGG_04257 locus. B) Using primers F1 and R1 (designed in pink in figure A), three 
transformants show integration of the donor DNA via PCR. The correct predicted amplicon 
size, 1839 bp, is indicated by the star.  C) Using primers F2 and R2 (designated in pink in 
figure A), three transformants show integration of the donor DNA in the correct place via 
PCR. The correct predicted amplicon size, 1849 bp, is indicated by the star. The ladders 
shown in B and C is 1Kb plus (NEB).  
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Figure 5-26 A single transformant with AvrSr50 targeted to the MGG_04257 locus shows 
R dependent HR. Three separate transformants with AvrSr50 targeted to the MGG_04257 
locus were inoculated on plants. The second leaf of 14-day old wheat seedling were infected 
using the spot inoculation method. Photos were taken 4 DPI. A representative of three 
biological replicates are shown. B) Lesion lengths from 2-3 separate leaves of each host 
genotype were measured at 4 DPI. Asterisks denote statistically significant differences (***: p 
< 0.001, **: p < 0.01, *: p< 0.05; 2-tailed t-test). 
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Figure 5-27 Transformant C04257-2 inconsistently shows R dependent HR. Infections on 
wheat seedings were repeated with transformant C04257-2. The second leaf of 14-day old 
wheat seedling were infected using the spot inoculation method. Photos were taken 4 DPI. A 
representative of three biological replicates are shown. B) Lesion lengths from 2-3 separate 
leaves of each host genotype were measured at 4 DPI. Asterisks denote statistically significant 
differences (***: p < 0.001, **: p < 0.01, *: p< 0.05; 2-tailed t-test). 
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5.4.11.5 Transformant 042-2 is a single copy transformant with the entire donor vector 
insert at the 3’ end 

It is possible the C04257-2 tranformant has multiple copies, with AvrSr50 mRNA levels 
approaching those found in PS-2. To determine if the HR induced by 042-2 could be due to 
multiple insertions similar to PS-2, I first PCR amplified the 3’ end of the insertion in 
transformants 1-5 (1,2,4 were previously confirmed to have the insert at the right 5’ position). 
The reverse primer was designed to prime downstream of the homology region in the donor 
vector (primers are indicated as the pink arrows in Figure 5-28). Only transformants 1 and 4 
displayed a band, suggesting transformant C04257-2 contains multiple copies or a 3’ 
rearrangement. I decided to analyse all CRISPR transformants for copy number variation 
(Table 5-4). Interestingly, transformant C04257-2 had a single copy of the transgene. To 
understand what had occurred at the 3’ end of the insertion in transformant C04257-2, I 
sequenced the genome using Nanopore technology, as described in section 5.3.12. Using a 
BLAST search, I was able to find the insert, which was at the correct 5’ location. However, 
instead of homologous recombination occurring at the 3’ end of the vector with M. oryzae 
genomic DNA, the whole vector had inserted at the 3’ end.  
 
In summary, although the phenotype produced from C04257-2 was subtle, it is promising a 
single copy of AvrSr50 may be able to elicit R dependent HR in the M. oryzae expression 
system. These data suggest not only copy number is important, however insertion location 
may also be important for expressing avirulence effectors. In particular, the chromatin folding 
status of the insertion location may be important, as the only thing in common between the 
C04257-2 and PS-2 transformant is a long DNA insertion disrupting the MGG-04257 locus 
caused by vector DNA.  
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Figure 5-28 Transformant C04257-2 shows an unexpected lack of amplification at the 3’ 
end of the construct. A) Primers denoted in pink were designed to amplify DNA 
downstream of the 3’ homology arm and part of the BAR gene. B) PCR with primers shown 
in ‘A’ suggest an unexpected sequence conformation at the 3’ end of the insertion. The correct 
predicted amplicon size, 926 bp, is indicated by the star. The ladder shown is 1 Kb plus 
(NEB).   
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Table 5-4 Transgene copy number of the CRISPR/Cas9 transformants. 

Construct Name/Insertion 
location 

Backgroun
d WT 
strain 

Transformant 
Name 

HR  Copy 
Number1 

pPWT3:PWT3SP:AvrSr50/ 
AvrPib 

PY06047 CPib-2 N 2 
CPib-5 N 12 
CPib-11 N 25 
CPib-15 N 1 
CPib-17 N 12 
CPib-20 N 4 
CPib-23 N 1 
CPib-25 N 2 
CPib-30 N 1 
CPib-33 N 3 

pPWT3:PWT3SP:AvrSr50/ 
AvrRmg8 

BTJP4-1 CRmg8-7 N 2 
 CRmg8-8 N 1 
 CRmg8-10 N 1 
 CRmg8-11 N 1 

pPWT3:PWT3SP:AvrSr50 / 
MGG_04257 
 

PY06047 C04257-1 N 1 
C04257-2 variable 1 
C04257-4 N 1 

1Copy number analysis was performed by IDNA genetics (Norwich, UK). 
 
 
5.4.12 The Magnaporthe expression system is unable to elicit R dependent HR when 

expressing a different fungal effector 

All experiments conducted thus far use AvrSr50 from stem rust as a positive control for 
detecting avirulence phenotypes in wheat. It is possible other AVR/R pairs require less AVR 
protein expression for the elicitation of cell death (Saur et al. 2019; Morel and Dangl, 1997). 
To test this possibility I chose a different effector from a biotrophic fungal pathogen of wheat; 
AvrPm3a2/f2 from Blumeria graminis (Bourras et al., 2015). First, the AvrPm3a2/f2 coding 
sequence was cloned into the same expression vector as the PS-2 transformant, swapping out 
AvrSr50 (Figure 5-29A). Of the four independent transformants that were obtained, none 
were able to elicit HR on leaves containing the associated R gene, Pm3a (Figure 5-29A). 
Disease lesions on Pm3a+ plants were not significantly different than those on Pm3a- plants, 
confirming no R dependent HR phenotypes from these transformants (Figure 5-29B). In 
summary, AvrPm3a2/f2 expression may also require fine tuning in the M. oryzae system to elicit 
R dependent HR. 
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Figure 5-29 Transformants expressing a different effector, AvrPm3a2/f2, do not elicit R 
dependent HR. A) Top panel: schematic of the construct used to express AvrPm3a2/f2. Black 
arrows above the transgene model indicate the start and end of the construct. The start of the 
coding sequence is denoted by a pink arrow. The scale shows 100 bp. The PWT3 signal 
peptide was cloned into the construct to replace the native AvrPm3a2/f2 signal peptide. Bottom 
panel: four separate transformants were infected on the second leaf of 14-day old wheat plants 
differential for Pm3a. Photos were taken 4 DPI. A representative of three biological replicates 
are shown. B) Lesion lengths from 2-3 separate leaves of each host genotype were measured 
at 4 DPI.  
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5.4.13 Fluorescently tagged AvrSr50 is undetectable using confocal microscopy using a 
Magnaporthe expression system 

It is possible that transformants with fewer than 40 copies of AvrSr50 may express enough 
transcript for localisation studies. To test this, I transformed isolate PY06047 with the same 
construct as PS-2, but with an mcherryNLS tagged onto the 3’ end of AvrSr50. Positive 
transformants were further transformed with another vector: BAS4GFP. BAS4 is an 
apoplastic effector that has previously been shown to line the invasive hyphae when tagged 
with a fluorescent protein (Khang et al., 2010). In the same study, cytoplasmic effectors tagged 
with a fluorescent protein and NLS were shown to accumulate in the BIC and subsequently 
in the plant host nucleus (Khang et al., 2010). Five separate transformants with both constructs 
(pPWT3:PWT3SP:AvrSr50mcherryNLS and BAS4:GFP) were screened for fluorescence 
signals. First, transformants were inoculated into wheat leaf sheaths. Starting at 24 HPI, leaf 
sheath sections were analysed under the confocal microscope. A GFP signal could be seen 
outlining the invasive hyphae of transformants (Figure 5-30A), suggesting transformations 
were successful. However, no mCherry signal could be seen in the BIC or wheat nuclei. Single 
transformants with pPWT3:PWT3SP:AvrSr50mcherryNLS were also obtained. Of six 
separate transformants, none displayed a fluorescence signal in the BIC or wheat nucleus 
(Figure 5-30B). It is likely not enough AvrSr0 protein is produced for a signal to be detected 
by microscopy. Similar levels of protein required to induce R dependent HR may also be 
required to detect fluorescence signals using microscopy.  
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Figure 5-30. Transformants containing AvrSr50 with an mcherry:NLS tag do not show 
fluorescence signals in the BIC or host nucleus. A) Representative confocal image of  
transformants with both expression constructs indicated. BAS4:GFP (green) is seen outlining 
the invasive hyphae. AvrSr50:mcherryNLS (red) was not seen in the BIC or host nucleus. B) 
Representative confocal images of transformants with the single expression construct 
indicated. AvrSr50:mcherryNLS (red) was not seen in the BIC or host nucleus. Black arrows 
indicate a BIC. BF, Bright Field. Images taken from infected tissue at 24 HPI.  
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5.5 Discussion 

The results provided in this chapter provide foundational data for a novel M. oryzae 
heterologous expression system for detecting avirulence phenotypes of rust effectors in wheat. 
Initially I was able to express a homologous protein, AvrRmg8, in M. oryzae using an 
expression vector that contained the PWL2 promoter (Figure 5-8). Two separate 
transformants were obtained that could elicit R dependent HR on wheat leaves. Although the 
expression levels of these transformants were not checked in this chapter, it is known 
homologous recombinant proteins are often expressed 10-1000 fold higher than heterologous 
proteins (Nevalainen et al., Bergquist 2005). Therefore, it is not surprising achieving high 
expression of a rust effector, AvrSr50, would require modifications in gene expression. A single 
transformant, PS-2, successfully hit this high transcription threshold presumably through 
multiple copy insertion of the transgene (Figure 5-18). The following section will explore 
alternative ways to replicate this phenotype and the many confounding factors that may 
supress or enhance heterologous protein production in M. oryzae.  
 
5.5.1 Copy number: lessons from industry 

Filamentous fungi are often used to heterologously express industrially important compounds 
including enzymes for food processing. Species used for industrial heterologous expression 
include Aspergillus spp., Trichoderma reesei, and Neurospora crassa (Su et al., 2012). Copy 
number variants of integrated plasmids are often seen with transformation of these 
filamentous fungi (Jeenes et al., 1991; Ruiz-Diez, 2002). Multiple vector integration has been 
reported to occur at one or several positions in the genome, with tandem insertions at a single 
location also common. Tandem insertions can occur either as the vector concatenates before 
integration, or a single vector integrates via non-homologous recombination, providing a 
template for further homologous recombination events (Figure 5-31). 
 
Multiple copy insertions in Magnaporthe have been anecdotally reported, however, records of 
a tandem insertion of similar magnitude to the PS-2 transformant generated in this thesis are 
currently unknown. It is also not specified in the literature how often tandem insertions occur. 
Out of the many transformants produced in this thesis, a 40 copy tandem insertion occurred 
once. Therefore, reproduction of this phenotype using the same method is likely to be rare 
and inefficient. Re-creating high copy number transformants are in theory possible, however, 
the methods would be labour intensive and low-throughput. For example, van den Hondel et 
al. (1991) were able to produce an Aspergillus niger transformant with 160 copies by 
engineering a donor cosmid vector with 10 copies of the transgene. This resulted in five to 
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ten-fold increase in protein production. Producing a donor DNA with 10 tandem copies of a 
gene is possible using current Golden Gate technology. However, 10 copies is the upper limit 
as homologous recombination can occur within the vector during E. coli propagation, resulting 
in the loss of multiple copies (Mark Youles, TSL, personal communication).  
 
In these situations, multiple copies of the transgene only sometimes produce higher levels of 
heterologous protein. Indeed, the increase in protein production is often not completely linear 
to copy number increase. The PS-2 transformant for instance does not show 40 times more 
transcription than a single copy transformant (Figure 5-14). Rather, this transformant shows 
a 5-10-fold increase in transcription, which of course may not even produce 5-10 times more 
protein product, depending on translation dynamics. These observations suggest confounding 
factors other than copy number are at work. Other factors to consider include transcription 
factor titration of multiple copies, transgene silencing, and “positional effects” in which a 
transgene can insert into a transcriptionally active part of the genome resulting in higher levels 
of gene expression.  

 
Figure 5-31. A model of integrative transformation leading to a tandem insertion. A 
single crossover event occurs at a non-homologous region. This first insertion acts as a 
template for homologous recombination, leading to tandem multi-copy insertions. This image 
was first published in Jeenes et al. (1991) and is reused with permission from copyright holders. 
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5.5.2 Issues with multiple copies: transgene silencing and transcription factor titration 

All 40 copies of the PS-2 transformant may not lead to a 40-fold increase in mRNA due to a 
transcription factor (TF) titration phenomenon. The copy number of a gene can surpass the 
amount of TF’s available for particular promoters required to express these genes. This may 
be ameliorated by engineering promoter regions to contain binding sites from different TFs 
(Nevalainen et al., 2005). Additionally, the same transgene can be expressed under multiple 
different promoters that do not share the same regulatory factors (Nevalainen and Peterson, 
2014).  
 
Further, it is possible that not all copies of AvrSr50 in PS-2 are contributing to increased 
mRNA levels due to transgene silencing. Transgene silencing is a phenomenon that has been 
described in many species, including filamentous fungi (Cogoni and Macino, 2000). In 
Neurospora crassa, post transcriptional gene silencing during the asexual phase is known as 
quelling, a process which involves RNAi (Romano and Macino, 1992). Transgenes, 
particularly those present in tandem array, can produce aberrant mRNAs that are recruited by 
RNA-dependent RNA polymerases (RdRPs) which are then converted to dsRNA (Dang et 
al., 2011). Strong constitutive promoters can also cause the production of abnormal mRNAs, 
including those with an absence of a poly(A) tail (Baeg et al., 2017). Once an aberrant mRNA 
is recruited by an RdRP and dsRNA is produced, it enters the RNAi pathway (Figure 5-32). 
Transgene silencing in M. oryzae is thought to occur through a similar process, as MoRdRP2 
and MoAgo3 are homologous to the QDE1 and QDE2 genes of N. crassa which are involved 
in transgene silencing (Lee et al., 2010; Raman et al., 2017). Further experiments are needed 
to confirm if transgene silencing is partially occurring with the 40-copy tandem insertion.  
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Figure 5-32 Model of transgene silencing via quelling in Neurospora crassa. 1) Host 
RNA polymerase generates either a normal transcript (mRNA) or 2) the DNA dependent 
RNA polymerase QDE-1 generates an aRNA from the transgene. 3) QDE-1 generates 
dsRNA. 4) The dsRNA induces transcription of the qde-2 gene. 5) Dicer like proteins DCL-
2 and DCL-1 cleave the dsRNA into siRNA. The siRNA are loaded onto a RISC molecule. 
6) The RISC complex is guided to the complementary mRNA transcript which is then 
degraded. This image was first published in Su et al. (2012). 
5.5.3 Resisting transgene silencing: the role of introns and the 3’UTR 

In plants, the presence of introns in transgenes has shown reduction of silencing. The 
hypothesis is that aberrant mRNAs are stabilised by spliceosome machinery and are 
unavailable for the recruitment of RDR6 (functionally similar to QDE-1 of Neurospora) into 
the RNAi pathway. In tobacco, a transgene with an endogene intron was less prone to post 
transcriptional gene silencing (Dadami et al., 2013). Similarly, Christie et al. (2011) found the 
introduction of an intron into a transgene reduced silencing by four-fold, further suggesting 
competitive inhibition of RDR6 by spliceosome machinery. Therefore, one possible option 
for the reduction of potential transgene silencing in the M. oryzae delivery system would be 
inserting an intron into the AvrSr50 coding sequence.  
 
Another option for reducing transgene silencing is optimizing the choice of transcription 
terminator. The transcription terminator has previously thought to have a minimal role in 
transgene expression. Recent work from de Felippes et al. (2020) showed the terminator 
sequence has a significant effect on transgene silencing mediated by sRNA accumulation. 
Aberrant mRNAs conferred by improper poly(A) tails can be abrogated by a strong terminator 
with a well-defined poly(A) processing site. In this chapter, the terminator from the SCD1 
melanin biosynthesis gene from Colletotrichum lagenarium was used for all constructs. 
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Although this terminator has been successfully used in M. oryzae, it is unknown whether a 
different terminator with a stronger poly(A) signal would enhance AvrSr50 transgene 
expression.   
 
5.5.4 Positional effects: chromosomal location matters 

Another explanation for the lack of strict correlation between copy number and protein yield 
is that certain places in the fungal genome are more transcriptionally active than others (Jeenes 
et al. 1991). Indeed, previous studies have shown integration of heterologous gene products in 
the Aspergillus niger glaA (glucoamylase) gene and T. reesi chb1 (cellulase) gene, both known 
to be expressed at prodigious levels, have increased heterologous protein production levels (van 
Hartingsveldt et al., 1991; Uusitalo et al., 1991). In filamentous fungi, effector gene 
transcription is tightly regulated and coordinated (Soyer et al., 2014). Little expression occurs 
in culture, whereas high expression occurs during infection. Experiments involving the plant 
pathogen Leptosphaeria maculans suggest this tight regulation is location specific and mediated 
through epigenetic modification (Soyer et al., 2014). Therefore, I hypothesized that targeting 
AvrSr50 to select regions in the genome that follow the transcriptional activity of effectors 
would increase AvrSr50 mRNA (5.4.11).  
 
To achieve targeted insertion, I utilised a CRISPR/Cas9 method recently optimised for M. 
oryzae (Foster et al. 2018). The main pathway for repairing double stranded breaks in 
filamentous fungi, including M. oryzae, is the NHEJ pathway. Thus, the efficiency of 
homologous recombination remains low. However, CRISPR/Cas9 technology allows double 
stranded breaks to occur at select places in the genome. Providing a donor DNA with 
homologous flanking regions increases the efficiency of HR. In this thesis, I used 
CRISPR/Cas9 technology to target AvrSr50 to different M. oryzae AVR loci (presumed 
transcriptionally active regions). I targeted the PS-2 expression construct 
(pPWT3:PWT3SP:AvrSr50) to the AvrPib, AvrRmg8, and MGG_04257 regions. Targeting 
AvrSr50 to the AvrPib or AvrRmg8 locus did not result in transformants that can elicit R 
dependent HR (Figure 5-22, Figure 5-24). However, a single transformant targeted to 
MGG_04257 (C04257-2) showed inconsistent signs of HR on Sr50+ wheat leaves (Figure 

5-27). It would be interesting to perform RNA-seq or RT-qPCR on this transformant to see 
if it has elevated levels of AvrSr50 mRNA. This transformant has the whole vector inserted 
into the MGG_04257 region. It is possible large fragments of DNA in this region caused a 
disruption in chromatin folding dynamics, allowing the transgene to be transcriptionally 
active. It is possible the inconsistency in the phenotype is because the disruption is not as 
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large-scale as the 40-copy insertion, however, more detailed experiments are needed to assess 
this.  
 
Further evidence suggesting positional effects are important for expression is that 
transformant CPib-11 has 25 copies of pPWT3:PWT3SP:AvrSr50 at the AvrPib locus but 
does not elicit HR on Sr50+ wheat (Table 5-4). Either these copies are being silenced, or they 
have been integrated into a chromosomal region that is not very transcriptionally active. It 
would be interesting to see where exactly the other insertions have occurred in transformants 
that were not able to elicit R dependent HR. Comparing the transcriptional dynamics of these 
areas during early time points of infection may provide information on the importance of 
positional effects in M. oryzae transgene expression.  
 
5.5.5 Codon optimization  

Codon usage bias, which exists across both prokaryotic and eukaryotic genomes, also exists in 
filamentous fungi (Su et al., 2012). Different codons (between one and six) can code for the 
same amino acid, however, preference for different synonymous codons exists between 
different species (Gustafsson et al., 2004). Inefficient translation of mRNA into protein 
product can be the result of “rare codons.” Further, in studies involving Neurospora, 
transcriptional silencing occurs in genes containing nonoptimal codons (Zhou et al., 2016). 
Therefore, codon optimisation plays a role in both transcription and translation. In N. crassa, 
the introduction of rare codons into the glutamate dehydrogenase gene decreased protein 
production by just over one third that of wild type levels (Fincham et al., 1985). Inversely, 
when rare codons are optimised, protein production can increase. For example, Gooch et al. 
(2008) codon optimised the luciferase gene from Photinus pyralis (firefly) for expression in 
Neurospora crassa. This led to a 4 log order increase of light signal in comparison to a non-
codon optimised gene (Gooch et al., 2008) .  
 
Codon optimization can be obtained by either site directed mutagenesis of the donor vector, 
or if multiple codons are to be changed, synthesizing an optimised version of the gene of 
interest. In terms of the M. oryzae expression system described in this chapter, codon 
optimisation would not be suitable for screening multiple AVR candidates due to time and 
monetary constraints. However, it would be a promising choice for characterising or 
confirming a few candidates of high priority. Future experiments will involve codon 
optimising rust avirulence genes such as AvrSr50 for an M. oryzae expression system. Indeed, 
AvrSr50 has 14 rare codons (fraction, or abundance of the codon relative to all other 
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synonymous codons, <0.07) whereas a native M. oryzae gene, AvrRmg8, only contains three 
(Figure 5-33).  
 

 
Figure 5-33 The AvrSr50 coding sequence contains many rare codons. Using the codon 
usage table of M. oryzae, the coding sequence from A) AvrSr50 shows 14 rare codons and the 
coding sequence from B) AvrRmg8 shows three rare codons. Suggested alternate, non-rare 
codons are annotated below the rare codons. Rare codons are defined as those with a fraction 
or abundance relative to all other synonymous codons <0.07. 
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5.5.6 Promoter and signal peptide  

The promoter and signal peptide combination, in addition to levels of transcription, also seems 
pertinent for proper targeting of cytoplasmic effectors to the BIC and host cytoplasm. Khang 
et al. (2010) observed fluorescent proteins can accumulate at the BIC when a cytoplasmic 
effector promoter and signal peptide are used. When a constitutive promoter and apoplastic 
effector signal peptide are used, fluorescent proteins are found outlining the invasive hyphae. 
Thus, the authors conclude important sequences for translocation of proteins into the host 
reside in the promoter and/or signal peptide region. Similarly, Rodriguez Herrero (2020) 
determined an apoplastic effector gene under the control of a cytoplasmic effector promoter 
and signal peptide re-directs the effector to the BIC and subsequently inside host plant cells. 
The inverse was found when a cytoplasmic effector was expressed under the control of an 
apoplastic effector promoter and signal peptide. It is now clear that distinct secretion systems 
exist for targeting cytoplasmic and apoplastic effectors to their correct locations. It is likely 
signals in the promoter and/or signal peptide region of an effector are responsible for targeting 
proteins to the correct secretion system. Khang et al. (2010) suggest BIC accumulation, 
therefore, may be a result of enhanced expression of cytoplasmic effectors in BIC associated 
cells. Alternatively, the authors posit 5’ mRNA sequences may target mRNA to BIC 
associated cells before translation, an exciting prospect that to date has not been further 
explored. In other systems, mRNA trafficking to specific cellular locations before translation 
is dependent upon microtubule movement along the cytoskeleton (Vollmeister et al., 2012). 
Further, microtubule dependent mRNA transport can be determinded by ‘RNA zipcodes’ – 
localisation elements that are often located in the 5’ or 3’ UTR of the transcript (Vollmeister 
et al., 2012). For example, in the fungus Ustilago maydis, trafficking of mRNA along 
microtubules is essential for determining polarity during hyphal growth (Becht et al., 2006). 
If an analogous system is required for proper secretion of M. oryzae cytoplasmic effectors, 
discovery of RNA zipcodes for this process will be essential for targeting heterologous rust 
effectors to their proper domain. 
 
The data provided in this chapter corresponds with previous findings that an M. oryzae 
cytoplasmic effector signal peptide and promoter can direct proteins to the cytoplasm of the 
host. I discovered a single transformant expressing AvrSr50 under the control of a PWT3 
promoter and a PWT3 signal peptide is able to elicit R dependent HR (Figure 5-12). Other 
transformants with a constitutive fungal promoter or native rust signal peptide were unable to 
elicit R dependent HR. I am unable to conclude if these transformants were unable to elicit R 
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dependent HR due to inappropriate promoter and signal peptide combinations, or if low copy 
number has prevented sufficient mRNA accumulation.  
 
A native rust signal peptide may be functional in M. oryzae if rusts utilise the same secretion 
pathways for cytoplasmic and apoplastic effectors as M. oryzae. Indeed, all haustoria and 
invasive hyphae producing fungi might utilise similar secretion systems for partitioning 
effectors to their proper domains. For example, in M. oryzae, apoplastic effectors are secreted 
via the conventional ER-Golgi pathway, and cytoplasmic effectors are secreted via a Golgi 
independent pathway (Giraldo et al., 2013). Phytophthora infestans, an oomycete that produces 
haustoria, also targets cytoplasmic effectors via a Golgi independent pathway (Wang et al., 
2017). It remains unknown if convergent evolution has occurred at the sequence level and if 
the signal peptides are functionally interchangeable between these diverse species. Further 
experiments are needed to ascertain the functionality of these signal peptides across species, 
and whether or not a rust signal peptide could be used in an M. oryzae expression system.  
 
Currently, it remains unclear whether constitutive promoters, in combination with a 
cytoplasmic signal peptide, can be used to target cytoplasmic effectors to the correct domain. 
This has not thoroughly been investigated in M. oryzae to date. If 5’ mRNA sequences are 
important for proper protein localisation, these signals may not be conferred by a constitutive 
promoter. Further experiments are needed to discover the exact signals required for targeting 
cytoplasmic effectors to their proper location. Such information will be critical for the further 
development of an M. oryzae system for the heterologous expression of rust proteins in wheat.  
 
The use of a constitutive promoter may also be problematic for two reasons. For one, intensity 
of transcription conferred by constitutive promoters can also induce transgene silencing, as 
described above (Que et al., 1997). Constitutive promoters may also induce stress on the cell 
due to over-expression (Nevalainen & Peterson, 2014). Excessive amounts of protein targeted 
to the ER can overload the folding and secretion machinery (Ward, 2012). Therefore, 
expression must be fine-tuned. Finding the right promoter for a transcriptional sweet spot in 
M. oryzae will likely involve more trial and error experiments.  
 
5.5.7 So many options, so little time 

Evidently, there are many options to explore for fine tuning an M. oryzae heterologous 
expression system for cytoplasmic rust effectors. Although different R/AVR combinations will 
require different thresholds to induce cell death (only two were explored in this chapter), it is 
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possible to discover conditions that will be suitable for the heterologous expression of many 
AVRs. Such conditions may include what is known as a genomic “landing pad” or “safe haven”. 
These regions within the genome not only successfully express all genes tested, but they also 
do not interfere with fungal growth or virulence (Schuster and Kahmann, 2019). 
 
Further pursuing a fungal expression system for delivering AVRs in wheat is a fruitful cause. 
If successful, this would allow, for the first time ever, the characterisation of a rust effector in 
the native wheat host. Conceivably, this would allow localisation studies and protein-protein 
interaction studies such as an in planta (wheat) co-immunoprecipitation (Co-IP) to find host 
interactors. This is an incredibly exciting prospect, as AvrSr50 is known to supress cell death 
caused by auto active coiled-coiled NLR domains (Chen et al., 2017). Further studies in wheat 
would therefore uncover the role of AvrSr50 in virulence and the suppression of host defence 
responses.  
 
HR may sometimes reduce pathogen virulence in the absence of macroscopic cell death 
phenotypes. One advantage of a fungal assay is that both scenarios for HR would be 
detectable. Although a bacterial delivery system would be beneficial for high-throughput 
screens, HR that does not cause macroscopic cell death may be missed. Overall, a M. oryzae 
delivery system would be useful to confirm and complement the results obtained from other 
assays. In conclusion, the data provided in this chapter provides critical information for the 
development of another tool in the currently very limited toolbox for characterising biotrophic 
fungal effectors in wheat.  
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Chapter 6 General Discussion 
 

6.1 Identifying and characterising effectors from the wheat yellow rust pathogen 

Demand for wheat in human diets remains consistently high. As a result, wheat is widely 
cultivated and is the leading source of plant derived protein in the human diet (Curtis et al., 
2002). Since the green revolution, agro-ecosystems have transformed into monocultures of 
elite high yielding cultivars (Van De Wouw et al., 2010). The lack of genetic diversity in these 
crops favours the evolution of rapidly evolving pathogens that are highly virulent (McDonald 
and Stukenbrock, 2016). Wheat rust pathogens in particular cause losses of approximately 4 
billion pounds in the UK alone (Figueroa et al., 2018). Identifying novel sources of resistance 
to these fungal pathogens is therefore crucial to abrogate pathogen outbreak. Effectoromics, 
an approach for identifying the effector repertoire of a pathogen, is a major asset to modern 
breeding for resistance (Prasad et al., 2019). The cloning of avirulence effectors, for one, can 
expedite discovery of resistance in wheat or other hosts with a cognate R gene (Prasad et al., 
2019). Further, monitoring allelic diversity of effectors in a current pathogen population can 
inform deployment of R genes in the subsequent growing season (Vleeshouwers and Oliver, 
2014). Despite the importance of effectors on identifying resistance to the wheat rusts, few 
effectors have been functionally characterised. To date, zero avirulence effectors have been 
confirmed for the yellow rust pathogen Pst. In this thesis I aimed to address this issue by using 
comparative genomics and heterologous expression systems to identify and functionally 
characterise effectors of Pst.   
 
6.2 Comparative genomic studies for finding cereal rust effectors 

Comparative genomics is used to reveal differences between the genomes of individuals with 
variances in a phenotype of interest (Plissonneau et al., 2017). These genomic differences are 
identified as candidates for contributing to the phenotype in question. This has been done 
with pathogenic fungi, whereby the genomes of isolates with differing virulence profiles are 
compared. For example, the avirulence effector Ave1 from the fungal phytopathogen 
Verticillium dahliae was identified through comparative genomics between races that differed 
in pathogenicity to tomato plants with and without the cognate receptor (De Jonge et al., 
2012). Using a similar method, Schmidt et al. (2016) compared the genomes of pathogenic 
and non-pathogenic strains of the melon wilt fungal pathogen Fusarium oxysporum f.sp. melonis 
to find AvrFom2.  



 

 177 

6.2.1 Limitations  

Clearly, comparative genomics is an incredibly powerful method for identifying effectors of 
fungal phytopathogens. Like all methods, comparative genomics is limited by the resources 
put into it. For example, comparing the genomes of isolates with multiple differences in their 
virulence profiles provides effector candidates that may not be associated with a single R gene. 
For example, Upadhyaya et al. (2015) compared the genomes between the Pgt isolate 21-0 
and clonal derivatives 34M1 and 34M2 that gained virulence for resistance genes Sr5, Sr11, 
Sr27, and SrSatu. Novel mutations found in 34M1 and 34M2 may explain virulence towards 
the four Sr genes 21-0 is avirulent to. However, further analyses will require association 
between these variants and individual Sr genes. Further, the 21-0 isolate was sampled in the 
1950s, whereas the gain of virulence field isolates derived from 21-0 were sampled in 1980. 
Over time, somatic mutations may have occurred that are not associated with phenotypic 
changes at all.  
 
In this thesis I used isolates with minimal variation due to phylogenetic divergence. This was 
achieved by comparing wild type isolates containing AvrYr2 with spontaneous gain of 
virulence mutants that were sampled over 1-2 growing seasons (chapter 2). This decreased the 
amount of time for stepwise mutations to occur that may not be associated with virulence. 
Further, I was able to compare isolates that only differed in their virulence to a single R gene, 
YR2. These exact same conditions were required for the cloning of the Pgt avirulence effector 
AvrSr50 (Chen et al., 2017).  
 
6.2.2 Gain of virulence mutants combined with second and third generation 

sequencing: the future of AVR discovery?  

As previously mentioned, recent spontaneous gain of virulence mutants are ideal for 
comparative genomics studies as phylogenetic divergence between the isolates is limited, and 
there is only one change in the virulence profile between the two isolates. Gain of virulence 
mutants can be obtained spontaneously, or through induced mutagenesis using agents such as 
EMS. Spontaneous gain of virulence mutants can be obtained for Pst in as little as two growing 
seasons (Sørensen et al., 2013). Obtaining spontaneous gain of virulence mutants for the 
cloning of avirulence alleles in the cereal rusts is become more and more common, as evidenced 
in the cloning of AvrSr50 from Pgt (Chen et al., 2017). Similarly, chemically induced gain of 
virulence mutants are becoming very useful and common in identifying avirulence alleles of 
the cereal rusts (Salcedo et al., 2017). Clearly, both methods are now established for use in the 
cereal rusts and will likely play a major role in identifying further AVR genes.  
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In combination with gain of virulence mutants, identification of AVR genes seems to be 
dependent on a highly contiguous reference genome or pan-genome produced with both 
second and third generation sequencing (Chen et al., 2017; Salcedo et al., 2017) . As these 
methods are becoming more accessible, I predict producing such references will become part 
of a gold standard in future effector discovery pipelines.  
 
The next step in the AvrYr2 analysis described in this thesis, therefore, will be generating a 
new de novo assembly of the AvrYr2 wild type isolates, which has multi-fold advantages. 
Firstly, the generation of these new references will likely aid in the discovery of AvrYr2. 
Secondly, sequences found in these isolates that are absent in the currently available phased 
references can be used towards producing a pan-genome. Further, these genomes will aid in 
the study of large structural variations between Pst isolates, and how this may contribute to 
virulence evolution.  
 
6.3 Challenges, limitations, and future directions in functional characterisation of 

wheat rust effectors 

Functional characterisation of wheat rust effectors is mainly hampered by the lack of genetic 
transformation methods. Particle bombardment of urediniospores of Pgt has been previously 
successful (Schillberg et al., 2000) however frequency events are low and rarely replicated 
(Bakkeren and Szabo, 2020). With developments in molecular biology, waiting for the right 
conditions for stable transformants is just a matter of time. Until then, functional 
characterisation of cereal rust effectors in the native host will heavily rely on heterologous 
expression systems. Like all heterologous expression systems, those designed for the delivery 
of rust effectors in wheat have their limitations.  
 
6.3.1 Heterologous expression systems are limited by the knowledge of the surrogate 

organism 

6.3.1.1 The bacterial T3SS 

In chapter 4, I investigated the utility of the T3SS from three bacteria for the delivery of rust 
effectors in wheat. Although I could not confirm avirulence of two previously described fungal 
effectors in these systems, further optimisation of a bacterial delivery system would be useful 
due to the high-throughput nature of this protein delivery method. These further experiments 
would benefit from more knowledge of the basic biology of the T3SS. Currently it is unclear 
whether or not the N-terminal secretion signal is within the mRNA or the amino acid 
sequence (Habyarimana and Ahmer, 2013). Some studies show frameshift mutations in the 
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N-terminal region of a T3SS effector do not affect secretion or protein function, suggesting 
the amino acid sequence of the signal is not important (Sorg et al., 2005). Further, some 5’ 
UTRs from effectors of Salmonella can translocate the Cya protein into eukaryotic host cells 
(Niemann et al., 2013). It is likely different effectors may require different kinds of secretory 
signals and may have evolved several methods for targeting to the same location. 
Understanding these aspects of T3SS secretion in better detail would aid in developing a 
heterologous expression system using T3SS components. 
 
Another element to consider is that cereal rust proteins are eukaryotic and very divergent from 
those produced in native bacterial cells.  There may be nuances in bacterial transcription and 
translation regulation that are efficient with bacterial sequences and not eukaryotic sequences. 
Testing codon optimisation in bacteria may be helpful for this reason. However, divergent 
oomycete and flax rust effector sequences have successfully been delivered by the T3SS of Pfo 
EtHAn into Arabidopsis and N. tabacum (Sohn et al.,  2007; Upadhyaya et al., 2014). This 
suggests a wheat specific incompatibility with the Pfo EtHAn system for unknown reasons. 
These reasons may be determined as more information is revealed about the basic biology of 
the T3SS. 
 
Currently, it is incredibly difficult to study the translocation of effectors across the T3SS, as 
fluorescent tags often clog the narrow pilus (Galán, 2009). Some success of protein 
translocation has been shown by tagging a calmodulin-dependent adenylate cyclase (Cya) 
domain to the effector being studied (Young and Palmer, 2017). This domain, only active in 
eukaryotes, will bind to calmodulin to produce cAMP, which is easily detected in an ELISA 
(enzyme-linked immunosorbent assay). However, the Cya domain itself, although naturally 
secreted by Bordetella pertussis through the T3SS, has the potential to clog the pilus as a 
chimeric protein. In Arabidopsis, stable transgenic lines have recently been made to express 
GFP1-10 which contains ten out of the eleven strands of the GFP barrel (Henry et al., 2017). 
Effectors delivered via the T3SS are tagged with only the 11th strand of GFP, and thus 
localisation is detected upon reconstitution of all 11 GFP strands in the plant.  Creating wheat 
transgenic lines expressing GFP1-10 would be incredibly useful for detecting the translocation 
of effectors via the T3SS. It is currently unknown how much heterologous rust protein the 
Pfo EtHAn system described in chapter 4  is being delivered into wheat, if at all. A reliable 
system for detecting translocation would mitigate this issue, and further aid in the 
optimisation of T3SS mediated delivery in wheat.   
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6.3.1.2 Magnaporthe oryzae mediated protein secretion 

Similar to the bacterial T3SS, the exact requirements for secretion to the host cytoplasm is 
not fully known for Magnaporthe. Although cytoplasmic effector signal peptides are required 
for proper localisation to the host cytoplasm, the involvement of other components such as 
the 5’ UTR within the promoter region is not known (Khang et al., 2010). Further, 
Magnaporthe is an ascomycete, whereas the cereal rusts are basidiomycetes. Similar to the 
bacterial system, there may be differences between the regulation of transcription and 
translation that differ between these two groups of fungi. When M. oryzae expresses non-
codon optimised mRFP under a cytoplasmic effector signal peptide, clear localisation can be 
seen in rice cells (Khang et al., 2010). This suggests the M. oryzae heterologous expression 
system is capable of translocating divergent proteins into the host. However, specific levels of 
protein may be required for the elicitation of a hypersensitive response. Therefore, more 
knowledge on the targeting and transcriptional regulation of native Magnaporthe cytoplasmic 
effectors will be beneficial for optimising a heterologous expression system. 
 
6.3.2 Advances in M. oryzae molecular genetics: optimisation of a heterologous 

secretion system in MoT is likely near  

The optimisation of the M. oryzae heterologous secretion system is likely near due to recent 
advances in molecular genetics of this system. In 2018, a CRISPR/Cas9 system was described 
for editing the M. oryzae genome (Foster et al., 2018). In chapter 5 I confirmed this protocol 
efficiently produces mutants in selected regions of the M. oryzae genome. Therefore, further 
investigations requiring targeted insertions of rust effectors to specific locations in the M. 
oryzae genome will be easy to do. Further optimisation of the M. oryzae heterologous secretion 
system may also require additional sequencing with next generation technologies. For 
example, it may be useful to understand chromatin accessibility of the Magnaporthe genome 
during early stages of infection to determine candidate regions for inserting rust effectors. It 
would also be beneficial to confirm if silencing is occurring in transformants that are not 
expressing the AvrSr50 transgene described in chapter 5. These questions can easily be 
answered with technologies that require next generation sequencing such as Assay for 
Transposase-Accessible Chromatin with high-throughput sequencing (ATAC-seq) (Yan et 
al., 2020) . This method identifies open regions of chromatin by probing with Tn5 transposase 
that can insert sequence adapters only to open regions of the genome (Buenrostro et al., 2013). 
In chapter 5 I describe the sequencing of the M. oryzae genome with Nanopore technology - 
a relatively straightforward and quick process. Due to the amenability of this fungus to 
molecular manipulation, it is likely other methods such as ATAC-seq will work well M. 
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oryzae. Therefore, it is only a matter of time until this method is optimised for the functional 
characterisation of rust effectors in wheat. 
 
6.3.3 Towards a more holistic view of functional characterisation 

The toolbox for functional characterisation of effectors in wheat continues to grow. All of 
these methods will have their own pros and cons, summarized in Table 6-1. No one system 
will be perfect and applicable in all cases. Therefore, it is useful to consider all of these methods 
side by side as the results from multiple systems may complement one another. In chapter 4, 
I tested delivery systems involving the bacterial T3SS. In chapter 5, I explored a novel MoT 
mediated delivery system. In both chapters, only two fungal AVRs of wheat pathogens were 
tested. Due to the nature of these heterologous expression systems, it is entirely possible other 
R/AVR pairs could be identified using these systems in their current state. Both systems 
require the production of chimeric proteins, as a signal peptide is required for targeting 
effectors to both the T3SS of bacteria and to the BIC of MoT. The stability and functionality 
of chimeric proteins are sometimes unpredictable and will vary between proteins being 
delivered.  
 
Only three systems listed in Table 6-1 are capable of detecting both virulence and avirulence 
phenotypes of candidate effectors in wheat. These include the T3SS delivery system, the viral 
overexpression system, and the MoT delivery system. As mentioned in chapter 4, the T3SS 
delivery system is already routinely used to describe virulence properties of effectors (Prasad et 
al., 2019). However, to date, its functionality in describing avirulence properties is not known. 
The viral overexpression system has successfully been used to describe avirulence properties of 
effectors by the subsequent decrease in viral propagation in incompatible wheat cultivars 
(Chen et al., 2017). However, its utility in describing virulence is currently not known. 
Conceptually, fluorescent tags could be used for localisation studies using viral systems 
compatible with larger constructs such as FoMV (Bouton et al., 2018). However, this has not 
yet been shown. In chapter 5, I have shown that the MoT system can be used to confirm 
avirulence of wheat rust effectors via an HR response in wheat containing the cognate R gene. 
Further studies are required to optimise this system to allow the replication of these results. 
Once this is achieved, localisation and Co-IP experiments could be easily achieved with tags, 
as these experiments are already done with native Magnaporthe effectors. However, depending 
on the strain being used, the native MoT effectors may unintentionally interact with the rust 
AVR being studied. Therefore, it is important to utilise multiple methods concurrently to 
functionally characterise wheat rust effectors.   
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Table 6-1 Pros and cons of different heterologous systems for studying cereal rust effectors 
in the native wheat host 

Method Pros Cons 
T3SS delivery - High-throughput 

- If successful, can detect avirulence 
via cell death 
- Used routinely to study virulence 
(suppression of cell death or PTI in 
wheat leaves) (Prasad et al., 2019) 
 

- No successful case yet for detecting 
cereal rust AVRs in wheat 
- Fluorescent tags often clog the 
T3SS, localisation of effectors is 
limited (Galán, 2009) 
- The presence of native bacterial 
effectors may confound analysis 
(depending on which bacterial 
isolate is being used) 

Viral 
overexpression 

- Can detect avirulence via decrease 
in viral reproduction (Chen et al., 
2017) 
- Viruses that can stably express 
larger fragments could be used for 
localisation (ex. FoMV, however 
this has not yet been demonstrated) 
(Bouton et al., 2018) 

- Stable expression is size limited in 
some viruses including BSMV 
(Bouton et al., 2018). Larger AVRs 
are excluded and localisation with a 
large fluorescent tag cannot be done 
- Limited to wheat varieties the 
chosen virus can replicate in 

 
Protoplast assays - Can confirm avirulence via 

decrease in reporter signal in wheat 
protoplasts (Saur et al., 2019) 
- If the associated R gene is cloned, 
the AVR and R gene can be co-
delivered, allowing fine tuning for 
expression required for avirulence 
(Saur et al., 2019) 

- Cannot be used to study virulence 
beyond localisation 
- Natural R gene expression varies 
between different wheat varieties. 
Some varieties may show signs of 
avirulence, while others may not  

Particle 
Bombardment 

- Can confirm avirulence via 
decrease in reporter signal in wheat 
leaves (Jia et al., 2000) 

- Difficult to use for studying 
virulence  

 
HIGS - Can be used to detect virulence of 

non-redundant effectors: silencing 
results in reduced Pst virulence 
(Zhao et al., 2018) 
 

- Effectors with redundant roles in 
virulence will not be detected 
- utility for detecting avirulence not 
known (conceptually possible via 
gain of virulence if the avirulence 
gene is silenced) 

Immuno-
cytochemical 
localisation 

- Could be used to show localisation 
of effectors in wheat 

- Can only be used for localisation 
studies 
- Incredibly labour intensive; only 
done with bean rust effector RTP1p 
(Kemen et al., 2005) 

Magnaporthe 
delivery system 

- Can be used to detect avirulence 
via HR or reduced pathogenesis 
(this thesis) 
- Could be used for localisation 
with a fluorescent tag 
- Could potentially be used for in 
planta Co-IP experiments to find 
plant interactors 

- Presence of effectors in the WT 
MoT isolate being used may affect 
interpretation of results 
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6.4 Chasing effectors: Why bother? 

This entire thesis has focussed on identifying and characterising wheat rust effectors in the 
native host. The following section describes the importance of this search, and the practical 
implications of effector discovery.  
 
6.4.1 Using effectors to clone new R genes  

One major utility of effectors in the context of resistance breeding is accelerating the cloning 
of new R genes (Prasad et al., 2019). For example, cloning AvrYr2 could in turn be used to 
clone the cognate resistance gene YR2. Currently YR2 is not cloned, however, the closest SSR 
marker determined is 5.6 cM from the YR2 locus (Lin et al., 2005). If the recognition of 
AvrYR2 by YR2 is direct or not dependent on wheat specific proteins, NLR proteins within 
this locus could be transiently co-expressed in N. benthamiana with AvrYr2 to identify YR2.  
 
Further, cloned Pst effectors could be used to screen the wheat germplasm for novel sources 
of resistance. A relatively untapped source of resistance also lies within wild relatives and other 
closely related species of wheat (Wulff and Moscou, 2014). Cloned Pst effectors could be used 
to screen for novel recognition in these sources of resistance. The wheat blast delivery system 
described in this thesis would aid in this discovery, as MoT can infect multiple different hosts 
including grasses, barley, and rye (Ceresini et al., 2018).   
 
6.4.2 Testing R gene stacking 

Although deploying new resistance genes into the wheat germplasm is a popular method of 
managing disease caused by pathogens, R gene-mediated resistance is often hindered by the 
rapid evolution of pathogen effectors (Zhang and Coaker, 2017). Currently, breeding 
programs are working to mitigate this issue by integrating multiple R genes within a single 
cultivar, a process known as stacking or pyramiding (Dong and Ronald, 2019; Mundt, 2018). 
This method is predicted to increase the durability of resistance to pathogen strains as 
overcoming multiple R genes simultaneously is less likely to happen. Although evaluating 
durability is extremely difficult, pyramiding by delaying resistance breakdown remains a 
promising strategy to control pathogen outbreaks (Mundt, 2018).  
 
However, it is unknown if all R genes in a stack will be expressed, or if there will be negative 
interactions between them. Each corresponding AVR from the pathogen therefore must be 
individually tested on these stacked wheat cultivars. For example, resistance conferred by 
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stacked R genes in the potato cultivar ‘Sarpo Mira’ were disentangled by individual 
Phytophthora infestans effectors instead of differential pathogen sets (Rietman et al., 2012).  
Currently, there are more cloned R genes for resistance to Pst than there are cloned AVR 
genes. Therefore, finding new AVR genes for Pst is essential for verifying the validity of 
stacking R genes. In other pathosystems, transient expression of these effectors (ex. via 
agroinfiltration) has provided confirmation that all components of the R gene stack are 
functional (Vleeshouwers and Oliver, 2014). The development of the M. oryzae expression 
system described in this thesis would potentially aid in the assessment of R gene stacks by 
delivering Pst AVR genes individually, as opposed to challenge with differential Pst isolates.  
 
6.4.3 Engineering new R genes 

Another strategy for broadening the resistance of a wheat cultivar is to engineer a single 
resistance gene to recognize multiple AVR alleles at the same time (Rodriguez-Moreno et al., 
2017). Better yet, resistance genes that can detect multiple alleles of a “core effector”, proteins 
that are essential to pathogen fitness, are predicted to provide durable resistance 
(Vleeshouwers and Oliver, 2014). In order to engineer these resistance proteins, however, 
more information is needed from the effectors themselves. As previously mentioned, no AVR 
proteins have been identified for Pst. This would be essential for determining the 3D structure 
of these effectors, information required for engineering resistance.  
 
For example, De La Concepcion et al. (2019) used structural information of a rice NLR bound 
to its cognate AVR protein to expand recognition specificity of the NLR. Using this technique, 
the rice NLR protein Pikp was engineered to recognize additional alleles to the effector AVR-
Pik from M. oryzae. A particular mutation in the binding interface between the NLR and 
effector was responsible for the recognition of additional alleles previously not recognized by 
Pikp.  
 
As more effectors are cloned from Pst, this technique would be possible for the Pst-wheat 
pathosystem. It would be particularly interesting to find matching effectors associated with R 
genes that have been widely overcome, such as YR2 (Wellings, 2011). For example, if AvrYr2 
interacts with its cognate R protein directly, there may be an allelic series similar to Avr-Pik 
that differ in amino acids at the binding interface. Therefore, YR2 could theoretically be 
engineered to recognize multiple alleles already in the population.  
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6.4.4 Baits for finding new S genes 

Plant susceptibility genes (S genes) are critical for facilitating compatible interactions with 
phytopathogenic fungi and often function as negative regulators of defence (Pavan et al., 
2010). Therefore, deploying loss of S genes is another strategy for breeding resistance in wheat.  
 
Perhaps one of the best characterised S genes is barley Mlo (mildew locus O) which functions 
as a negative regulator of immunity. Resistance can be conferred to powdery mildew pathogens 
by causing loss of function mutations in the Mlo locus (Büschges et al., 1997). In terms of 
wheat, the TaNAC1 gene has been functionally validated as a susceptibility factor towards Pst. 
When silenced via BSMV-VIGS, this gene confers enhanced resistance to yellow rust (Wang 
et al., 2015).  
 
Effectors can be used as baits for finding S genes, as effector proteins often bind directly to S 
gene products (Hogenhout et al., 2009). For example, a study in Arabidopsis identified plant 
proteins that were targets of multiple effectors from diverse pathogens (Weßling et al., 2014). 
Plant mutants for one of these genes, CSN5A, displayed enhanced resistance towards 
hemibiotrophic and biotrophic pathogens.  
 
For Pst, not many S genes in wheat have been identified. Therefore, it is pertinent to identify 
and characterise more Pst effectors that could be used as baits for discovering S genes. Until 
Pst can be transformed, using effectors as molecular probes to find S genes in the wheat 
germplasm will have to be via heterologous expression. It would be interesting to see if an M. 
oryzae delivery system could be optimised for the delivery of AVR proteins in wheat for the 
identification of S genes. If enough protein can be delivered, an in-planta Co-IP in wheat 
could identify susceptibility proteins.   
 
6.4.5 Effectors as markers for monitoring allelic diversity 

Cloned effectors can also be used as markers to track the changes in virulence across pathogen 
populations (Bakkeren and Szabo, 2020). Phenotyping and genotyping multiple isolates over 
time can reveal changes in frequency of virulent isolates and changes in sequence diversity of 
the associated avirulence allele. Knowledge of effector allelic diversity in current pathogen 
populations can help inform breeders which R genes to deploy in the subsequent growing 
season (Vleeshouwers and Oliver, 2014). For example, Pst isolates that are heterozygous for 
an avirulent allele pose a high risk of mutating to evade recognition of the cognate R protein. 
Unfortunately, since no AVR genes are cloned for Pst, genotyping field isolates will only 
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provide race information of the current population (Bakkeren and Szabo, 2020). Therefore, 
identifying and cloning effectors are crucial for breeding strategies informed by the allelic 
diversity of current Pst populations. As pathogen diagnostics are becoming more sophisticated, 
genotypic analysis of field isolates can happen in real-time (Figueroa et al., 2020). For example, 
the Mobile And Real-time PLant disEase (MARPLE) diagnostic system utilises portable 
sequencing technology to sequence and identify pathogen isolate races in real time 
(Radhakrishnan et al., 2019). In the future, as AVR alleles are discovered, these sequences can 
be incorporated into pathogen surveillance systems such as MARPLE to better inform R gene 
deployment.   
 
6.5 Concluding statement 

The cereal rust fungi are incredibly beautiful and complex organisms in their own right. Their 
complexity ranges from their complicated life styles to their incredibly large genomes 
(Duplessis et al., 2014). Many aspects of the cereal rust fungi, including the infection process 
on compatible hosts, remains elusive. This is largely due to the intractability of these organisms 
to molecular biology. Despite this, recent advances in heterologous expression systems and 
genome sequencing have progressed the field. For example, in chapter 2, I utilised comparative 
genomics to identify candidate AvrYr2 effectors. Further, in chapters 4 and 5 I utilised 
advances in molecular biology to investigate heterologous systems for studying rust effector 
biology. It is an exciting time to study cereal rust biology as there is still so much to explore 
and discover. With molecular biological techniques and genome sequencing constantly 
improving, the unknowns of the cereal rusts are slowly starting to be deciphered.  
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Appendices 
 
Appendix 1 Working concentration of antibiotics used for cloning 

Antibiotic Working concentration Solvent 

Gentamycin 50 µg/mL H2O 
Chloramphenicol 25 µg/mL EtOH 

Kanamycin 50 µg/mL H2O 
Carbenicillin 100 µg/mL H2O 

Spectinomycin 50 µg/mL H2O 
Trimethoprim 10 µg/mL DMSO 
Tetracycline 10 µg/mL EtOH 

 

Appendix 2 - List of bacterial strains used in chapter 4 

Pathogen Strain Source 

Burkholderia glumae 106619 (Sharma et al., 2013) 
301682 
302544 
302744 
302925 
302928 

Burkholderia cepacia ATCC 24516 American Type Culture Collection 
(Manassas, Virginia) 

Pseudomonas syringae pv. 
lapsa 

ATCC10859 American Type Culture Collection 
(Manassas, Virginia) 

Pseudomonas fluorescens EtHAn (Upadhyaya et al., 2014) 
Escherichia coli Pkr2013 LGC standards (Teddington, UK) 
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Appendix 3 - Primers used for cloning T3SS vectors 

Primer name Sequence (5’ – 3’) 

AvrSr50-TOPOF CAC CAT GGC TAG GAG CCT TGT 
avrSr50-TOPOF CAC CAT GGC TAG GAG CCT TAT 
Sr50-TOPOR CTA CCT GTG TTG GCG CCT TGC 
dhfr-BsrDI-F GCAATGTTGTTGACAATTAATCATCGGC 
dhfr-BsrDI-R GCAATGCGGGTCACTGATGCCTCCGTGT 
AvrRmg8-TopoF CACCATGCTGCCTGCGCCGCAGCCTA 
AvrRmg8-R CTA CTG CCT TCT AGT ACC GGG AAG T 

 
Appendix 4 – Vectors used in chapter 4 

Vector name Description Antibiotic 
resistance 

Source 

pNR526-G2AC3A Effector detector vector 
with the N-terminal 
AvrRpm1 secretion signal. 
Contains site mutations 
abolishing the 
myristoylation 
and palmitoylation motifs. 
Gateway compatible.  

Gentamycin, 
chloramphenicol 

(Upadhyaya et 
al., 2014) 

Puc57- AvrSr50 Synthesized avirulent 
AvrSr50 allele for 
subcloning in the Puc57 
vector 

carbenicillin This thesis 

Puc57-avrSr50 Synthesized virulent 
avrSr50 allele for 
subcloning in the Puc57 
vector 

carbenicillin This thesis 

pNR526-
G2AC3A-AvrSr50 

AvrSr50 in the effector 
detector vector (pEDV) 

Gentamycin This thesis 

pNR526-
G2AC3A-avrSr50 

avrSr50 in the effector 
detector vector (pEDV) 

Gentamycin This thesis 

pTKDP-dhfr Vector with trimethoprim 
resistance for subcloning 

Carbenicillin, 
trimethoprim 

Addgene 

pNR526-
G2AC3A-Tpr 

Effector detector vector 
with trimethoprim 
resistance (TpR pEDV) 

Trimethoprim, 
chloramphenicol 

This thesis 

pNR526-
G2AC3A-Tpr-
AvrSr50 

AvrSr50 in the TpR pEDV Trimethoprim This thesis 

pNR526-
G2AC3A-Tpr-
AvrRmg8 

AvrRmg8 in the TpR 
pEDV 

Trimethoprim This thesis 

  



 

 225 

 
Appendix 5 - Vector constructs made in chapter 5  

Construct Name Promoter Signal 
Peptide 

Vector backbone 

pPWL2:AvrRmg8 PWL2 (rice 
blast) 

Native 
AvrRmg8 
(wheat 
blast) 

pcB-pPWL2-
mcherry-stop 
(Saitoh et al., 
2012) 

pPWL2:AvrSr50 PWL2 (rice 
blast) 

Native 
AvrSr50 
(stem 
rust) 

pcB-pPWL2-
mcherry-stop 
(Saitoh et al., 
2012) 

pPWT3:AvrSr50 PWT3 
(wheat blast) 

Native 
AvrSr50 
(stem 
rust) 

pPWL2:AvrSr50 
(this thesis) 

pRP27:AvrSr50 RP27 
(constitutive 
fungal) 

Native 
AvrSr50 
(stem 
rust) 

pPWL2:AvrSr50 
(This thesis) 

pTrpc:AvrSr50 Trpc 
(constitutive 
fungal) 

Native 
AvrSr50 
(stem 
rust) 

pPWL2:AvrSr50 
(This thesis) 

pPWL2:PWT3SP:AvrSr50 PWL2 (rice 
blast) 

PWT3 
(wheat 
blast) 

pPWL2:AvrSr50 
(This thesis) 

pPWT3:PWT3SP:AvrSr50 PWT3 
(wheat blast) 

PWT3 
(wheat 
blast) 

pPWT3:AvrSr50 
(This thesis) 

pRP27:PWT3SP:AvrSr50 RP27 
(constitutive 
fungal) 

PWT3 
(wheat 
blast) 

pRp27:AvrSr50 
(This thesis) 

pTrpc:PWT3SP:AvrSr50 Trpc 
(constitutive 
fungal) 

PWT3 
(wheat 
blast) 

pTrpc:AvrSr50 
(This thesis) 

pPWT3:PWT3SP:AvrPm3a2/f2 PWT3 
(wheat blast) 

PWT3 
(wheat 
blast) 

pCB1532B-RFP 
(Pennington et 
al., 2017) 

pPWT3:PWT3SP:AvrSr50:mcherryNLS PWT3 
(wheat blast) 

PWT3 
(wheat 
blast) 

pCB1532S-RFP 
(Pennington et 
al., 2017) 
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Appendix 6 -  List of Magnaporthe strains and transformants made in chapter 5 
Expression Construct Name Transformant 

Name 
Description [background strain; plasmid 
used; other] 

pPWL2:AvrSr50 PWL-1 Wheat blast expressing AvrSr50 under the rice 
blast effector PWL2 promoter. [PY06047, 
Ppwl2:AvrSr50] 

PWL-2 
PWL-5 
PWL-8 
PWL-13 

pPWT3:AvrSr50 P-17 Wheat blast expressing AvrSr50 under the 
wheat blast effector PWT3 promoter. 
[PY06047, Ppwt3:AvrSr50] 

P-29 
P-30 
P-32 

pRP27:AvrSr50 R-1 Wheat blast expressing AvrSr50 under the 
constitutive fungal promoter RP27 [PY06047, 
Prp27:AvrSr50] 

R-3 

pTrpc:AvrSr50 T-2 Wheat blast expressing AvrSr50 under the 
constitutive fungal promoter Trpc. [PY06047, 
Ptrpc:AvrSr50] 

T-7 

pPWT3:PWT3SP:AvrSr50 PS-2 Wheat blast expressing AvrSr50 (without its 
native signal peptide) under the wheat blast 
PWT3 promoter and signal peptide. 
[PY06047, Ppwt3:PWT3SP:AvrSr50] 

PS-7 
PS-10 
PS-22 
PS-35 
PS-41 
PS-42 
PS-43 
PS-44 

pRP27:PWT3SP:AvrSr50 RS-2 Wheat blast expressing AvrSr50 (without its 
native signal peptide) under the constitutive 
fungal promoter Rp27, and wheat blast PWT3 
signal peptide. [PY06047, 
Prp27:PWT3SP:AvrSr50] 

RS-6 

pTrpc:PWT3SP:AvrSr50 TS-7 Wheat blast expressing AvrSr50 (without its 
native signal peptide) under the constitutive 
fungal promoter Trpc, and wheat blast PWT3 
signal peptide. [PY06047, 
Ptrpc:PWT3SP:AvrSr50] 

TS-11 

pPWT3:PWT3SP:AvrPm3a2/f2 Pm3-2 Wheat blast expressing AvrPm3 a2/f2 (without 
its native signal peptide) under the PWT3 
promoter and PWT3 signal peptide. 
[PY06047, pPWT3:PWT3SP:AvrPm3a2/f2] 

Pm3-6 
Pm3-11 
Pm3-12 

pPWT3:PWT3SP:AvrSr50 CPib-2 Wheat blast expressing AvrSr50 (without its 
native signal peptide) under the wheat blast 
PWT3 promoter and signal peptide. 
[PY06047, 

CPib-5 
CPib-11 
CPib-15 
CPib-17 
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CPib-20 5’Pib:pPWT3:PWT3SP:AvrSr50:3’Pib, 
targeted to the AvrPib genomic locus] CPib-23 

CPib-25 
CPib-30 
CPib-33 

pPWT3:PWT3SP:AvrSr50 CRmg8-7 Wheat blast expressing AvrSr50 (without its 
native signal peptide) under the wheat blast 
PWT3 promoter and signal peptide. [BTJP4-
1, 
5’Rmg8:pPWT3:PWT3SP:AvrSr50:3’Rmg8, 
targeted to the AvrRmg8 genomic locus] 

CRmg8-8 
CRmg8-10 
CRmg8-11 

pPWT3:PWT3SP:AvrSr50 C04257-1 Wheat blast expressing AvrSr50 (without its 
native signal peptide) under the wheat blast 
PWT3 promoter and signal peptide. 
[PY06047, 
5’04257:pPWT3:PWT3SP:AvrSr50:3’04257, 
targeted to the MGG_04257 genomic locus] 

C04257-2 
C04257-4 
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Appendix 7 - Primers used for genotyping and cloning in chapter 5 
 

Primer Name Sequence 
AvrRmg8F ATGCACCGCATCGGCTTTTTCTTCC 
AvrRmg8R CTACTGCCTTCTAGTACCGGGAAGT 
AvrRmg8_BamH1F AAGGATCCATGCACCGCATCGGCTTTTTCTTCC 
AvrRmg8_EcoRV_R AAGATATCCTACTGCCTTCTAGTACCGGGAAGT 
sr50-BamHIF AAGGATCCATGATGCATTCAATTATCT 
sr50-EcoRV-R AAGATATCCTACCTGTGTTGGCGCCTT 
pRP27-Not1F AAGCGGCCGCATAAATGTAGGTATTACCTGTAC 
pRP27-Xba1R AATCTAGATTTGAAGATTGGGTTCCTAC 
pPWT3-Not1F AAGCGGCCGCGCTTTGCCGACTTTGGTAATAG 
pPWT3-Xba1R AATCTAGAAATGTTATATGTGCAAATATATATG 
pTrpc-Not1F AAGCGGCCGCAACTGATATTGAAGGAGCAT 
pTrpc-Xba1R AATCTAGATTGGATGCTTGGGTAGAATA 
PWT3SP-BAMHI-F AAGGATCCATGAACCTCAGACTTATTACTTTTTTA 
PWT3SP-OverlapAvr-R GACAAGGCTCCTAGCAGCCACCGCGCCG 
AvrSr50-OverlapPWT3SP-F GCCGGCGCGGTGGCTGCTAGGAGCCTTGTCAAAAT 
AvrSr50-HindIII-R AAAAGCTTCTACCTGTGTTGGCGCCTTG 
pPWT3_GGF AAGAAGACAACTCAGGAGGCTTTGCCGACTTTGGTA 
pPWT3_GGR AAGAAGACAACTCGCATTAATGTTATATGTGCAAATATA

TATGAG 
PWT3SP_GGF AAGAAGACAACTCAAATGAACCTCAGACTTATTACTTTT

TTAATG 
PWT3SP_GGR AAGAAGACAACTCGTGCCACCGCGCCGGCCA 
AvrPm3a_GGF AAGAAGACAACTCAGGCAGGCCCTGTCGCTAACGCT 
AvrPm3a_GGR AAGAAGACAACTCGAAGCCTAGTGCAGAATTATGTTTAA

TTGAGG 
3SCD1T_GGF AAGAAGACAACTCAGCTTAGCGGCGTGCTCTGCACA 
3SCD1T_GGR AAGAAGACAACTCGAGCGCCGGGAGGCTGAATCGGA 
AvrSr50_GGF AAGAAGACAACTCAGGCAGCTAGGAGCCTTGTCAAA 
AvrSr50_GGR AAGAAGACAACTCGCGAACCCCTGTGTTGGCGCCTTGC 
AvrSR50_Q5_F ATTCACAAGTgTTCAATCATTTTG 
AvrSr50_Q5_R CAGCTTCAAACTCAGTGAG 
5’Pib_GGF AAGAAGACAACTCAGGAGCGTCTTTGTTTGACAATTTC 
5’Pib_GGR AAGAAGACAACTCGGTCATTGGAACTTCTACCCAAGCA 
3’Pib_GGF AAGAAGACAACTCATCCCAGGGGGAATCCAGAGAATTT 
3’Pib_GGR AAGAAGACAACTCGAGCGGGGAGGACCTTGGAATTCAC 
5’04257_GGF AAGAAGACAACTCAGGAGCGCCATCGCCACCGAGAACT 
5’04257_GGR AAGAAGACAACTCGGTCAGGATCTCCTTGGGGATAAGC 
3’04257_GGF AAGAAGACAACTCATCCCAGAGGGCCGGCCCGAACG 
3’04257_GGR AAGAAGACAACTCGAGCGGGCCTGGGGCACAGACAG 
5’AvrRmg8_GGF AAGAAGACAACTCAGGAGACTTTCTTTTGTACTTTGCTT

C 
5’AvrRmg8_GGR AAGAAGACAACTCGGTCAGGTGGTACGGGACAGGCT 
3’AvrRmg8_GGF AAGAAGACAACTCATCCCAAACGGCGGCGGCAGCCT 
3’AvrRmg8_GGR AAGAAGACAACTCGAGCGGCACTACCATTTGCACCATTT

ATCGCC 
pPWT3_TGAC_GGF AAGAAGACAACTCATGACGCTTTGCCGACTTTGGTA 
SCD1T_TACT_GGR AAGAAGACAACTCGAGTACCGGGAGGCTGAATCGGA 
Mcherry_GGF AAGAAGACAACTCATTCGATGGTGAGCAAGGGCGAG 
NLStop_GGR AAGAAGACAACTCGAAGCCTTAAGCTCCATAATCTACC 
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Appendix 8 - RT-PCR primers used in Chapter 5 

 
 
Appendix 9 -RT-qPCR primers used in Chapter 5 

 
 
Appendix 10 - Donor DNA constructs used for Crispr/Cas9 mediated targeted insertion of 
AvrSr50 

 
 
Appendix 11 - sgRNA sequences used for Crispr/Cas9 mediated targeted insertion of 
AvrSr50 

 
 
 

 
 
 
 

Primer Name Sequence (5’ – 3’) Description 
MGactinF TCGACGTCCGAAAGGA

TCTGT 
Forward primer for M. 
oryzae Actin 

MGactinR ACTCCTGCTTCGAGAT
CCACATC 

Reverse primer for M. 
oryzae Actin 

PWT3SP_LONGF ATGAACCTCAGACTTA
TTACTTTTTTAATGACC
TCCGTGG 

Forward primer for 
PWT3SP:AvrSr50 

AvrSr50_RTPCR_RLONG CTACCTGTGTTGGCGC
CTTGCAAAATGA 

Reverse primer for 
PWT3SP:AvrSr50 

Primer Name Sequence (5’ – 3’) Description 
Mgactin_qpcrF ACAATGGTTCGGGTAT

GTGC 
Forward primer for M. 
oryzae Actin 

Mgactin_qpcrR CGACAATGGACGGGAA
GAC 

Reverse primer for M. 
oryzae Actin 

AvrSr50_741F ATGATGGACGTTCACC
CTACATAG 

Forward primer for 
AvrSr50 

AvrSr50_851R CCTCATGTGGATTCCA
AACAATCG 

Reverse primer for 
AvrSr50 

Construct Name Vector backbone 
5’Pib:pPWT3:PWT3SP:AvrSr50:3’Pib Pcb1532B-RFP (Pennington et al., 2017) 
5’04257:pPWT3:PWT3SP:AvrSr50:3’04257 pICH47732 (Weber et al. 2011) 
5’Rmg8:pPWT3:PWT3SP:AvrSr50:3’Rmg8 pICH47732 (Weber et al. 2011) 

sgRNA gene target  sgRNA sequence 
MGG_04257 TATCCCCAAGGAGATCCAGA 
AvrRmg8 TGTCCCGTACCACCAAACGG 
AvrPib GCTTGGGTAGAAGTTCCAAA 


