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ABSTRACT 

 

Flax rust effector proteins AvrP and AvrP123 are recognised by the flax resistance 

proteins, P and P1, P2, P3, respectively. Variants of these effectors with different host-

recognition specificities are found in the flax rust strains 271, 339, bs25 and WA. In this 

study, investigation was conducted on regions in AvrP and AvrP123 that are recognised 

by their cognate resistance proteins. Agrobacterium-mediated expression of AvrP and 

AvrP123 variants in tobacco (Nicotiana tabacum) and flax (Linum usitatissimum) was 

used to observe necrosis induction as an indicator of recognition. 

 

For AvrP, deletions were generated based on the structure of the protein, whereas 

domain swaps and mutations were generated based on amino acid polymorphisms 

present in the AvrP variant from strain 271, which is not recognised by P, P1, P2 or P3. 

Amino acid polymorphisms involved in AvrP recognition were found to be located near 

the C-terminus of the protein. From the structure of AvrP, it was known that AvrP and 

AvrP123 each bind three zinc atoms. Mutational disruption of zinc binding in AvrP 

resulted in a loss of protein stability and a loss of recognition by P. 

 

For AvrP123, deletions and domain swaps were generated based on amino acid 

polymorphisms present in AvrP123 variants from strains 339, bs25 and WA. Recognition 

or AvrP123 by P1 was found to be determined by the mature N-terminal region of the 

protein just after the signal peptide, whereas P2 and P3 were found to recognise the C-

terminal region of AvrP123. 

 

In an attempt to find interactor proteins targeted by AvrP in host cells, a yeast-two 

hybrid assay was conducted using cDNA library derived from rust-infected flax leaves. 

Four candidates were identified, one candidate from the pathogen, designated SIAP 

(Secreted Interactor of AvrP) and three candidates from the host, phosphoglucomutase, 

peptidyl-prolyl cis-trans isomerase FKBP12, and DEAD-box ATP-dependent RNA helicase 

56. Each of these candidates is a plausible target for AvrP effector function in the plant 

cells, but further analysis is required to confirm these interactions and to determine the 

effect of AvrP on interactor function. 
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ABBREVIATIONS 

 

aa  amino acid 
AD   activating domain 
ARF-GAP ADP ribosylation factor-GTPase activating protein 
ATP  adenosine triphosphate 
Avr  avirulence 
BD  binding domain 
BEC  Blumeria effector candidate 
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CTP  chloroplast-targeted protein 
DAMP  damage-associated molecular pattern 
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dpi  days post infiltration/infection 
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ECP  extracellular protein 
EGF  epidermal growth factor 
EFR  elongation factor -Tu RECEPTOR 
ETI   effector-triggered immunity 
FLS2  FLAGELLIN SENSING2 
x g     gravitational force  
GPI  glycosylphosphatidylinositol 
h  hour (s) 
3X HA  triple hemagglutinin 
HR  hypersensitive response 
JAZ  JASMONATE-ZIM DOMAIN 
kb  kilo base pair  
kDa  kilo Dalton 
LB   lysogeny broth 
LIC  ligation independent cloning 
LRR   leucine-rich repeat 
LysM  lysine motif 
MAMP  microbial-associated molecular pattern 
MAPK  mitogen-activated protein kinase 
MED19a mediator subunit 19a 

https://en.wikipedia.org/wiki/Bimolecular_fluorescence_complementation
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MS  Murashige-Skoog 
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nt  nucleotide 
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PAMP  pathogen-associated molecular pattern 
PCD  plant cell death 
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R  resistance 
REase  restriction endonuclease 
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RK  receptor kinase 
RLCK  receptor-like cytoplasmic kinase 
RLP  receptor-like protein 
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ROS  reactive oxygen species 
RTP1p  rust transferred protein 1 
s  second (s) 
SD  synthetic dropout 
SDM  site-directed mutagenesis 
See1  seedling efficient effector 1 
Sr  stem rust resistance 
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TIR  toll-interleukin-1 receptor 
TTSS  type III secretion system 
Ubl  ubiquitin-like 
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Chapter 1 

General Introduction 

 

1.1 Multilayered plant immunity 

Plants have a multilayered immune system (Figure 1.1). When pathogenic bacteria, 

fungi, or oomycetes attack plant cells, pathogen-derived molecules called PAMPs 

(pathogen-associated molecular patterns) or MAMPs (microbial-associated molecular 

patterns) are released as well as host-derived molecules called DAMPs (damage-

associated molecular patterns). Examples of PAMP/MAMP molecules include bacterial 

flagellin, peptidoglycan, lipopolysaccharides, oomycete heptaglucans, and chitin, a 

building block of the fungal cell wall. Examples of DAMPs include systemin, 

oligogalacturonides, plant elicitor peptides, extracellular ATP and extracellular DNA. If 

these PAMP/MAMP molecules are recognised by plant pattern recognition receptors 

(PPRs) that reside in the plasma membrane, they will trigger the first layer of plant 

immunity called PAMP-triggered immunity (PTI). However, pathogens have overcome 

this defence by releasing small, secreted proteins called effectors. These effectors 

suppress the PTI by blocking PAMP/MAMP/DAMP perception and manipulate host cells 

to accommodate the pathogen. Plants, on the other hand, have developed a mechanism 

to counter effectors via resistance proteins. Effectors that are recognised by plant 

resistance (R) proteins are then called avirulence (Avr) proteins. The recognition of Avr 

proteins by their corresponding R proteins triggers the second layer of plant immunity, 

called effector-triggered immunity (ETI). When R-Avr recognition occurs, several plant 

defence responses are induced, often including rapid host cell death at the site of 

infection, known as a hypersensitive response (Jones and Dangl 2006; Dodds and 

Rathjen 2010). 
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Figure 1.1 Schematic of plant multilayered immunity. Pathogens (bacteria, oomycetes, 

fungi, aphids and nematodes) release PAMPs/MAMPs (shapes colour-coded to their 

pathogens of origin) which are then recognised by plants via extracellular PRRs, which 

initiate PTI (step 1). Effectors are released into the plant cell apoplast and into the 

cytosol (step 2) to facilitate virulence by blocking PRR signalling and suppressing PTI 

(step 3). Intracellular NLR (nucleotide-binding leucine-rich repeat) receptors can 

recognise the effectors by direct interaction (step 4a), by sensing binding or modification 

of a decoy (Decoy Model; step 4b), or by sensing effector-mediated alteration of a host 

virulence target (Guard Model; step 4c). Activation of an NLR leads to ETI (step 5). Figure 

taken from Dangl et al. (2013). 

 

1.1.1 Plant Resistance Proteins 

Based on their protein sequences and subcellular localisation, plant resistance proteins 

are divided into two main categories. First, proteins from large families of receptor 

kinases (RKs) and receptor-like proteins (RLPs) that sense molecular patterns and 

effectors at the plant cell surface (Tang et al. 2017). Second, NLR proteins, which contain 

a nucleotide-binding (NB) domain at the center, a C-terminal leucine-rich repeat (LRR) 

https://en.wikipedia.org/wiki/Leucine-rich_repeat
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domain and an N-terminal interaction domain (Sukarta et al. 2016). As the first layer of 

plant defence, RKs and RLPs act as PRRs that recognise microbe- and host-derived 

elicitors (MAMP/PAMP/DAMP molecules) and trigger PTI. As the second layer of plant 

defence, RKs and RLPs also act as resistance proteins able to recognises apoplastic 

effectors and trigger ETI, whereas NLRs act as resistance proteins able to recognise 

cytoplasmic effectors and trigger ETI. 

 

1.1.1.1 Plant RKs and RLPs 

Analogous to receptor tyrosine kinase in animals, a plant RK consists of an ectodomain, 

a single transmembrane helix domain, and a cytoplasmic kinase domain (Hohmann et 

al. 2017). An RLP, essentially a RK without a cytoplasmic kinase domain, has a single 

transmembrane helix domain and may have an unstructured cytoplasmic loop. Other 

extracellular receptors can lack any transmembrane element, instead having a 

glycosylphosphatidylinositol (GPI) anchor attached to the outer face of the plasma 

membrane. Receptor-like cytoplasmic kinases (RLCKs), consist of a cytoplasmic kinase 

or pseudokinase domain but lack the extracellular domain and the transmembrane helix 

(Lin et al. 2015). PRRs are able to transmit extracellular signals across membranes and 

RLCKs regulate the activity of the resulting cytoplasmic signalling cascades. Based on 

differences in their ectodomains, PRRs can be classified into leucine-rich repeat (LRR) 

domain, lysin motif (LysM) domain, lectin domain, or epidermal growth factor (EGF)-like 

domain (Bohm et al. 2014; Couto and Zipfel 2016). PRRs with LRR domains preferentially 

bind proteins or peptides, such as the Arabidopsis LRR-RKs FLS2 (FLAGELLIN SENSING 2), 

which recognises flg22, an epitope of the bacterial flagellin (Gomez-Gomez and Boller 

2000) or EFR (elongation factor -Tu RECEPTOR), which recognises the elf18 epitope of 

bacterial elongation factor-Tu (Zipfel et al. 2006). The LysM-containing PRRs, however, 

preferentially bind carbohydrate-based ligands, such as fungal chitin or bacterial 

peptidoglycan whereas the lectin-type PRRs and EGF-like ectodomains prefer to bind 

extracellular ATP or bacterial lipopolysaccharides, and plant cell-wall derived 

oligogalacturonides, respectively (Bohm et al. 2014; Ranf et al. 2015).  

 

1.1.1.2 Plant NLRs 

Plants recognise many pathogen effectors intracellularly via NLR proteins. The three 

distinct domains of plant NLR proteins are suggested to have different tasks. The NB 
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domain at the center functions as a hinge in a NLR switch, closed when bound to ADP 

and open when bound to ATP. The C-terminal LRR domain, on the other hand, 

determines the specificity of effector recognition. For example, the sequence of L6 and 

L10 proteins are identical except for the LRR region and have different specificity (Ellis 

et al. 1999). Domain swaps carrying the LRR region of L2 and the TIR and most of the 

NBS region of L6 or L10 had L2 not L6 or L10 specificity, indicating that the LRR region 

determines L2 specificity (Ellis et al. 1999). Similarly, six amino acid differences in the 

LRR region of the P and P2 resistance proteins are responsible for their different 

specificity (Dodds et al. 2001b). Direct interaction between effector and R protein has 

been shown by yeast two-hybrid analysis for AvrM:M and AvrL567:L6 pairs (Catanzariti 

et al. 2010; Dodds et al. 2006), but not for AvrP:P and AvrP123:P2 pairs (Zhang et al. 

2018). Indirect interaction can be observed in the Cladosporium fulvum–tomato 

pathosystem between Avr2 and Cf-2, mediated by Rcr3 (Rooney et al. 2005) and in the 

Arabidopsis-Pseudomonas syringae pathosystem between RPS5 and AvrPphB, mediated 

by PBS1 (Shao et al. 2003). 

 

Based on differences in the N-terminal domain, NLRs can be classified into TIR (Toll-

Interleukin-1 receptor) domain proteins and CC (coiled-coil) domain proteins. In general, 

CC-NB-LRR genes can be found in the genomes of both monocots and dicots (Jacob et 

al. 2013), e.g. Sr33, Sr35 and Sr50 wheat rust R proteins, which confer resistance to stem 

rust caused by Puccinia graminis f. sp. tritici (Casey et al. 2016; Mago et al. 2015; 

Saintenac et al. 2013), whereas TIR-NB-LRRs are absent in monocots (Jacob et al. 2013). 

The TIR domain has been extensively studied in Arabidopsis, e.g. RPS4 and RRS1 R 

proteins (Gassmann et al. 1999; Deslandes et al. 2002) and several flax rust-resistance 

proteins (Bernoux et al. 2016; Dodds et al. 2001b). In flax, the TIR domain of L6 

resistance protein is able to self-associate and this is necessary and sufficient to activate 

cell death even in the absence of AvrL567 (Bernoux et al. 2011).  

 

Despite the lack of a full-length structure for a NLR protein, several studies have 

provided insights into NLR protein function (Cesari et al. 2014; Casey et al. 2016; Bernoux 

et al. 2016). The protein is considered to act as a molecular switch that shifts between 

two conformations: an OFF-state when closed and an ON-state when open. In the 

resting state (negative regulation), the protein is in the ADP-bound OFF-state. 
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Interaction with pathogen effectors, either directly or indirectly, will disturb the 

negative regulation of the NB domain, allowing the protein to change conformation into 

an open ATP-bound ON-state. The open, active conformation allows the exposed N-

terminal domain (either TIR or CC) to dimerize and interact with signaling partners, thus 

activate disease resistance responses (Maekawa et al. 2011; Bernoux et al. 2011; 

Williams et al. 2014). How the conformational switch is triggered is still unresolved.  

 

1.2 Plant pathogen effectors 

In attempts to suppress the first layer of plant defence (PTI) and aid infection, pathogens 

secrete small proteins called effectors (Dodds and Rathjen 2010; Dangl et al. 2013). 

These effectors are translocated into plant cells where they can alter host cell structures 

and functions. Pathogenic bacteria release these effectors inside plant cells via a syringe-

like type III secretion system (TTSS in Figure 1.1), whereas others such as oomycetes and 

rust fungi use a specialised structure called an haustorium (Figure 1.1), which penetrates 

the plant cell wall and modifies the plant plasma membrane into an extrahaustorial 

membrane. Effectors are then released from haustoria and transported into the plant 

cytoplasm through the extrahaustorial matrix. Other specialised infection structures are 

found within the effector-exporting biotrophic fungi, such as infection hypha and 

arbuscules (Rafiqi et al. 2012). Other pathogens such as nematodes and aphids use a 

feeding device called a stylet (Figure 1.1) to release effector-containing saliva inside 

plant cells to manipulate the host and promote infection (Jaouannet et al. 2014).  

 

1.2.1 Bacterial effectors 

Pathogenic bacteria have developed strategies to suppress plant defense responses and 

promote disease through the delivery of effectors into host cells via TTSS. These 

effectors target various subcellular compartments inside host cells where they may 

manipulate a variety of host cellular functions (Figure 1.2).  
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Figure 1.2 Bacterial type III effector proteins target a variety of plant proteins. Effector 

molecules are marked with red star whereas plant target proteins are underlined. 

Effectors may target multiple kinases, RIN4, chloroplast components, vesicle trafficking, 

MAPK signaling, or nuclear components. Image was taken from Deslandes and Rivas 

(2012). 

 

Pseudomonas syringae is one of the best-studied plant-pathogenic bacteria. Some of the 

well-characterised P. syringae effectors are AvrPto and AvrPtoB targeting multiple 

kinases and RIN4 ; AvrB, AvrRpm1, AvrRpt2, and HopF2 targeting RIN4; HopZ1a targeting 

GmHID1 and tubulin; AvrPphB targeting PBS1 and related kinases; effectors targeting 

chloroplast components such as HopI1 which targets Hsp70 and HopN1 which targets 

PsbQ; effectors targeting vesicle trafficking such as HopM1 which targets AtMIN7; 

effectors targeting MAPK signaling such as HopF2 which targets MKK5, HopAI1 which 

targets MPK3, MPK4, and MPK6, and AvrB which targets RAR1 and MPK4 in addition to 

RIN4; effectors targeting nuclear components such as HopU1 which targets GRP7 and 

GRP8 and HopA1 and AvrRps4 which target EDS1 (Figure 1.2) (Deslandes and Rivas 

2012). Effectors found in Xanthomonas campestris include TAL effectors such as AvrBs3 

which target plant promoters; AvrAC which targets plant kinases and XopD which targets 
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the transcription factor AtMYB30; and in R. solanacearum PopP2 targets RD19 (Figure 

1.2). These effectors have been useful in understanding NB-LRR protein-mediated 

resistance. 

 

AvrPto and AvrPtoB are examples of co-evolution between plants and microbes where 

bacteria adapt to avoid host detection and plants develop a new recognitional ability to 

detect the pathogen (Deslandes and Rivas 2012). AvrPtoB is known to be larger than 

AvrPto and lacks the myristylation motif that is found in AvrPto (Pedley and Martin 

2003). The two-unrelated effectors interact physically with Pto, an intracellular serine-

threonine protein kinase (Tang et al. 1996; Kim et al. 2002; Pedley and Martin 2003) and 

together with the NB-LRR protein Prf activate ETI in tomato (Pedley and Martin 2003; 

Salmeron et al. 1996). In the absence of AvrPto, Pto is reported to interact with Prf 

constitutively (Mucyn et al. 2006) and negatively regulates Prf-mediated defences (Xing 

et al. 2007). Interaction of AvrPto with Pto is thought to disrupt the inhibitory effects of 

Pto on Prf signaling, thus allowing Pto to activate Prf (Xing et al. 2007; Dong et al. 2009). 

In contrast to Pto, Fen kinase, an additional member of the Pto family, does not interact 

with AvrPto and does not trigger resistance in tomato plants (Tang et al. 1996; Kim et al. 

2002).  

 

Initially, AvrPto was reported to bind the Arabidopsis receptor-like kinase BAK1, a 

signaling partner of FLS2 and the brassinosteroid receptor BRI1 (Shan et al. 2008). 

However, it was then confirmed by Xiang et al. (2011) that it was FLS2 that interacts with 

AvrPto and not BAK1. In addition, in Arabidopsis and susceptible tomato plants lacking 

Pto or Prf, AvrPto inhibits PTI by interacting with the FLS2 and EFR protein kinases and 

inhibiting their kinase activity, thereby suppressing early MAMP signalling (Xiang et al. 

2008). Recently, Wu et al. (2018) reported that AvrPto interacts with Arabidopsis SOBIR1 

and its orthologues in tomato and Nicotiana benthamiana.  

 

AvrPtoB is a modular protein with an N-terminal domain (residues 1-307 that interact 

with Pto and elicits Pto-mediated plant cell death (PCD) in tomato and residues 307-387 

that involved in Fen binding) and the C-terminal domain (residue 388-553) that is able 

to suppress PCD and carries an E3 Ub ligase activity (Abramovitch and Martin 2005; 

Abramovitch et al. 2006; Xiao et al. 2007). AvrPtoB is able to manipulate the host 
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ubiquitinylation system to suppress plant defence via the proteasomal degradation of 

FLS2, LysM receptor kinase CERK1, and BAK1 (Gohre et al. 2008; Gimenez-Ibanez et al. 

2009; Shan et al. 2008). AvrPtoB is also able to ubiquitinylate Fen, leading to its 

degradation in a proteasome-dependent manner (Rosebrock et al. 2007). The Pto 

protein, on the other hand, has higher kinase activity than Fen which allows it to evade 

ubiquitination and degradation by AvrPtoB E3 ligase activity through phosphorylation of 

threonine-450 in AvrPtoB (Mathieu et al. 2014). 

 

In Arabidopsis, the AvrB and AvrRpm1 effectors bind to the RPM1-interacting protein 

RIN4, which is a membrane-anchored protein required for normal development of 

Arabidopsis. AvrB and AvrRpm1 induce phosphorylation of RIN4, which is suggested to 

enhance its activity as a repressor of basal defences and expression of pathogenesis 

response genes. In a direct interaction with RPM1, RIN4 is required for activation of a 

RPM1-dependent hypersensitive response and RPM1-dependent inhibition of bacterial 

growth. RPM1 is modelled as a "guard" against pathogens effectors that manipulate 

RIN4 (Mackey et al. 2002). 

 

Interestingly, the effector AvrRpt2, a cysteine protease, is also associated with RIN4 

(Mackey et al. 2003). AvrRpt2 is auto-processed and activated by cyclophilin after it 

enters the host cell (Coaker et al. 2005). RPS2 interacts physically with RIN4 (Axtell and 

Staskawicz 2003) and together with RPM1 forms a complex at the plasma membrane. 

Instead of binding to RIN4, AvrRpt2 cleaves it at two conserved PxFGxW motifs and 

releases a large part of RIN4 from the plasma membrane into the cytosol (Takemoto and 

Jones 2005). The release of RIN4 from the membrane prevents activation of RPM1 by 

AvrRpm1 or AvrB (Kim et al. 2005). However, the cleavage of RIN4 releases RPS2 from 

the complex and triggers resistance. The interaction of RPS2 and RIN4 has allowed the 

plant to detect AvrRpt2 protease activity. Even though the AvrRpt2 case fits the guard 

model (Figure 1.1), RIN4 could also be a “decoy” since it has not been demonstrated 

whether RIN4 modification or elimination benefits the pathogen or not (van der Hoorn 

and Kamoun 2008). 

 

Some effectors such as HopU1, an ADP-ribosyltransferase, target the plant’s response 

to PAMP recognition (Fu et al. 2007). P. syringae HopU1 is required for full virulence on 
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Arabidopsis thaliana and to inhibit PTI. It targets plant glycine-rich RNA-binding protein 

7 (GRP7), an RNA binding protein involved in inducing early reactive oxygen species 

(ROS) production and late immune responses (callose deposition). Nicaise et al. (2013) 

discovered that besides interacting with translational components, GRP7 also binds FLS2 

and EFR mRNA in vivo thereby promoting translation of two PRRs involved in early and 

late immune response. HopU1 works by preventing the binding of GRP7 to the mRNAs 

of FLS2 and EFR by mono-ADP-ribosylation of the GRP7 RNA-binding domain resulting in 

reduced FLS2 protein levels in planta and, as a consequence, decreased PAMP-triggered 

signalling. 

 

1.2.2 Oomycete effectors 

Based on 18S rRNA analysis and other characteristics, oomycetes are different from 

fungi which are quite distant phylogenetically (Tyler 2001). However, the destruction 

they cause to crops worldwide is similar to that caused by pathogenic fungi. Most of the 

species in the oomycete genus Phytophthora as well as many species in the closely 

related genus Pythium are destructive plant pathogens. The causal agent of the late-

blight disease in potato, Phytophthora infestans, became infamous for destruction of 

the Irish potato crop which resulted in the Irish potato famine of 1845 and 1846. P. 

infestans and P. sojae, the causal agent of soybean root rot, have been well-studied and 

used as models for investigation of avirulence genes and their roles in plant-oomycete 

interaction (Tyler 2007). 

 

Oomycetes secrete effectors that act both extracellularly and intracellularly on the plant 

cell. Extracellular effectors, also known as apoplastic effectors, are secreted into the 

host extracellular space (apoplast) where they modify the structure and function of the 

host (Figure 1.3) (Win et al. 2012). This type of effector is subdivided into two categories: 

effectors mediating protection against plant defences and effectors mediating invasion 

(Wawra et al. 2012). The first category includes protease-inhibitors and glucanase-

inhibitors. In P. infestans, for example, two Kazal-like effectors, EPI1 and EPI10, have 

been found to specifically bind and inhibit the tomato pathogenesis-related (PR) 

subtilisin-like serine protease P69B, whereas EPIC1–EPIC4 are similar to cystatin-like 

protease inhibitors (Tian et al. 2007). Functional analysis of P. infestans EPIC2B revealed 

that it interacts with and inhibits a novel papain-like extracellular cysteine protease 
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termed Phytophthora inhibited protease 1 (PIP1), which is a PR protein closely related 

to Rcr3, a cysteine protease found in the tomato apoplast that functions in fungal 

resistance. Glucanase inhibitors released by P. infestans and P. sojae inhibit the 

degradation of pathogen cell wall components in vivo to prevent the release of 

oligosaccharide elicitors of host defence mechanisms (Rose et al. 2002). In the second 

category, pathogens release hydrolytic protein effectors such as glycosyl hydrolases 

found in P. sojae and P. ramorum, which are involved in plant cell wall degradation 

(Costanzo et al. 2006), or toxins such as those found in the PcF (Phytophthora cactorum-

Fragaria) family, which induce necrosis (Orsomando et al. 2011). 

 

 

Effector- 

Effector- 

Exracellular- 
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Figure 1.3 Phytopathogens such as bacteria, fungi and oomycetes secrete effectors 

extracellularly (apoplastic effectors, AE) and intracellularly (cytoplasmic effectors, CE), 

that bind or interact with extracellular and cytoplasmic targets (AET and CET). In 

susceptible plants (A), these interactions can alter plant cell processes and suppress 

immune responses, leading to effector-triggered susceptibility (ETS) and host 

colonisation. In resistant plants (B), these interactions are perceived by plant receptors, 

leading to ETI. Diagram modified from (Win et al. 2012). 

 

Intracellular effectors are translocated into the cytoplasm of host cells and function 

inside host cells. In oomycetes, many of these effectors are known to contain a 

conserved N-terminal RXLR (arginine, any amino acid, leucine, arginine) motif followed 

by an EER (glutamic acid, glutamic acid, arginine) sequence which is believed to be 

important for effector delivery into host cells (Whisson et al. 2007; Dou et al. 2008). 

Recent findings by Wawra et al. (2017) have shown cleavage of the RxLR motif of native 

AVR3a before secretion by the pathogen, implying that the RxLR motif plays a role in 

secretion of the effector rather than host cell entry. The CRN (crinkling and necrosis) 

effectors also contain a conserved N-terminal secretion signal, more specifically a 

LXLFLAK (leucine, any amino acid, leucine, phenylalanine, leucine, alanine, lysine) motif 

that mediates translocation into plant cells (Schornack et al. 2010). Interestingly, the 

RXLR motif is restricted to Phytophthora species, such as P. infestans and downy mildew 

species such as the Arabidopsis downy mildew pathogen Hyaloperonospora 

arabidopsidis and few or none are found in other oomycete lineages (Adhikari et al. 

2013). In contrast, CRN effectors can be found in all oomycete genomes. 

 

At least 20 Avr genes have been cloned from oomycete species (H. arabidopsidis, P. 

infestans and P. sojae) (Anderson et al. 2015). Most of these Avr genes contain an RXLR 

motif and target various biological processes and cell compartments to suppress plant 

immunity. For example, the Avrblb2 effector from P. infestans targets the host papain-

like cysteine protease C14 and inhibits its secretion into the apoplast at the haustorial 

interface (Bozkurt et al. 2011). Avr3b, a nudix hydrolase from P. sojae, with ADP-

ribose/NADH pyrophosphorylase activity reduces the accumulation of ROS (Dong et al. 

2011). The HaRxL44 effector from H. arabidopsidis interacts with Mediator subunit 19a 
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(MED19a), which mediates the interaction between transcriptional regulators and RNA 

polymerase II in the nucleus (Caillaud et al. 2013). This interaction leads to the 

degradation of MED19a and elevated jasmonic acid/ethylene signalling antagonistic to 

salicylic acid–mediated defence responses in Arabidopsis. The IPI-O effector targets the 

host legume-like lectin receptor kinase LecRK-I.9 and interferes with the cell wall-plasma 

membrane adhesions (Bouwmeester et al. 2011). The Phytophthora suppressor of RNA 

silencing 1 (PSR1) effector affects host RNA silencing by binding to the PSR1-interacting 

protein 1, a DEAH (aspartate-glutamate-alanine-histidine)-box RNA helicase protein, 

which likely affects the assembly of dicing complexes (Qiao et al. 2015). 

 

In contrast to the targeting of diverse cell compartments and biological processes by 

RXLR effectors, the CRN effectors target nuclear compartments and induce host cell 

death when expressed in planta (Stam et al. 2013). Nuclear localisation is needed for 

CRN cell death activity as was shown in P. infestans CRN8 protein (van Damme et al. 

2012), P. sojae PsCRN63 (Liu et al. 2011) and P. capsici PcCRN4 (Mafurah et al. 2015). In 

contrast, the PsCRN115 effector suppresses cell death and does so even when the 

nuclear localisation signal is mutated (Liu et al. 2011), suggesting a role for this CRN as a 

regulator of cell death instead of an inducer (Amaro et al. 2017).  

 

Whilst the N-terminus of CRN effector proteins is responsible for secretion and 

translocation into the host cells, the C-terminus plays a role in virulence function (Zhang 

et al. 2016). The C-terminal (CR-toxin) domain is diverse with nucleoside-triphosphatase, 

restriction endonuclease, H-N-H endonuclease, protein kinase and multiple distinct 

peptidase domains acting as toxicity determinants. Some CRNs have been shown to 

interact with host DNA. For example, the P. sojae CRN108 contains a putative DNA-

binding motif that targets conserved heat shock promoter elements to inhibit binding 

of the plant heat shock transcription factor AtHsfA1a, resulting in suppression of plant 

heat shock protein gene expression and inhibition of the plant defence response (Song 

et al. 2015). 
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1.2.3 Effectors from biotrophic and hemibiotrophic fungi 

Biotrophic and hemibiotrophic fungi require living tissues in order to survive, hence 

maintenance of the host-feeding relationship is crucial for the pathogen, e.g. by forming 

specialised infection structures such as haustoria, infection hyphae and arbuscules 

(Figure 1.4). Some of the well-known and well-studied biotrophic and hemibiotrophic 

fungal-pathosystems are described below. 

 

Figure 1.4 Biotrophic fungi form specialised infection structures such as haustoria (a), 

infection hyphae (b) and arbuscules (c), enabling them to penetrate host cells and obtain 

nutrients (dark blue spots). These structures are kept separated from the host cytoplasm  

by a modification of the plant plasma membrane into an extrahaustorial membrane 

(EHM) in (a), an extra-invasive hyphal membrane (EIHM) in (b) and a periarbuscular 

membrane (PAM) in (c). Effectors (orange spots) are secreted into the biotrophic 

interface (BI) between the fungal cell wall (FCW) and the modified plant plasma 

membrane, and translocated int o the host cytosol. Image taken from Rafiqi et al. (2012). 

 

1.2.3.1 Cladosporium fulvum 

The causal agent of tomato leaf mold Cladosporium fulvum is a biotrophic pathogen that 

infects leaves and grows in the apoplastic spaces without penetrating host cell walls. 

The tomato Cf genes, conferring resistance to C. fulvum, encode membrane-anchored 

extracellular proteins that contains LRRs (de Wit 1995). The Cf-9, Cf-4 and Cf-2 genes 

were among the first resistance genes isolated from tomato (Jones et al. 1994; Thomas 
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et al. 1997; Dixon et al. 1996). Similarly, the corresponding Avr9 and Avr4 genes were 

among the first avirulence genes isolated from fungal pathogens (van Kan et al. 1991; 

Joosten et al. 1997). Currently, 14 Avr and ECP (extracellular protein) genes have been 

cloned from C. fulvum (Mesarich et al. 2014). The eleven known Avr proteins are Avr2, 

Avr4, Avr4E, Avr5, Avr9, Ecp1, Ecp2-1, Ecp4, Ecp5, and Ecp6, and they trigger resistance 

mediated by corresponding Cf proteins in tomato. Three additional effectors, Ecp2-2, 

Ecp7, and CfTom1, have also been recently identified, but corresponding Cf resistance 

proteins from tomato have not yet been reported (Mesarich et al. 2014). All of these Avr 

proteins are small, cysteine-rich and contain an N-terminal signal peptide that leads to  

their secretion into the apoplastic spaces of infected tomato leaves (Mesarich et al. 

2014). 

 

Four Avr proteins from C. fulvum have been functionally characterised, namely Avr2, 

Avr4, Ecp6, and CfTom1. Avr2 protects the pathogen from proteases released by the 

host as a form of basal defence. Avr2 binds and inhibits the extracellular tomato cysteine 

proteases RCR3 and PIP1 (Shabab et al. 2008; Rooney et al. 2005). The RCR3-Avr2 

complex is recognised by the Cf-2 protein, resulting in resistance (Rooney et al. 2005). It 

has been suggested that RCR3 may act as a decoy for Avr2, whereas PIP1 is likely to be 

the real virulence target of Avr2 (Shabab et al. 2008). Avr4, however, is a chitin-binding 

lectin containing an invertebrate chitin-binding domain (CBM14) (van den Burg et al. 

2006). Avr4 binds to chitin present in the fungal cell wall, thus protecting the fungal cell 

wall against hydrolysis by host chitinases (van den Burg et al. 2006; van Esse et al. 2007). 

Ecp6 complements the role of Avr4. It contains LysM domains similar to chitin receptors 

in rice and Arabidopsis (de Jonge et al. 2010). Ecp6 binds to chitin fragments released 

from the cell walls of invading fungal hyphae by host chitinases and outcompetes host 

chitin receptors for the binding of chitin fragments (de Jonge et al. 2010; Sanchez-Vallet 

et al. 2013). The Avr4 and Ecp6 effectors thus help the pathogen to avoid detection of 

chitin as a PAMP by the host. Lastly, CfTom1 is a glycosyl hydrolase (GH10) that 

hydrolyses the antifungal glycoalkaloid α-tomatine produced by the host, into the less 

toxic compound tomatidine (Okmen et al. 2013). CfTom1 is reported to be required for 

full virulence of the fungus on tomato (Okmen et al. 2013). 
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1.2.3.2 Ustilago maydis 

Ustilago maydis is a member of a large group of biotrophic basidiomycete fungi that 

cause smut diseases in various crops such as maize, wheat, barley, and sugar cane 

(Djamei and Kahmann 2012). Unlike rust fungi, smut fungi form intracellular hyphae that 

are encased by the host plasma membrane and the infection is characterised by the 

induction of anthocyanin biosynthesis and formation of tumors in aerial organs (Lanver 

et al. 2017).The maize U. maydis interaction has become a model pathosystem for 

studying the smut fungi (Djamei and Kahmann 2012). Smut infection involves two types 

of effectors, “core” effectors and organ-specific effectors (Skibbe et al. 2010). Core 

effectors are responsible for the suppression of plant defence responses during 

penetration whereas the organ-specific effectors contribute to tumour formation in 

maize (Djamei and Kahmann 2012). Core effectors of U. maydis have been identified at 

early stages of infection as abundant proteins in the apoplast or translocated into the 

plant cell. These includes Cmu1 (Djamei et al. 2011), Pep1 (protein essential during 

penetration-1) (Doehlemann et al. 2009), Pit2 (protein involved in tumours 2) (Mueller 

et al. 2013), Tin2 (tumour inducing 2) (Tanaka et al. 2014) and Cce1 (cysteine-rich core 

effector 1) (Seitner et al. 2018). 

 

The apoplastic effector Pit2 inhibits a set of apoplastic maize cysteine proteases, whose 

activities are induced by salicylic acid in response to plant defence activation. Therefore, 

protease inhibition by Pit2 is essential to suppress host resistance and is required for U. 

maydis pathogenicity (Mueller et al. 2013). Pep1 also acts in the apoplast and inhibits 

the activity of the maize peroxidase POX12, responsible for the production of hydrogen 

peroxide in the apoplast (Doehlemann et al. 2009; Hemetsberger et al. 2012). 

Consequently, Pep1 suppresses the plant oxidative burst which is important for early 

plant defence. Deletion of PEP1 allows the production of H2O2 and the induction of plant 

defence responses that prevent penetration of maize epidermal cells by the fungus. 

Cmu1 is an example of a translocated effector that reduces the levels of chorismate, a 

precursor of the salicylic acid hormone involved in plant defence (Djamei et al. 2011). 

Tin2 also translocates into the plant cell, where it stabilises the maize protein kinase 

ZmTTK1 by masking the ubiquitinylation motif in ZmTTK1. When Tin2 is present, ZmTTK1 

increases anthocyanin production at the expense of lignin production, which would 

otherwise fortify the cell wall and provide a strong and impenetrable physical barrier to 
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infection (Tanaka et al. 2014). The Cce1 core effector is essential at early stages of 

infection and is upregulated during infection (Seitner et al. 2018). See1 (Seedling 

efficient effector 1) was the first organ-specific effector characterised and interferes 

with the MAPK-triggered phosphorylation of SGT1 (Suppressor of a G2 allele of Skp1), 

an important component for plant resistance and reactivation of DNA synthesis, 

suggesting its role in host immune responses and tumour progression (Redkar et al. 

2015). 

 

1.2.3.3 Blumeria graminis 

The powdery mildew Blumeria graminis f. sp. hordei (Bgh) is an obligate biotrophic 

fungus that infects barley. The barley mildew locus A (MLA) encodes a number of coiled-

coil (CC)-NB-LRR (CNL) receptors that each confer recognition of specific Bgh Avr gene 

products (Bai et al. 2012; Shen et al. 2003). AVRA10 and AVRk1 were the first Avr genes 

isolated from Bgh and both induce cell death when transiently expressed in resistant 

barley varieties carrying Mla10 and Mlk1, respectively (Ridout et al. 2006), but, despite 

further investigation, the host proteins or pathways targeted by these two Avr proteins 

remains unknown (Amselem et al. 2015). Numerous Blumeria candidate secreted 

effector proteins (CSEPs) have been identified from Bgh (Spanu et al. 2010; Pedersen et 

al. 2012) (Schmidt et al. 2014), but little is known about their roles in pathogenicity. One 

of the CSEPs, CSEP0055, is reported to interact with the barley pathogenesis-related 

proteins PR1 and PR17 (Zhang et al. 2012). Schmidt et al. (2014) showed that the 

Blumeria effector candidates BEC3 and BEC4 target the host thiopurine 

methyltransferase, a ubiquitin-conjugating enzyme, and an ADP ribosylation factor-

GTPase activating protein (ARF-GAP). They hypothesised that ARF-GAP proteins are 

conserved targets of powdery and downy mildew effectors and speculate that BEC4 

might interfere with defence-associated host vesicle trafficking.  

 

1.2.3.4 Rust fungi 

Rust fungi (Phylum Basidiomycota, order Pucciniales) are considered major threats to 

global food security as they cause substantial economic damage worldwide in 

agriculture, horticulture and forestry. With more than 120 genera and 7000 species 

described, the rusts represent the largest group of phytopathogenic fungi with more 

than half belonging to the genus Puccinia (Aime 2006; Nemri et al. 2014). Some 
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examples of devastating, economically-important rusts are white pine blister rust, 

wheat stem rust, soybean rust and coffee rust. As a group, they are diverse and have a 

wide host range due to long co-evolution with plants, however each individual species 

is highly specialised and can only infect a small range of host plants. They have the most 

complex life cycles within the fungal kingdom, with some having up to five or six 

different spore stages and alternating between taxonomically unrelated host plants for 

completion of their life cycle (Aime 2006), while other rust fungi such as flax rust only 

have one host (Lawrence et al. 2007). Rust fungi are obligate biotrophs and cannot be 

grown in vitro, which limits investigation of their biology. 

 

Rust fungi develop haustoria by penetrating the plant cell wall, invaginating the plant 

cell membrane and forming an extrahaustorial membrane and a discrete compartment 

called the extrahaustorial matrix, which is delimited by a neckband, a feature that is not 

present in oomycete haustoria (Catanzariti et al. 2007). Haustoria have been shown to 

play a major role in nutrient uptake from the host (Hahn and Mendgen 2001) as well as 

delivery of small secreted effectors into the extrahaustorial matrix, some of which have 

been shown experimentally to be further translocated into the host cell (Rafiqi et al. 

2010; Kemen et al. 2005). 

 

With 600 species in the genus, Uromyces represents the second largest after Puccinia 

(Voegele 2006). Uromyces fabae (U. vicia-fabae), commonly known as a bean rust, 

causes yield losses up to 50% in faba bean (Vicia faba) crops (Tissera and Ayres 1986). A 

recent survey of the U. fabae genome enabled prediction of 599 secreted proteins that 

could function as effectors (Link et al. 2014). Rust transferred protein 1 (RTP1p), was the 

first effector protein reported to translocate from pathogen extrahaustorial matrix into 

the host cells (Kemen et al. 2005). Homologues of RTP1 are ubiquitous among the rust 

fungi and shown to be specific to the order Pucciniales, suggesting it as a core conserved 

rust effector which could be crucial for a biotrophic lifestyle (Pretsch et al. 2013). RTP1p 

has been reported to contain a C-terminal domain with cysteine protease inhibitor 

function (Pretsch et al. 2013), but its role in pathogenicity remains to be determined.  

 

Genomic sequencing of Melampsora larici-populina, the causal agent of poplar leaf rust, 

has enabled the prediction of 1,184 genes encoding small secreted proteins thought to 
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be CSEPs (Duplessis et al. 2011a). Identification of these genes was followed by high-

throughput functional analyses (‘effectoromics’) in N. benthamiana to better 

understand their function in plant cells (Petre et al. 2015). The candidate effector 

MLP107772, now known as chloroplast-targeted protein 1 (CTP1), was identified and 

characterised by this approach and shown to target the chloroplast and mitochondria 

(Petre et al. 2015). Two other members of this Melampsora-specific gene family, CTP2 

and CTP3, also targeting the chloroplast, contain N-terminal regions similar to plant 

chloroplast transit peptides (Petre et al. 2016). The other CSEPs tested target the 

nucleus, nucleolus, small cytosolic bodies, nuclear bodies, large cytosolic aggregates, 

nucleoplasm and the cytosol when transiently expressed in Nicotiana benthamiana 

(Petre et al. 2015) and to chloroplasts, cytosolic bodies and plasmodesmata when 

transiently expressed in Arabidopsis (Germain et al. 2018). The candidate effector 

MLP124017 was shown to interact in planta with the poplar transcriptional co-repressor 

TOPLESS-related 4 (PopTPR4), most likely in the nucleus (Petre et al. 2015). Interestingly, 

the candidate effector that localised to the plasmodesmata, MLP37347, interacts 

specifically with glutamate decarboxylase 1 (GAD1) (Germain et al. 2018), a protein that 

is normally present in the cytosol. 

 

Puccinia graminis f. sp. tritici (Pgt), the causal agent of wheat stem rust, has become a 

major threat to food security worldwide due to the emergence and migration of the new 

highly virulent race Ug99 (Singh et al. 2011), which has overcome resistance conferred 

by the globally-used stem rust resistance gene Sr31 (Pretorius et al. 2000). More than 

50 race-specific Sr genes have been described in wheat and several have been cloned 

such as Sr33 (Periyannan et al. 2013), Sr35 (Saintenac et al. 2013), Sr50 (Mago et al. 

2015), Sr55 (Moore et al. 2015), and Sr57 (Krattinger et al. 2009). Sr33, Sr35 and Sr50 

are homologues of the barley MLA10 resistance protein and belong to the CNL class of 

resistance proteins, whereas Sr55 encodes a hexose transporter variant and Sr57 

encodes an ABC transporter. 

 

Recently, two Avrs from Pgt have been cloned, namely AvrSr35 (Salcedo et al. 2017) and 

AvrSr50 (Chen et al. 2017). AvrSr50 binds directly to the Sr50 resistance protein and is 

able to trigger cell death in planta. Similarly, AvrSr35 is able to trigger Sr35-dependent 

cell death in N. benthamiana and wheat leaves (Salcedo et al. 2017). When expressed in 
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N. benthamiana, Sr35 and AvrSr35 were shown to be associated with the endoplasmic 

reticulum, whereas AvrSr50 has a nucleocytosolic distribution. At present, the function 

of these two effectors remains unknown. 

 

1.3 The flax-flax rust system - a model system for studying plant-rust 

pathogen interactions 

The flax (Linum usitatissimum)-flax rust (Melampsora lini) pathosystem has been used 

extensively to study plant-rust pathogen interaction. Flor (1942) studied the genetics of 

rust resistance in flax and avirulence in the fungus, which enabled him to discover and 

describe the gene-for-gene concept “for each gene conditioning rust reaction in the host 

there is a specific gene conditioning pathogenicity in the parasite”. Thirty-one rust-

resistance genes have been found in flax (L. usitatissimum) of which 20 have been cloned 

(Anderson et al. 1997; Ellis et al. 1999; Dodds et al. 2001a; Lawrence et al. 1995; 

Lawrence et al. 2010; Dodds et al. 2001b). All of the cloned resistance genes encode TIR-

NB-LRR (TNL) proteins. The 31 rust-resistance genes map to five different loci (K, L, M, 

N, P) (Islam and Mayo 1990). The L locus contains a single gene with multiple alleles (L, 

L1 to L12, and LH). The M, N and P loci, however, are more complex consisting of tandem 

arrays of up to 15, four and six to eight genes with a similar sequence, respectively 

(Ravensdale et al. 2011).  

 

Seven avirulence genes, AvrL567, AvrM, AvrP4, AvrP123, AvrP, AvrM14 and AvrL2, have 

been cloned from flax rust (Dodds et al. 2004; Catanzariti et al. 2006; Barrett et al. 2009; 

Anderson et al. 2016). All encode secreted proteins. Interestingly, variants of AvrL567, 

AvrP123, and AvrM14 are recognised by more than one resistance protein with AvrL567 

variants recognised by the L5, L6 and L7 resistance proteins (Dodds et al. 2004), AvrP123 

variants recognised by the P1, P2 and P3 resistance proteins (Catanzariti et al. 2006), 

and AvrM14 by the M1 and M4 resistance proteins (Anderson et al. 2016). Based on 

sequence and structural homology, AvrM14 is a member of the nudix hydrolase 

superfamily of hydrolytic enzymes capable of cleaving nucleoside diphosphates linked 

to x (any moiety) (Anderson et al., 2016). AvrP has structural similarity with plant 

homeodomain (PHD) zinc finger proteins (Zhang et al., 2018). The other Avr proteins, 

however, have no homology with any proteins of defined function in current protein 

databases. 
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Among the avirulence proteins found in flax rust, AvrL567 and AvrM have been studied 

more extensively. Alleles of the AvrL567 gene are highly polymorphic, encoding 127 aa 

mature proteins variously recognised by the L5, L6, and L7 resistance proteins (Dodds et 

al. 2004). Twelve sequence variants with 35 polymorphic amino-acid sites have been 

identified from six rust strains, with seven variants derived from Avr alleles and five from 

avr alleles. However, the polymorphisms in the variant amino acid sequences resulted 

in differences in recognitional specificities when these alleles are expressed in L5, L6, L7 

flax and yeast. The expression of Avrs in corresponding resistant flax varieties gives a cell 

death response or necrosis that serves as a proxy for the hypersensitive response. 

AvrL567 has been shown by yeast two-hybrid analysis to interact directly with the L5 

and L6 resistance proteins (Dodds et al. 2006). Site-directed mutagenesis experiments 

and docking models of the interaction between the structure determined for AvrL567-

A and a model of the LRR region of L5 have shown that multiple contact points along the 

surface area of the Avr protein are required for binding of the R and Avr protein, 

supporting previous findings on the importance of the LRR domain for Avr recognition 

(Wang et al. 2007). In the cytosol, AvrL567 interacts with flax cytokinin oxidase, 

LuCKX1.1 (Wan et al. 2019). It is hypothesized that this interaction results in a reduced 

level of cytosolic cytokinin, hence benefiting the pathogen, although how this does so 

remains unknown. 

 

AvrM is a member of a small gene family with at least five paralogues, AvrM-A, AvrM-B, 

AvrM-C, AvrM-D, and AvrM-E in the avirulence allele and a single gene avrM in the 

virulence allele (Catanzariti et al. 2006). The five paralogues differ in size, ranging from 

212 aa (AvrM-E) to 377 aa (AvrM-B and AvrM-C). Apart from avrM and AvrM-E, the other 

three paralogues are recognised by the M resistance protein. AvrM-A (343 aa) triggers 

the strongest cell death response when expressed in M-containing flax and co-expressed 

in tobacco (Catanzariti et al. 2006). The C-terminal domain of AvrM-A is required for the 

M-dependent cell death, and direct interaction between this domain and M has been 

confirmed by yeast-two-hybrid analysis (Catanzariti et al. 2006; Catanzariti et al. 2010). 

Currently, the role of AvrM in pathogenicity remains unknown. Previous studies have 

shown that AvrM is able to enter plant cells without the presence of the pathogen (Rafiqi 

et al. 2010). The N-terminal regions of AvrM and AvrL567 have been shown to be 
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required for uptake, but, unlike the oomycete effectors, the uptake motif sequence is 

not conserved between different rust effectors. 

 

AvrP4 and its virulence allele avrP4 were identified as variants of a single gene 

(Catanzariti et al. 2006). All variants of AvrP4 encode a cysteine-rich secreted protein of 

67 aa, which may be processed further to a smaller mature protein. The C-terminus of 

AvrP4 contains six cysteine residues in a spacing consistent with a cystine knot-motif 

similar to that found in the C. fulvum Avr9 protein. When expressed transiently in P4-

containing flax, AvrP4 is able to trigger P4-dependent cell death (Catanzariti et al. 2006). 

AvrP123 encodes a 94 aa secreted protein recognised by the P1, P2, and P3 resistance 

proteins (Catanzariti et al., 2006). Barrett et al. (2009) identified several alleles of 

AvrP123, including AvrP, which encodes a secreted protein of 88 aa that contains 36 

polymorphic amino acids relative to AvrP123 and a C-terminal truncation of 6 aa. The 

crystal structure of AvrP has shown that the cysteines and two of the histidines in AvrP 

(and most likely AvrP123) bind to three zinc atoms and are important for the structural 

integrity of the protein as well as recognition by the P resistance protein (Zhang et al., 

2018; discussed in detail in chapter 2). The N-terminal end of the protein structure 

containing the first zinc-binding region displays similarities to nucleic-acid-binding and 

chromatin-associated proteins involved in transcriptional regulation. AvrP and AvrP123 

accumulate in the plant nucleus when expressed transiently in planta, consistent with a 

possible role in manipulation of plant transcription (Zhang et al., 2018; discussed in 

detail in chapter 4 and 5). Mutations of several residues polymorphic between AvrP and 

its allelic variants resulted in a loss of recognition by P, suggesting that these residues 

are required for recognition (Zhang et al., 2018; discussed in detail in chapter 2).  

 

1.4 Research project 

The research presented in this thesis aimed to fill the gaps in our knowledge about 

recognition of the flax rust AvrP and AvrP123 effectors by the flax P, P1, P2 and P3 

resistance proteins and their role as pathogenicity factors in the rust fungus-plant 

interaction. The first aim of this project was to find residues or domains in the AvrP/P123 

avirulence proteins that are responsible for recognition by their corresponding 

resistance proteins. To address this aim, several approaches were used, including 
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deletions, and targeted mutations and domain swaps based on sequence differences 

between AvrP, AvrP123 and other AvrP/P123 variants found in flax rust. 

Mutants/domain swaps were tested using Agrobacterium-mediated expression assays 

in leaves of P-transgenic tobacco for AvrP recognition and leaves of flax varieties 

containing P, P1, P2 or P3 resistance genes for AvrP123 recognition. Recognition 

resulted in necrosis/cell death in the infiltrated leaves. Findings related to AvrP and 

AvrP123 recognition are presented in Chapter 2 and 3, respectively. 

 

The second aim of this project was to identify AvrP-interacting proteins from the host. 

To address this aim, a yeast-two-hybrid experiment was conducted using modified AvrP 

(AvrP-C8) as bait and a rust-infected flax cDNA library as prey. AvrP-C8 was then chosen 

as bait because it showed less autoactivity in bait-only controls compared to the native 

forms of AvrP or AvrP123. Several putative interactor proteins were identified in the 

yeast-two-hybrid experiment, but these interactors still need to be confirmed and 

tested further. Findings related to the yeast-two-hybrid experiment are presented in 

Chapter 4. 
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Chapter 2 

Recognition of AvrP* 

 

*The contents of this chapter were published in part in: Xiaoxiao Zhang, Nadya Farah, 

Laura Rolston, Daniel J. Ericsson, Ann-Maree Catanzariti, Maud Bernoux, Thomas Ve, 

Katerina Bendak, Chunhong Chen, Joel P. Mackay, Gregory J. Lawrence, Adrienne 

Hardham, Jeffrey G. Ellis, Simon J. Williams, Peter N. Dodds, David A. Jones and Bostjan 

Kobe. (2018) Crystal structure of the Melampsora lini effector AvrP reveals insights into 

a possible nuclear function and recognition by the flax disease resistance protein P. 

Molecular Plant Pathology 19 (5): 1196-1209. (Appendix 3) 

 

2.1 Introduction 

The flax rust AvrP avirulence gene is allelic to the AvrP123 gene, which was originally 

predicted to encode a Kazal serine protease inhibitor (Catanzariti et al. 2006; Barrett et 

al. 2009). AvrP encodes a small secreted protein of 88 amino acid residues excluding the 

signal peptide. AvrP is also a cysteine-rich protein with ten cysteines excluding the signal 

peptide (Figure 2.1D). Analysis of purified AvrP protein has shown that these cysteine 

residues bind to Zn2+ ions rather than form disulphide bonds (Figure 2.1; (Zhang et al. 

2018)). Based on the structure of AvrP, there are three Zn2+ binding sites found in AvrP 

(Figure 2.1A), comprising four cysteines (C36, C38, C78, C81) designated Zn1, three 

cysteines and one histidine (C53, C67, C89, H93) designated Zn2 and three cysteines and 

one histidine (C59, C61, C97, H101) designated Zn3 (Figure 2.1B-D). The C4–C3H (four 

cysteines and three cysteines one histidine) signature resembles the plant 

homeodomain (PHD) finger (Schindler et al. 1993) and RING (really interesting new 

gene) finger (Aasland et al. 1995) which each bind two Zn2+ ions. 

 

AvrP is specifically recognised by the flax P resistance protein and not by the P1, P2 or 

P3 resistance proteins (Barrett et al. 2009). The P resistance gene is a member of the 

same complex P locus as P2, and both encode proteins with a nucleotide binding site 

(NBS), leucine-rich repeat (LRR) domain and an N-terminal Toll/interleukin-1 receptor 

(TIR) homology domain as well as a C-terminal non-LRR (CNL) domain of 153 amino acid 

residues (Dodds et al. 2001b). Interestingly, there are ten amino acid differences 
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between the P and P2 sequences, and changes in six of these residues located within 

the predicted β-strand/β-turn motif of four LRR units are able to change P2 specificity 

into P (Dodds et al. 2001b). 

 

Several variants of AvrP and AvrP123 have been found in flax rust (Table 2.1) (Dodds & 

Thrall, 2009). One of the variants, namely the 271 allele, which is not recognised by P, 

P1, P2 or P3, was used to investigate the recognition of AvrP (section 2.3.4). Other 

variants (339, bs25 and WA isolates) were used to study the recognition of AvrP123 

(Chapter 3). 

 

 

Figure 2.1 AvrP structure. (A) The overall structure of AvrP is shown as a ribbon diagram 

with three zinc ions bound at Zn1, Zn2 and Zn3 shown as grey spheres. (B,C) The 

tetrahedral coordination of zinc ions at Zn1 (B) and Zn2 (C) with cysteines (yellow sticks) 

and histidine (blue-green stick). (D) Sequence alignment of AvrP (Genbank accession 

number ACD49715) and AvrP123 (ABB96267). AvrP secondary structure is shown above 

the alignment. Zinc-binding residues are numbered according to their corresponding 

zinc ions (Zhang et al. 2018). 

 

 

 

 

A 

B 

D 

C 

Zn1 

Zn2 

Zn3 
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Table 2.1 AvrP/P123 variants found in flax rust 

 

Table taken from Dodds and Thrall (2009) showing AvrP/P123 variants and their 

recognition following Agrobacterium-mediated expression in flax varieties carrying the 

P1, P2, P3 or P resistance genes. + indicates necrosis; - indicates no necrosis; ± indicates 

weak necrosis/chlorosis. 

 

This chapter describes several approaches that were used to investigate the recognition 

of AvrP. These included deletions, domain swaps and site-directed mutations. Deletions 

were based on the AvrP structure (section 2.3.2). The importance of binding with Zn2+ 

ions for recognition by P was investigated by site-directed mutagenesis (section 2.3.3). 

Lastly, domain swaps were constructed to introduce polymorphic residues from the 271 

variant into AvrP and vice versa (section 2.3.4). All mutants were expressed in transgenic 

tobacco P plants via Agrobacterium-mediated transformation and assessed for their 

ability to induce necrosis. 

 

2.2 Materials and Methods 

2.2.1 Bacterial cultures and antibiotics 

Escherichia coli Mach1 (Invitrogen, Carlsbad, CA, USA) was used for routine cloning and 

generation of mutant gene constructs unless mentioned otherwise whereas 

Agrobacterium tumefaciens strain GV3101 (pMP90) was used for gene expression in 

tobacco. Cultures were grown in Lysogeny Broth (LB) liquid medium (10 g tryptone, 5 g 

yeast extract and 10 g NaCl per litre) and on LB plus 1.5% (w/v) agar (LBA) plates 

containing appropriate antibiotics as required. Antibiotic concentrations used were 50 

μg/ml kanamycin, 50 μg/ml rifampicin, 25 μg/ml gentamycin and 10 μg/ml tetracycline. 

Liquid cultures of E. coli were grown overnight at 37 °C on a rotary shaker at 200‐250 

rpm whereas E. coli grown on agar plates was incubated overnight at 37 °C. 

https://www.google.com.au/search?q=Carlsbad+California&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDNLKUxS4gAxi0zK87S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxQDermitQwAAAA&sa=X&ved=0ahUKEwi1u_-ts43MAhVHtpQKHQ2LD8UQmxMIfigBMA4
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Agrobacterium cells were grown for 2–3 days at 28 °C in LB media with the same 

antibiotics concentrations as above. 

 

2.2.2 Preparation of competent cells 

For the preparation of competent E. coli, cells from a frozen stock were grown overnight 

in 10 ml of LB at 37 °C. Four ml of the culture was used to inoculate 400 ml of LB 

containing 10 mM MgCl2 and incubated on a rotary shaker for 2–3 hours at 37 °C until 

the optical density at 600 nm (OD600) reached 0.6 (approximately 108 cells per ml). The 

liquid culture was chilled on ice for 30 min then centrifuged at 6000 x g for 5 min at 4 

°C. Cells were then resuspended in 200 ml of cold 50 mM CaCl2 followed by incubation 

on ice for 20 min. Cell suspensions were re-centrifuged at 6000 x g for 5 min at 4 °C. The 

pellets were resuspended in 8 ml of 50 mM CaCl2 with 10% (v/v) glycerol. The competent 

cells were pipetted into pre-chilled microcentrifuge tubes as 200 µl aliquots, frozen in 

liquid nitrogen and stored at – 80 °C. 

 

For the preparation of electrocompetent Agrobacterium, cells from a frozen stock were 

plated on LBA + rifampicin + gentamycin and incubated for 2 days at 28 °C. A single 

colony was picked from the plate and resuspended in 3 ml of liquid LB + rifampicin + 

gentamycin and incubated overnight with shaking at 28 °C for 2 days. One ml of the 

overnight culture was added to 100 ml of LB without any antibiotic and incubated at 28 

°C with shaking until the OD600 reached 0.6–0.8. After the required OD was reached, the 

culture was put on ice for 10 min, then centrifuged at 5000 x g for 10 min at 4 °C. The 

pellet was resuspended in 50 ml of sterile deionised water and centrifuged at 5000 x g 

for 10 min at 4 °C. The washing step with sterile deionised water was repeated 3 times. 

The pellet was then resuspended in 25 ml ice-cold sterile 10% (v/v) glycerol, centrifuged 

at 5000 x g for 10 min at 4 °C. The pellet was then resuspended in 1 ml ice-cold sterile 

10% (v/v) glycerol and 50 μl aliquots were pipetted into pre-chilled 1.5 ml 

microcentrifuge tubes and frozen in liquid nitrogen. The competent cells were then 

stored at ‐80 °C. 

 

2.2.3 Transformation of competent cells 

Competent E. coli were transformed with 1–10 ng of plasmid DNA as follows. Frozen 

competent cells were thawed on ice. The plasmid or ligation to be transformed was 
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added to a 100 μl aliquot of cells and incubated on ice for at least 30 min. The cells were 

then heat shocked at 42 °C for 45 s and placed on ice again for 2 min to recover. LB 

media was added to a volume of 1 ml and the cells incubated with shaking at 37 °C for 

45 min before spreading onto LB agar plates with appropriate antibiotics and incubating 

at 37 °C overnight. 

 

Electrocompetent Agrobacterium cells were transformed with 100 ng of plasmid DNA 

as follows. Frozen competent cells were thawed on ice and 50 µl transferred to a 2 mm-

gap electroporation cuvette (Bio-Rad, Hercules, CA, USA). Electroporation was 

performed using Bio‐Rad MicroPulser electroporator using a 2.5 kV pulse, 400 Ω 

resistance, and 25 µF capacitance. The cells were transferred into a 1.5 ml 

microcentrifuge tube and revived with 1 ml of LB followed by incubation on a shaker at 

28 °C for 2–3 hours. Cells (100 μl) were plated on LBA containing the appropriate 

antibiotics and incubated at 28 °C for 2 days. 

 

2.2.4 Polymerase Chain Reaction (PCR) 

PCR was performed using a PTC-200 Peltier Thermal Cycler (MJ Research, 

Massachusetts, USA). MyTaq DNA Polymerase (Bioline, London, UK) was used for 

general purposes whereas Phusion DNA Polymerase (New England Biolabs, Ipswich, 

Massachusetts, USA) was used for high fidelity DNA amplification. Generally, PCR was 

conducted using 1X PCR Buffer (see below) containing 200 µM of each dNTP, 0.5 µM 

forward primer, 0.5 µM reverse primer, 2–10 ng DNA template, and 1 unit of DNA 

Polymerase. For high-fidelity PCR, Phusion HF Buffer (Thermo Fisher Scientific, Waltham, 

MA, USA) was used whereas for low-fidelity PCR, MyTaq buffer (Bioline, London, UK) 

was used.  

 

For general purposes, PCR was performed with an initial denaturation step of 95 °C for 

1 min, followed by 29 cycles of denaturation at 95 °C for 15 s, primer annealing at 50–

55 °C for 15 s and extension at 72 °C allowing 15–30 s for every 1 kb of product expected. 

For high fidelity DNA amplification, PCR was performed with an initial denaturation step 

of 98 °C for 30 s, followed by 35 cycles of denaturation at 98 °C for 10 s, primer annealing 

at 55–65 °C for 20 s and extension at 72 °C allowing 15–30 s for every 1 kb of product 

expected. 
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2.2.5 DNA gel electrophoresis 

DNA was size fractionated by electrophoresis through agarose gels using a Bio-Rad gel 

apparatus. Electrophoresis buffer comprising 0.5X TBE buffer was prepared from a 5X 

stock (1.1 M Tris, 900 mM borate, 25 mM EDTA, pH 8.3) and used in the preparation of 

1% (w/v) agarose gels and as a running buffer. DNA was visualised by incorporating 1X 

RedSafe (INtRON Biotechnology, Summit, NJ, USA) into the gel and viewing it under UV 

light using a Molecular Imager® Gel Doc™ XR+ System and Image Lab™ 3.0 software 

from Bio-Rad. 

 

2.2.6 Preparation of plasmid DNA 

Crude plasmid DNA was prepared by alkaline-lysis plasmid DNA extraction according to 

the protocol of Sambrook and Russell (2001). High-quality plasmid preparations for DNA 

sequencing and cloning procedures were obtained using the Plasmid DNA Extraction 

Mini kit (Favorgen Biotech Corp, Ping-Tung, Taiwan). 

 

2.2.7 DNA sequencing 

DNA sequencing was performed using the ABI Big‐Dye Terminator V3.1 reaction mix 

(Thermo Fisher Scientific, Waltham, MA, USA) with PCR conditions following the 

manufacturer’s protocol. The sample was purified by adding 5 μl of 125 mM EDTA and 

60 μl of 100% ethanol and then incubated at RT for 15 min. The sample was then 

centrifuged at 10,000 x g at room temperature for 20 min. The pellet was washed by 

adding 250 μl of a freshly made 70% ethanol and centrifuging the sample again at room 

temperature for 5 min. The pellet was air-dried for 15 min at room temperature and 

then sent to the Biomedical Resource Facility at the John Curtin School of Medical 

Research ANU for sequencing. 

 

2.2.8 Ligation Independent Cloning (LIC) 

Most of the AvrP constructs were prepared in the pL vector (see Appendix 2) using the 

Ligation Independent Cloning (LIC) method. The method is illustrated in Figure 2.2 

below. The pL vector, constructed by Laura Rolston in the Jones Laboratory, Research 

School of Biology, ANU, was based on pGreenII (Hellens et al. 2000), a binary vector 

containing a nptII gene for selection of transformed plants using kanamycin. It contains 
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LIC sites flanking a lethal ccdB gene and is in turn flanked by a Cauliflower mosaic virus 

(CaMV) 35S promoter and terminator. Sequences to be cloned by LIC were amplified by 

adding the LIC extension 5’-ACTATTTACAATTACG-3’ on the forward primers and 5’-

TCCTCTCCAAATTACG-3’ on the reverse primers (Table 2.2) and the purified PCR product 

was treated with T4 DNA Polymerase (New England Biolabs [NEB], Ipswich, MA, USA) in 

1X Buffer 2 (NEB), 1X BSA and 2.5 µM dCTP at 22 °C for 30 min and 75 °C for 20 min. To 

prepare the vector, pL was digested with SnaBI, purified and treated with T4 DNA 

polymerase in 1X Buffer 2, 1X BSA and 2.5 µM dGTP at 22 °C for 30 min and 75 °C for 20 

min. PCR products (6 ng) and vector (50 ng) were mixed together and annealed at room 

temperature or 22 °C for 30 min prior to transformation of E. coli cells. Transformants 

were screened by colony PCR using pL primers (Table 2.2) and the integrity of the LIC 

constructs was confirmed by sequencing using individual pL primers. The vector was 

extracted from E. coli and transformed together with pSoup, a helper plasmid (Hellens 

et al. 2000), into Agrobacterium tumefaciens by electroporation. Once the plasmids 

were in Agrobacterium cells, the transformants were then screened by colony PCR using 

pL and pSoup primers (Table 2.2). 

 

Table 2.2 Primers used in LIC 

Name of 

construct / 

plasmid 

Primer sequence (5’–3’) Usage 

pLdSP-AvrP F: ACTATTTACAATTACGATGCAGTCTAATCCTAATCAAGAG 

R : TCCTCTCCAAATTACGCTAACCTCCGTACTCCACACTG 

Amplification of 

dSP-AvrP for LIC 

pLdSP-271 F: ACTATTTACAATTACGATGCAGTCTAACCCTAATCAACAG 

R: TCCTCTCCAAATTACGCTAACCTCCGTACTGCACACTG 

Amplification of 

dSP-271 for LIC 

pL LIC 1F : CACTATCCTTCGCAAGACCC 

LIC 2R : CCTATAAGAACCCTAATTCCC 

Colony PCR & 

sequencing 

pSoup F: CGTGATTGCCAAGCACGTCC 

R: CATCATCTGTGGGAAACTCGC 

Colony PCR in 

Agrobacterium 

pSoup F: CTTGGAGCCACTATCGACTACG 

R: GACTCCTGCATTAGGAAGCAGC 

Colony PCR in 

Agrobacterium 

Table showing primers used in Ligation Independent Cloning (LIC) with LIC extensions 

highlighted in red. 
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Figure 2.2 Ligation Independent Cloning (LIC). Both PCR product and vector were treated 

with T4 DNA Polymerase in the presence of dCTP or dGTP, respectively. The 5’ to 3’ 

polymerase and 3’ to 5’ exonuclease activities of T4 DNA Polymerase result in a constant 

cycle of removal and addition of the corresponding G or C nucleotide following 

exonuclease removal of sequence lacking G or C, respectively. Vector and insert can then 

be annealed and transformed without using DNA ligase as ligation occurs in vivo. 

 

2.2.9 Construction of C-terminal HA-tag LIC vector 

The sequence encoding a triple hemagglutinin (3X HA) epitope tag was introduced into 

the pL vector to enable C-terminal tagging of proteins expressed using the pL vector. 

The first step was introducing the 3X HA tag into pL and re-creating the SnaBI restriction 

site. The 3X HA sequence was amplified from an existing 3X HA tag (Hcr9 vector, Figure 

2.3) with some sequence modification introduced via the HA LIC FOR and HA LIC REV 

Vector digested with SnaBI 

Insert amplified using primers 

with LIC extensions 

Insert gel purified  Vector gel purified (ccdB 

fragment removed) 

Insert incubated with T4 

DNA polymerase in the 

presence of dCTP 

Linearized vector incubated 

with T4 DNA polymerase in 

the presence of dGTP 

Vector annealed with 

insert DNAs 

Transformation of heat-shock 

competent E. coli cells 
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primers (Table 2.3) to facilitate LIC and to introduce the SnaBI site and stop codon. The 

3X HA tag was then cloned into pL as per the LIC protocol (see section 2.2.8). The ligated 

insert-vector was then transformed into E. coli and confirmed by sequencing using the 

LIC 1F or LIC 2R primers (Table 2.2). At this stage, the SnaBI restriction site was restored 

to enable re-insertion of the ccdB gene. The LIC procedure used to insert the 3X HA 

sequence into the pL vector had removed the ccdB gene but recreated the SnaBI 

restriction site at the 5’ end of the 3X HA sequence. The new pL::3xHA vector then 

contained only one SnaBI site. 

 

The next step was to introduce the ccdB gene into the pL::3xHA to facilitate cloning with 

LIC. Firstly, the pL::3xHA vector was linearized by digestion with SnaBI and 

dephosphorylated with calf intestinal alkaline phosphatase (CIAP) (Promega, Madison, 

Wisconsin, USA) to prevent recircularisation. The ccdB gene (insert) was released from 

pL vector using SnaBI restriction enzyme. The small fragment corresponding to the ccdB 

gene was then purified via electrophoresis and extraction from the gel and ligated into 

the prepared pL::3xHA vector. The ligated vector-insert was then used to transform the 

E. coli DB3.1 cells which are resistant to the lethal effect of the ccdB gene. Transformants 

were confirmed by colony PCR using ccdB For and ccdB Rev primers (Table 2.3) and 

further investigated for insert orientation. The new vector (pLH) was then confirmed by 

sequencing using the LIC 1F or LIC 2R primers (Table 2.2) and used for cloning via LIC 

protocol. 
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Figure 2.3 Modified bases and amino acids of the 3X HA tag used in this study. (A) The 

original sequence of the 3X HA tag used as a template. (B) The modified version of the 

3X HA tag used in this study. Three copies of the epitope sequence YPYDVPDYA are 

present in the 3X HA tag. The sequence at the 5’ end of the 3X HA tag was modified to 

remove C’s to enable generation of an LIC site. In addition, an in-frame stop codon was 

added at the 3’ end. 3X HA tag nucleotides are highlighted in yellow; restriction sites are 

in green; the amino acid sequence of the 3X HA tag is shown in red capitals. Modified 

bases and amino acids are shown in lower case. 

 

 
Table 2.3 Primers used in generating a C-terminal 3X HA tag LIC vector 

Name of primer Sequence (5’–3’) Usage 

HA LIC FOR actatttacaattacgtaTAtggATAtGATGTccCTGACTATGCGG  Amplification 

of 3x HA tag  HA LIC REV tcctctccaaattacgctaAGCGTAATCTGGAACGTC 

ccdB For GAGCCGTTATCGTCTGTTTG Colony PCR 

ccdB Rev GTGTATAACGGAGCCTGAC Colony PCR 

Table showing primers used in generating a C-terminal 3X HA tag LIC vector. The LIC 

extensions (highlighted in red) were introduced to enable the cloning into the pL vector. 

The nucleotides ta (highlighted in green) were introduced to recreate the SnaBI site 

(TACGTA, underlined) and place the 3X HA tag in the correct reading frame. 
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2.2.10 Domain swaps 

Domain swaps were prepared using the Restriction-site Independent Cloning method 

(RIC, Anderson, unpublished), which was adapted from LIC. Primer design is illustrated 

in Figure 2.4 using an AvrP-271 swap as an example. Two PCR products are amplified so 

that Product 1 will contain a 5’ LIC extension in combination with the 5’ end of the AvrP 

coding region and a 3’ end with at least four bases deficient in Cs and Gs (blue arrows 

Figure 2.4) whereas Product 2 will contain contain a complementary 5’ end with at least 

four bases deficient in Cs and Gs and the 3’ end of the 271 coding region in combination 

with a 3’ LIC extension (green arrows Figure 2.4). 

 

The LIC vector was prepared as per standard LIC protocol. However, at the T4 DNA 

polymerase treatment, the reaction was modified by replacing the NEB2 buffer used for 

SnaBI digestion with ligation buffer. Sticky ends on the inserts (two PCR products) were 

prepared using T4 DNA polymerase and dCTP and T4 polynucleotide kinase (PNK) was 

used to phosphorylate the 5’ ends. The two PCR products and the LIC vector were then 

annealed and ligated in a 10 µl reaction as follows: 50 ng vector DNA, 10 ng PCR product 

1, 10 ng PCR product 2, 1X ligation buffer (NEB), 10 mM ATP, 1 µl T4 DNA ligase (NEB, 

400 U/µl). The reaction was incubated at room temperature for 2 hr to overnight, 

followed by a standard E. coli heat shock transformation. Domain swaps between AvrP 

and 271 (section 2.3.4) were prepared using the primer pairs shown in Table 2.4. 
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Figure 2.4 Primer design for the RIC method. The chosen domain swap area is 

highlighted in grey. Internal forward and reverse primers were chosen from locations 

where a C is separated from a G (red triangles) by a stretch of As and Ts in order to 

produce complementary sticky ends following treatment with T4 DNA polymerase and 

dCTP. AvrP sequence was amplified using a forward primer with a LIC extension and an 

internal reverse primer (blue arrows) whereas 271 sequence was amplified using an 

internal forward primer and a reverse primer with a LIC extension (green arrows). 

 

Table 2.4 Primer pairs used in AvrP-271 domain swaps 

Name of 

construct 

DNA 

Template 
Primer pairs 

3 (5’ end) 271 
F : ACTATTTACAATTACGATGCAGTCTAACCCTAATCAACAG 

R : ATATATTGTTCAGCACGTCCTG 

3 (3’ end) AvrP 
F : AATATATGTACCGCTGCCC 

R : TCCTCTCCAAATTACGCTAACCTCCGTACTCCACACTG 

1,2 (5’ end) AvrP 
F : ACTATTTACAATTACGATGCAGTCTAATCCTAATCAAGAG 

R : ATATATTGTTCAGCAGGTCCTG 

1,2 (3’ end) 271 
F : AATATATGTACCGCTGCCC 

R : TCCTCTCCAAATTACGCTAACCTCCGTACTGCACACTG 

Table showing primer pairs used in AvrP-271 domain swaps. The LIC extension 

nucleotides are highlighted in red. A start codon (ATG) was introduced (highlighted in 

blue). 
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2.2.11 Site-Directed Mutagenesis 

Site-directed mutagenesis (SDM) was performed according to the protocol from the 

Phusion Site-Directed Mutagenesis Kit (Thermo Fisher Scientific, Waltham, MA, USA). 

Primers were designed using SDM Assist (http://www.psrg.org.uk/sdm-assist.html) with 

the addition of a restriction site for mutant screening. Plasmid was amplified using 5’ 

phosphorylated mutagenic primers (Table 2.5) in PCR reactions containing a high fidelity 

DNA Polymerase such as Phusion as described in section 2.2.2, with the addition of 

DMSO to 3% (v/v) for GC-rich templates. Thermal cycling was performed according to 

the manufacturer’s instructions. PCR products were purified using a DNA Clean & 

Concentrator kit (Zymo Research, Irvine, CA, USA) according to the manufacturer’s 

instructions followed by ligation using T4 DNA ligase in a 10 μl reaction. Ligation 

reactions were incubated for 45 min at room temperature followed by transformation 

into E. coli. Positive colonies were confirmed by digestion and sequencing. 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.psrg.org.uk/sdm-assist.html
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Table 2.5 Primer pairs used for site-directed mutagenesis 

Name of 

construct 

DNA 

Template 
Primer pairs 

Restriction enzyme 

used for screening 

1 1,2 F : GTGATTATATAGGAGCCTGTTCCGGACGTGCTGAACAATATAT 

R : ACGGACAATTCAAGGTGGCTCGACATCTCACAC 

BspEI : TCCGGA 

2 271 F : GTGATTATATAGGAGACTGTCCAGGACCAGCTGAACAATATATG 

R : ACGGACAATTCACGGTGGCTCGACATCTCACAC 

PvuII : CAGCTG 

1,2 E30Q 1,2 F : ACGAATCGCTCCTCTGACTCAACCACCATTTGGTG 

R : CTGCAAAGACATTGTACAACTCCAAGTTGTTGATTAGGATT 

BsrGI : TGTACA 

1,2 L57V 1,2 F : CCATTTGGTGTGCGCTGCAGAGCCACCGTTAATTGTCCGTGTG 

R : TGGTTGAGTCAGAGGAGCGATTCGTCTGCAAAGAC 

PstI : CTGCAG 

1,3 AvrP F : GTGATTATATAGGAGCCTGTTCCGGACGTGCTGAACAATATAT 

R : ACGGACAATTCAAGGTGGCTCGACATCTCACAC 

BspEI : TCCGGA 

2,3 3 F : GTGATTATATAGGAGACTGTCCAGGACCAGCTGAACAATATATG 

R : ACGGACAATTCACGGTGGCTCGACATCTCACAC 

PvuII : CAGCTG 

2,3 S90T 2,3 F : TCACATGTCGCGTGTACTGGTGTACATCAAGGGACTTGTCA 

R : ACGCGGACCACAATTAGGGCAGCGGTACATATATTG 

BsrGI : TGTACA 

2,3 Q94E 2,3 F : TCACATGTCGCGTGTTCCGGTGTACATGAAGGGACTTGTCAAC 

R : ACGCGGACCACAATTAGGGCAGCGGTACATATATTG 

BsrGI : TGTACA 
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D66A AvrP F : GTGATTATATAGGAGCCTGTCCCGGGCCTGCTGAACAATATAT 

R : ACGGACAATTCAAGGTGGCTCGACATCTCACAC 

SmaI : CCCGGG 

P68S AvrP F : GTGATTATATAGGAGACTGTTCCGGACCTGCTGAACAATATAT 

R : ACGGACAATTCAAGGTGGCTCGACATCTCACAC 

BspEI : TCCGGA 

P70R AvrP F : GTGATTATATAGGAGACTGTCCCGGGCGTGCTGAACAATATAT 

R : ACGGACAATTCAAGGTGGCTCGACATCTCACAC 

SmaI : CCCGGG 

P68S + 

P70R 

AvrP F : GTGATTATATAGGAGACTGTTCCGGACGTGCTGAACAATATAT 

R : ACGGACAATTCAAGGTGGCTCGACATCTCACAC 

BspEI : TCCGGA 

Table showing primer pairs used in site-directed mutagenesis. Nucleotide changes are highlighted in red; restriction sites introduced are in 

bold and underlined.
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2.2.12 Selection of homozygous transgenic W38::P tobacco 

Seventeen progeny sown from seed of the primary transformant of a transgenic tobacco 

W38::P line (supplied by CSIRO Agriculture and Food, Canberra) were screened by PCR 

for the presence of the P resistance gene. DNA was extracted from 100–200 mg of young 

tobacco leaf. Leaf tissues were ground in a chilled mortar and pestle with liquid nitrogen. 

The powdered tissues were then transferred to a 2 ml microcentrifuge tube and put on 

ice before adding 900 µl of nuclear extraction buffer (7.5 ml nuclear lysis buffer (200 

mM Tris-HCl pH 7.5; 50 mM EDTA; 2 M NaCl; 2% (w/v) CTAB), 5 ml sterile milliQ water, 

0.1 g sodium bisulphite)  and vortexing to mix. Following addition of 90 µl of 10% (v/v) 

N-lauroylsarcosine each sample was inverted 4–6 times to mix. Samples were then 

incubated at 65 °C for 20 min and chilled on ice. An equal volume (900 µl) of 25:24:1 

phenol:chloroform:isoamyl alchohol were then added to each sample and vortexed to 

mix. After centrifugation for 15 min at 10,000 x g, the supernatants were transferred to 

clean 2 ml microcentrifuge tubes. A 0.6 volume of isopropanol was then added to each 

sample and inverted 4–6 times to mix. After centrifugation for 20 min at 10,000 x g, 

pellets were washed with 80% (v/v) ethanol. Pellets were air dried and resuspended in 

TE buffer. 

 

PCR positive and negative progeny were then grown for seed production following self 

fertilisation. A homozygous line was identified by screening the self seed from each PCR 

positive plant on MS (Murashige-Skoog; 4.3 g MS basal medium (Sigma Aldrich), 30 g 

sucrose, 5 g Agargel pH 5.8) media containing 50 µg/ml spectinomycin, using self-seed 

from PCR negative progeny as negative controls. 

 

2.2.13 Agrobacterium-mediated gene expression in tobacco 

Cultures of Agrobacterium strain GV3101 (pMP90) containing binary vector expression 

constructs were prepared to OD600 of 1.0 in 10 mM MES (pH 5.5) with 10 mM MgCl2 and 

200 µM acetosyringone. The cell suspension was incubated in the dark at room 

temperature for at least 2 hr prior to infiltration. Six- to seven-week-old W38 and W38::P 

tobacco plants were used for infiltration. Agroinfiltration was performed using a 1 ml 

syringe (without a needle) on the abaxial side of the leaves. The plants were grown in a 

controlled growth chamber at 24 °C with an 8 hr light (200 µmol m-2 s-1)/16 hr dark cycle 

from 1–2 days prior to infiltration until 4–5 days post infiltration. Co-expression of an R 
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gene with the corresponding Avr gene triggers host-defence responses that result in 

necrosis within the infiltrated leaf area. 

 

2.2.14 Western blots 

Tissue (2 leaf discs, approximately 0.9 cm in diameter) from agroinfiltrated W38 N. 

tabacum or N. benthamiana leaves was sampled at 2 days post infiltration, frozen and 

briefly ground in a microtube using a plastic pestle, and resuspended in 100 µl of 2X 

sample loading buffer (125 mM Tris pH 7.5, 4% (w/v) SDS, 20% glycerol (v/v), 0.02% 

(w/v) bromophenol blue, 0.2 M dithiothreitol). The samples were then boiled for 5 min 

at 95 °C and centrifuged at 10,000 x g for 5 min to remove cellular debris. 

 

Twelve to fifteen µl of protein samples were fractionated by 12.5–14% gradient sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) with the Precision Plus 

protein standards (Bio-Rad, Hercules, California, USA) used as a protein ladder. The SDS-

PAGE gel was prepared using a standard separating and stacking gel as described in 

Laemmli (1970). The gel was then transferred onto Amersham Protran 0.2 NC 

membrane (GE Healthcare, Little Chalfont, UK). After transfer, the membrane was 

blocked overnight using 5% skim milk in 1X TBST (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 

0.1% Tween20). The membrane was then incubated with a 1 : 1000 primary antibody 

3F10 clone anti-HA from rat (Roche Diagnostics Ltd, Basel, Switzerland) and a 1 : 5000 

α-rat IgG horseradish peroxidase-linked secondary antibody from goat (Sigma, St. Louis, 

Missouri, USA) for one hour each at room temperature. Between the incubation with 

primary and secondary antibody, the membrane was washed three times for 5 minutes 

with 1X TBST. The blot was then treated with Amersham ECL Western Blotting Detection 

Reagent (GE Healthcare) and labelled proteins detected using the Image Quant LAS 4000 

instrument (GE Healthcare). After detection, the membrane was stained with Ponceau 

S staining (0.1% (w/v) Ponceau S, 5% (v/v) acetic acid) for visualisation of protein loading. 

 

2.3 Results 

2.3.1 Screening of transgenic tobacco W38::P homozygous line 

Seventeen progeny of the primary transformant were screened for the presence of the 

P transgene using the P_For and P_Rev primer pair (Table 2.6), which amplified ~ 600 bp 
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of the P gene. The hsr203A and hsr203B primer pair (Table 2.6) were used as an internal 

positive control for the PCR reaction and amplified two PCR products of ~ 934 bp and ~ 

200 bp (Figure 2.5A). Both primer pairs were used in a single PCR reaction (i.e. multiplex 

PCR). 

Table 2.6 Primer pairs used in screening of transgenic P tobacco 

Name of primer Sequence (5’–3’) 

P_For TACCGGAGAATGGGAGTACG 

P_Rev TTTCCACAACCGCCTTAATC 

hsr203A GAGGAAGTATCCGGCTGGCTTAG 

hsr203B CAGAACCAGTTACAGGGTCCATTC 

 

Based on PCR screening, ten progeny (1, 3, 4, 6, 11, 12, 13, 14, 16, and 17) contained the 

P gene whereas 4 progeny (2, 8, 10, and 15) did not contain the P gene (Figure 2.4A). 

Three progeny (5, 7 and 9) were excluded from analysis as they failed to amplify either 

the P gene or the internal control. A 10 : 4 ratio of P positive to negative progeny fitted 

a Mendelian 3 : 1 ratio (2 with 1 degree of freedom = 0.095, p > 0.75) suggesting a single 

transgene locus. 

 

Progeny of these 14 plants were screened on MS media containing 50 µg/ml 

spectinomycin, which inhibits plastid biosynthesis. Plants containing the P transgene will 

be green owing to the presence of the spectinomycin resistance gene used for selection 

of the primary transformants, while those lacking the P gene will have bleached 

cotyledons. A line homozygous for the P transgene did not contain any bleached 

cotyledons (Figure 2.5B) whereas lines derived from heterozygous plants segregated for 

green and bleached seedlings (Figure 2.5C). From the ten P positive plants, only one line 

was homozygous whereas the other nine were segregating. A line derived from one of 

the P negative progeny was used as a negative control (Figure 2.5D). 
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Figure 2.5 Screening for a homozygous transgenic W38::P tobacco line. (A) PCR 

screening of 17 progeny of a tobacco W38::P primary transformant using P-gene specific 

primers and a tobacco housekeeping gene as an internal control. L = Hyperladder I 

(Bioline). (B) Seedlings of a homozygous P line. (C) Seedlings of a segregating line. (D) 

Bleached seedlings indicating the absence of the P gene. Seedlings were photographed 

7 days after sowing on MS media containing 50 µg/ml spectinomycin. 
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2.3.2 Full-length AvrP is important for recognition  

In order to determine whether full-length of AvrP is important for recognition by P, three 

large deletions were made based on the AvrP structure, one at the N-terminus (Δ25-35), 

one at the C-terminus (Δ96-111), and one internal deletion (Δ58-64) (Figure 2.6A). A 

mutant carrying both the C-terminal and internal deletions (Δ58-64 + Δ96-111) was also 

made (Figure 2.6A). 

 

The deletion at the N-terminus was based on the previous studies on AvrM and AvrL567 

where the signal for plant uptake was found at the N-terminus (Rafiqi et al. 2010). Based 

on the structure, the deletion at the N-terminus omits beta-sheet 1 (β1, Figure 2.1D). 

However, no protein was detected for the N-terminal deletion (Figure 2.6C), so it was 

not possible to determine whether AvrP recognition was affected by this mutation.  

 

The C-terminal deletion (Δ96-111) omits alpha helix 1 (α1, Figure 2.1D) and nine C-

terminal residues not represented in the structure. This deletion also disrupted the Zn3 

binding site via the loss of C97 and H101 whereas the internal deletion (Δ58-64) 

disrupted the Zn3 binding site via the loss of C59 and C61. In P tobacco leaves, both 

deletions failed to trigger cell death (Figure 2.6B), suggesting that both the internal 

region (residues 58-64) and the C-terminus (residues 96-111) are important for AvrP 

recognition, most probably because residues within these two regions binding with Zn3 

were deleted. A combination of the internal deletion and C-terminal deletion (Δ58-64 + 

Δ96-111) also resulted in the loss of recognition by P (Figure 2.6B). In conclusion, full 

length AvrP seems to be required for recognition by P. 
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Figure 2.6 Effect of AvrP deletion mutants on necrosis induced in P tobacco. (A) Diagram 

of AvrP deletions which includes an N-terminal deletion (Δ25-35), a C-terminal deletion 

(Δ96-111), an internal deletion (Δ58-64), and an internal deletion + C-terminal deletion 

(Δ58-64 + Δ96-111). AvrP and all deletions were constructed without a signal peptide. 

(B) Agroinfiltration results for constructs described in (A) on W38::P transgenic tobacco. 

Empty vector (EV) was used as a negative control. The photograph was taken 5 days 

after agroinfiltration. The experiment was repeated at least two times with six leaves 

per experiment. (C) Upper panel shows a gel blot of HA-tagged AvrP (without signal 

peptide), Δ25-35, Δ96-111, Δ58-64, and Δ58-64+Δ96-111 proteins expressed under the 

control of the 35S promoter in agroinfiltrated W38 tobacco leaves. Untreated W38 leaf 

was used as a negative control. Protein was extracted 2 days after agroinfiltration and 

the blot was probed with the anti-HA antibody. Positions and sizes (kDa) of protein 

molecular mass standards are indicated. The lower panel shows the Ponceau-S-stained 

membrane confirming approximately equal protein loading. 

 

2.3.3 Zn2+ binding is important for recognition of AvrP by P 

Zhang et al. (2018) reported that Zn2+ ions are required for AvrP protein production and 

crystallisation. They also suggested that Zn2+ may play a role in the structural integrity 

of AvrP. Based on the structure determined for AvrP, Zn2+ ions bind to AvrP at three 

positions. Zn1 comprising four cysteines (C36, C38, C78, C81) and Zn2 and Zn3 each 

comprising three cysteines and one histidine (C53, C67, C89, H93 and C59, C61, C97, 

H101, respectively). To investigate the importance of Zn2+ binding in AvrP recognition by 

P, three mutations were generated each targeting the four residues that correspond to 

one of the Zn2+ binding sites and replacing them with alanines i.e. C36A, C38A, C78A and 

C81A for Zn1, C53A, C67A, C89A and H93A for Zn2 and C59A, C61A, C97A and H101A for 

Zn3. 

 

Derivatives of AvrP carrying mutations in each of the three Zn2+ binding sites failed to 

trigger cell death following Agrobacterium-mediated expression in P tobacco leaves 

(Figure 2.7A), suggesting that these binding sites are each important for AvrP 

recognition by the P resistance protein. Each of the HA-tagged mutant proteins was 

detectable following gel electrophoresis and immunoblotting for the HA-tag (Figure 

2.7B), although the Zn1 and Zn2 mutants were not as abundant as the Zn3 mutant and 
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wild type (AvrP-HA) proteins. Lack of ability to trigger cell death is therefore not due to 

lack of protein expression, but most likely due to changes in the structural integrity of 

AvrP. It seems that AvrP needs to bind to all three Zn2+ ions in order to maintain its 

structure and be recognised by P. 

 

 

Figure 2.7 Effect of zinc (Zn)-binding motif mutants of AvrP on necrosis induced in P 

tobacco. (A) AvrP protein (lacking the signal peptide) fused with a haemagglutinin (HA) 

tag (AvrP-HA) or without a tag (AvrP) and AvrP-HA containing mutations in the Zn-

binding residues (Zn1, Zn2, Zn3) were expressed in W38::P transgenic tobacco. Empty 

vector (EV) was used as a negative control. The photograph was taken 5 days after 

agroinfiltration. The experiment was repeated at least two times with six leaves per 
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experiment. (B) Upper panel shows a gel blot of HA-tagged AvrP and Zn1, Zn2 and Zn3 

mutants expressed under the control of the 35S promoter in agroinfiltrated W38 

tobacco leaves. Non-infiltrated leaf tissue (-) was used as a negative control. Protein was 

extracted 2 days after agroinfiltration and the blot was probed with anti-HA antibody. 

Positions and sizes (kDa) of protein molecular mass standards are indicated. The lower 

panel shows the Ponceau S stained membrane confirming approximately equal protein 

loading. 

 

2.3.4 Identification of amino acid residues important for AvrP 

recognition 

2.3.4.1 Domain swaps with the 271 variant of AvrP 

In order to determine regions in AvrP that contribute to recognition by P, domain swaps 

were made using the 271 variant of AvrP, which is not recognised by P. There are eight 

polymorphic residues between AvrP and the 271 variant (Figure 2.8A). For the purposes 

of domain swaps, these proteins were divided into three regions designated 1, 2 and 3 

each containing two or three of the polymorphic sites. Domain swaps were named 

according to the region of AvrP they contained e.g. domain swap 1 contains AvrP region 

1, domain swap 1,2 contains AvrP regions 1 and 2 and so on. Agroinfiltration with 

domain swaps 1 and 3 did not induce necrosis on P tobacco but domain swap 2 did 

induce some necrotic spots suggesting a slight gain of AvrP recognition (Figure 2.8). This 

result suggested that polymorphic residues D66, P68 or P70 in region 2 may be 

important for AvrP recognition. The importance of this region was confirmed by domain 

swap 1,3, which did not induce any necrosis in P tobacco (Figure 2.9). On the other hand, 

domain swaps 1,2 and 2,3 showed greater necrosis than domain swap 2 alone indicating 

that polymorphic residues in regions 1 and 3, whilst not sufficient to trigger necrosis by 

themselves, contributed to the necrotic response triggered by polymorphic residues in 

region 2 (Figure 2.9). 

 

 



51 
 

 



52 
 

Figure 2.8 Effect of domain swaps between regions 1, 2 and 3 of AvrP and its 271 variant 

on necrosis induced in P tobacco. (A) Diagram of domain swaps generated between AvrP 

and its 271 variant. The eight amino acid residues polymorphic between the two 

proteins are shown in capital letters on grey (AvrP) and white (271) bars. AvrP and its 

271 variant were divided into three regions for the purposes of domain swapping and 

the domain swaps were named according to the AvrP region they contained. All 

constructs were made without a signal peptide coding sequence.  Necrosis scores were 

determined as the average of the necrosis scores for each construct ranging from 0 

(lowest) to 5 (highest) where 1 = 10-20% of the infiltrated area showing necrosis, 2 = 21-

40% , 3 = 41 – 60% , 4 = 61-80%, 5 = 81-100%. The experiment was repeated at least two 

times with six leaves per experiment. (B) Agroinfiltration results for constructs described 

in (A) on W38::P transgenic tobacco. Photograph was taken at 3 dpi. Empty vector (EV) 

was used as a negative control. (C) Protein extracts from N. tabacum leaf tissue (W38) 

and infiltrated leaf tissue expressing the AvrP-271 variants described in (A) were size 

fractionated by gel electrophoresis and analysed by immunoblotting with anti-HA 

antibody. Positions and sizes (kDa) of protein molecular mass standards are indicated. 

The lower panel shows Ponceau S staining of protein bands on the blotted nitrocellulose 

membranes showing protein loading. 

 

2.3.4.2 Site-directed mutagenesis of residues polymorphic between 

AvrP and its 271 variant 

To investigate the contribution of residues in region 1 to the necrosis induced by domain 

swap 1,2, the AvrP-specific residues (E30 and L57) in region 1 of domain swap 1,2 were 

converted individually to their 271 counterparts (Q and V respectively) by site-directed 

mutagenesis. Both 1,2 E30Q and 1,2 L57V showed a reduction in necrosis on P tobacco 

compared to domain swap 1,2 indicating that both region 1 residues contribute to the 

necrosis induced by region 2 (Figure 2.9). However, 1,2 L57V showed a much greater 

reduction in necrosis induced than 1,2 E30Q suggesting that L57 makes a greater 

contribution to AvrP recognition than E30. 

 

Domain swap 1,2 showed a lower average necrosis score than domain swap 2,3 (Figure 

2.9) suggesting that polymorphic residues in region 3 of AvrP played a more important 

role in the necrosis triggered by region 2 of AvrP than the polymorphic residues in region 
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1 of AvrP. To investigate the contribution of residues in region 3 to the necrosis induced 

by domain swap 2,3, the AvrP-specific residues (S90, Q94 and E108) in region 3 of 

domain swap 2,3 were converted individually to their 271 counterparts (T, E and Q 

respectively) by site-directed mutagenesis. 2,3 S90T showed only a slight reduction in 

necrosis on P tobacco compared to domain swap 2,3 (Figure 2.10) suggesting that S90 

plays only a minor role in AvrP recognition. 2,3 Q94E and 2,3 E108Q both showed a much 

greater reduction in necrosis on P tobacco compared to domain swap 2,3 (Figure 2.10) 

suggesting that both contribute to AvrP recognition. Investigation of residue E108 alone 

in combination with residues in region 2 (2,3 S90T + Q94E, Figure 2.10) resulted in a 

lower necrosis score compared to domain swap 2,3 suggesting that this residue is 

needed in combination with another residue, presumably Q94E. 
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Figure 2.9 Effect of combining regions of AvrP and its 271 variant on necrosis induced in 

P tobacco. (A) Diagram of constructs combining regions of AvrP and its 271 allele and 

mutants thereof. The eight amino acid residues polymorphic between the two proteins 

are shown in capital letters on grey (AvrP) and white (271) bars. All constructs were 

made without a signal peptide coding sequence. Necrosis scores were determined as 

the average of the necrosis scores for each construct ranging from 0 (lowest) to 5 

(highest) where 1 = 10-20% of the infiltrated area showing necrosis, 2 = 21-40% , 3 = 41 

– 60% , 4 = 61-80%, 5 = 81-100%. The experiment was repeated at least two times with 

six leaves per experiment. (B) Agroinfiltration results for constructs described in (A) on 
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W38::P transgenic tobacco. Photographs were taken at 3 dpi (left) and 5 dpi (right). 

Empty vector (EV) was used as a negative control. (C) Protein extracts from N. 

benthamiana leaf tissue (WT) and infiltrated N. benthamiana leaf tissue expressing the 

AvrP-271 variants described in (A) were size fractionated by gel electrophoresis and 

analysed by immunoblotting with anti-HA antibody. Positions and sizes (kDa) of protein 

molecular mass standards are indicated. The lower panel shows Ponceau S staining of 

protein bands on the blotted nitrocellulose membranes showing protein loading. 
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Figure 2.10 Effect of individual residues in region 3 of AvrP on necrosis induced in P 

tobacco. (A) Diagram of constructs used to investigate individual residues from region 3 

of AvrP. The eight amino acid residues polymorphic between the two proteins are shown 

in capital letters on grey (AvrP) and white (271) bars. All constructs were made without 

a signal peptide coding sequence. Necrosis scores were determined as the average of 

the necrosis scores for each construct ranging from 0 (lowest) to 5 (highest) where 1 = 
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10-20% of the infiltrated area showing necrosis, 2 = 21-40% , 3 = 41 – 60% , 4 = 61-80%, 

5 = 81-100%. The experiment was repeated at least two times with six leaves per 

experiment. (B) Agroinfiltration results for constructs described in (A) on W38::P 

transgenic tobacco. Photographs were taken at 4 dpi (left) and 5 dpi (right). Empty 

vector (EV) was used as a negative control. (C) Protein extracts from N. benthamiana 

leaf tissue (WT) and infiltrated N. benthamiana leaf tissue expressing the AvrP-271 

variants described in (A) were size fractionated by gel electrophoresis and analysed by 

immunoblotting with anti-HA antibody. Positions and sizes (kDa) of protein molecular 

mass standards are indicated. The lower panel shows Ponceau S staining of protein 

bands on the blotted nitrocellulose membranes showing protein loading. 

 

To investigate the contribution of residues in region 2 to the necrosis induced by AvrP, 

three AvrP-specific residues (D66, P68, P70) in region 2 were converted individually to 

their 271 counterparts (A, S and R respectively) by site-directed mutagenesis (Figure 

2.11A). A double mutation of P68 and P70 (P68S + P70R, Figure 2.11A) was also 

introduced to determine the contribution of these two residues to the necrosis induced 

by AvrP (Figure 2.11A). A single mutation of D66A abolished AvrP-induced necrosis on P 

tobacco whereas both single mutation and double mutation of P68 and P70R did not 

reduce necrosis on P tobacco (Figure 2.11B). This finding suggests that residue D66 from 

region 2 is important and contributes to AvrP recognition. 

 

Lastly, to investigate the minimum number of AvrP-specific residues required to trigger 

a strong cell death on P tobacco, two variants were made, namely 2,3 P68S+P70R and 

2,3 P68S+P70R+S90T (Figure 2.11A). Variant 2,3 P68S+P70R investigated the role of 

residue D66 from region 2 of AvrP and all three residues from region 3 (S90, Q94 and 

E108) whereas variant 2,3 P68S+P70R+S90T investigated the role of residue D66 from 

region 2 and residues Q94 and E108 from region 3 for recognition by P. In P tobacco, 

both variants (2,3 P68S+P70R and 2,3 P68S+P70R+S90T) were able to trigger a strong 

cell death response (Figure 2.11B), suggesting that the D66, Q94 and E108 residues of 

AvrP are important for AvrP recognition. 
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Figure 2.11 Effect of individual residues from regions 2 and 3 of AvrP on necrosis induced 

in P tobacco. (A) Diagram of constructs investigating individual residues from regions 2 

and 3 of AvrP. The eight amino acid residues polymorphic between the two proteins are 

shown in capital letters on grey (AvrP) and white (271) bars. All constructs were made 

without a signal peptide coding sequence. Necrosis scores were determined as the 
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average of the necrosis scores for each construct ranging from 0 (lowest) to 5 (highest) 

where 1 = 10-20% of the infiltrated area showing necrosis, 2 = 21-40% , 3 = 41 – 60% , 4 

= 61-80%, 5 = 81-100%. The experiment was repeated at least two times with six leaves 

per experiment. (B) Agroinfiltration results for constructs described in (A) on W38::P 

transgenic tobacco. The photographs were taken 3 dpi. Empty vector (EV) was used as 

a negative control. (C) Protein extracts from N. tabacum leaf tissue (W38) and infiltrated 

W38 leaf tissue expressing the AvrP proteins were size fractionated by gel 

electrophoresis and analysed by immunoblotting with anti-HA antibody. Positions and 

sizes (kDa) of protein molecular mass standards are indicated. The lower panel shows 

Ponceau S staining of protein bands on the blotted nitrocellulose membranes showing 

protein loading. 

 

2.4 Discussion 

2.4.1 Zinc binding is important for AvrP recognition 

Based on the structure determined by Zhang et al. (2018), AvrP binds to three Zn2+ ions. 

This binding seems to be crucial for the structural integrity of AvrP and hence recognition 

by the P resistance protein (Figure 2.7). The binding of Zn2+ ions and the C4–HC3 (Zn1 

Zn2) signature in AvrP structure resembles the Plant Homeodomain (PHD) finger or RING 

finger, which are found to be conserved and present in most eukaryotic genomes 

(Schindler et al. 1993; Aasland et al. 1995). The PHD finger is a small protein domain that 

spans approximately 50–80 amino acids, contains zinc-binding domains and appears in 

many chromatin-associated proteins (Aasland et al. 1995). Structurally, it has a 

conserved two-strand anti-parallel β-sheet and a C-terminal α-helix that is stabilized by 

two zinc atoms anchored by the Cys4–His–Cys3 motif (Sanchez and Zhou 2011). With 

this similarity in structure to the PHD finger, it is possible that AvrP may, like many PHD 

proteins, play a role in transcription. 

 

2.4.2 Full-length AvrP is required for recognition by P 

Deletion of the N-terminal residues preceding the first cysteine residue involved in zinc 

binding (Δ25-35), besides removing E30, which contributes to AvrP recognition, led to a 

loss of protein available for detection by P (Figure 2.6) and was therefore uninformative 

with respect to the role of the deleted residues in recognition by P. The internal (Δ58-

64) and C-terminal (Δ96-111) deletions allowed protein accumulation but abolished 
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AvrP recognition (Figure 2.6) most likely due to the loss of protein structural integrity 

caused by the loss of two Zn3-binding residues (C59 and C61 for internal deletion and 

residues C97 and H101 for the C-terminal deletion). A combination of the internal and 

C-terminal deletions (Δ58-64 + Δ96-111), which removed Zn3 completely, also resulted 

in the loss of recognition by P, as might be expected. The C-terminal deletion (Δ96-111) 

also results in the loss of E108, which is important for AvrP recognition (section 2.3.4.2). 

In conclusion, full length AvrP protein is required for recognition by P as the N-terminal, 

internal and C-terminal deletions in AvrP all abolished AvrP recognition albeit for 

different reasons. 

 

2.4.3 D66 residue is crucial for AvrP recognition 

Domain swaps with the 271 allele revealed five residues to be important for AvrP 

recognition, which are the E30, L57, D66, Q94 and E108 residues (section 2.3.4.2). Based 

on the AvrP structure, the E30, D66 and Q94 residues are on the exposed surface, 

whereas the L57 residue can be found inside the protein. Surface exposure of the E108 

residue, however, cannot be determined as it isn’t represented in the structure. 

 

A single mutation of D66 to alanine (A) resulted in the abolition of AvrP recognition 

(Figure 2.11), suggesting that this residue is crucial for AvrP recognition. Aspartic acid 

(D), present at position 66 in AvrP, is an acidic and polar amino acid whereas its 

counterpart alanine residue in the 271 allele is hydrophobic and nonpolar. Changing the 

D residue to A possibly affects AvrP protein folding and therefore its recognition by P. 

 

Despite L57 being buried inside the protein and therefore unlikely to be recognised 

directly by P, the L57V mutation, although a relatively conservative mutation (both 

leucine and valine are branched hydrophobic residues), results in a less bulky amino acid 

at position 57 that could potentially affect protein structure including the conformation 

of residues on the surface of the protein that are involved in recognition by P. The side 

chain of L57 is very close to the peptide backbone of D66 in the three-dimensional 

structure of AvrP and could therefore affect the conformation of D66 on the surface of 

the protein. 
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2.4.4 Three key residues of AvrP recognition 

Investigation on each residue from region 3 of AvrP (Figure 2.10) revealed that the S90 

residue was not important for AvrP recognition whereas the last two polymorphic 

residues (Q94 and E108) are important for AvrP recognition. Mutation of the S90 residue 

to T (threonine) (2,3 S90T, Figure 2.10A) did not affect recognition of AvrP by P (Figure 

2.10B), most likely because serine and threonine have very similar chemical properties 

(non-aromatic, hydroxyl and polar). E108 (glutamic acid), however, is acidic and charged 

whereas Q94 (glutamine, an amide of glutamic acid) is neutral and uncharged. In 

combination with D66, these two residues appear to complement one another in the 

recognition of AvrP by P. D66 in combination with E94+E108 (variant 2,3 Q94E and 

variant 2.3 S90T+Q94E, Figure 2.10A) and Q94+Q108 (variant 2,3 E108Q, Figure 2.10A) 

resulted in decreased necrosis (Figure 2.10B), suggesting that not only is each residue 

important by itself, but also that the combination of these two residues is important for 

AvrP recognition. The complementation of Q and E residues can also be inferred from 

the investigation of region 1 of AvrP (Figure 2.9). The necrosis score of variant 1,2, which 

has E94+Q108, was lower than that of variant 2,3, which has Q94+E108 the same as 

AvrP. In conclusion, the three key residues found to be important for AvrP recognition 

are D66, Q94 and E108. 

 

2.4.5 Key residues for AvrP recognition are on the surface of the AvrP 

protein 

Three key residues found in this study to be important for AvrP recognition were D66, 

Q94 and E108. When these residues were plotted on the AvrP structure, the D66 and 

Q94 residues are in the surface of AvrP while the E108 residue is not represented in the 

structure (Figure 2.12). Residues that lie in the accessible surface area (ASA), of a protein 

are believed to be important for determining the secondary structure of a protein. 

Mutations or deletions of ASA residues may affect protein proper folding. In AvrP, 

mutations of the D66 and Q94 residue may have changed its proper folding, hence 

reduced its ability to be recognised by the P resistance protein. 
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Figure 2.12 Key residues of AvrP recognition plotted onto the AvrP structure. The side 

chains of D66 and Q94 residues are shown. The tree zinc ions bound to AvrP are 

represented as magenta spheres. The N-terminus and C-terminus of AvrP are shown as 

N and C respectively. This figure was prepared using PyMOL (https://pymol.org). 
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Chapter 3 

Recognition of AvrP123 

 

3.1 Introduction 

AvrP123 is recognised by the P1, P2 and P3 resistance proteins but not the P resistance 

protein. The AvrP123 gene was identified after screening a flax-rust haustorium-specific 

cDNA library for transcripts encoding haustorially-expressed secreted proteins  

(Catanzariti et al. (2006). Initially, AvrP123 was predicted to have a Kazal serine 

protease-inhibitor signature (Catanzariti et al. 2006), but, following identification of the 

allelic AvrP gene (Barrett et al. 2009) and structural characterisation of the AvrP protein 

(Zhang et al. 2018), it was found to have a Plant Homeodomain (PHD) zinc finger motif. 

AvrP123 is predicted to have a similar structure to AvrP (Zhang et al. 2018) and, like 

AvrP, has ten cysteines and two histidines that bind to three zinc ions (Figure 3.1A). 

However, AvrP123 has an extra six C-terminal residues that are not present in AvrP. 

 

Beside AvrP, other AvrP123 variants have been found in flax rust isolates such as 271, 

339, bs25 and WA (Figure 3.1) (Barrett et al. 2009; Dodds and Thrall 2009). The 271 

allele, which is not recognised by P, P1, P2 or P3, was used in the investigation of AvrP 

recognition described in Chapter 2. Among the other AvrP123 variants, the WA allele 

(here designated AvrP-WA) encodes a protein with high similarity to AvrP123 but, unlike 

AvrP123, is not recognised by the P1 resistance protein (Figure 3.1). Seven of the ten 

residues polymorphic between AvrP-WA and AvrP123 are near the N-terminus of the 

mature protein. These residues were investigated for their role in recognition by P1 

(section 3.3.1.1). 

 

Unlike AvrP-WA, the 339 allele (here designated AvrP-339) is more similar to AvrP than 

AvrP123. Interestingly, it is recognised by P, P2 and P3, but not by P1 (Figure 3.1B). It 

encodes a protein with seven polymorphic residues compared to AvrP, with five of these 

residues near the C-terminus (Figure 3.1A). These residues were investigated for P2 and 

P3 specificity (section 3.3.2.2). 
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The bs25 allele (here designated AvrP-bs25) is a product of recombination between AvrP 

and AvrP123 that was recovered by selection for virulence on flax plants heterozygous 

for P and P1 (Lawrence et al. 1981b). It was found to encode a domain swap comprising 

the N-terminal 60–63 amino acids of AvrP and the C-terminal 54–57 amino acids of 

AvrP123 and is recognised by P2, but not by P, P1 or P3 (Figure 3.1). A reciprocal domain 

swap was therefore made and tested for recognition by P, P1, P2 and P3 (section 3.3.3). 

 

 

Figure 3.1 AvrP/P123 variants and their recognition by the P, P1, P2 and P3 resistance 

proteins. (A) Alignment of AvrP/P123 with other variants encoded by alleles present in 

the 271, 339, bs25 and WA isolates of flax rust. Identical residues are represented by 

dots (.) (B) Recognition of AvrP/P123 variants (left) by P, P1, P2, and P3 lines of flax (top). 

Table taken from Dodds and Thrall (2009). + indicates necrosis; - indicates no necrosis; 

± indicates weak necrosis/chlorosis. 

 

This chapter describes several approaches used to investigate the domains of AvrP123 

recognised by the P1, P2 and P3 resistance proteins. These approaches include 

deletions, domain swaps and site-directed mutations. All mutants were expressed in flax 

plants containing the P, P1, P2 or P3 resistance gene via Agrobacterium-mediated 

transformation of infiltrated leaves (agroinfiltration). 
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3.2 Materials and Methods 

3.2.1 Generation of control, C6 and C8 constructs via Gateway cloning 

AvrP123 and its variants were cloned using the Gateway pENTRY Directional TOPO 

Cloning kit (Invitrogen, Carlsbad, California, USA) following the manufacturer’s protocol. 

The genes of interest, including controls (AvrP123, AvrP, AvrP-339, AvrP-WA, AvrP-bs25 

and AvrP-271), deletions or additions of the C-terminal six amino acids of AvrP123 (C6 

constructs, section 3.3.2.1) and swaps of the preceding 8 amino acids (C8 constructs, 

section 3.3.2.2), were amplified by PCR using gene-specific primers containing an 

additional 5’-CACCATG nucleotide sequence on the forward primers (Table 3.1). The 

amplified gene was then cloned into the pENTRY TOPO vector (Appendix 2) by TOPO 

cloning. Positive clones were confirmed by PCR and sequencing using TOPO M13F (5’-

GATGTTTTCCCAGTCACGAC-3’) and TOPO M13R (5’-CAGGAAACAGCTATGAC-3’) primers. 

The cloned genes were then transferred into a destination vector such as pEarlyGate104 

vector (Appendix 2) (Earley et al. 2006) using the Clonase® II for LR recombination kit 

(Invitrogen) according to the manufacturer’s protocol. After recombination, the pENTRY 

TOPO vector was linearized by restriction enzyme (PvuI) to reduce the incidence of false 

positives owing to the fact that both donor and destination vectors confer kanamycin 

resistance. Positive transformants were confirmed by colony PCR and sequencing using 

forward primer pEG104seqFOR (5’-AGTCCGGACTCAGATCTC-3’) and sequence-specific 

reverse primers (Table 3.1). 
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Table 3.1 Primer pairs used in generating control, C6 and C8 constructs 

Name of 

construct 

Name of 

primers 
Primer pairs (5’–3’) 

AvrP123 dSP123 FOR 

P123 REV 

F : CACCATGCAGTATGTTGTTGATCCAGGG 

R : TCATTCTGACTCCGAGTCAG 

AvrP dSP-AvrP FOR 

AvrP REV 

F : CACCATGCAGTCTAATCCTAATCAAGAGC 

R : CTAACCTCCGTACTCCACACTG 

339 339 FOR 

339 REV 

F : CACCATGCAGTCTAACCCTAATCAAGAGC 

R : CTAATCTTGGTACTGCACACTGG 

WA dSP123 FOR 

P123 REV 

F : CACCATGCAGTATGTTGTTGATCCAGGG 

R : TCATTCTGACTCCGAGTCAG 

bs25 dSP-AvrP FOR 

P123 REV 

F : CACCATGCAGTCTAATCCTAATCAAGAGC 

R : TCATTCTGACTCCGAGTCAG 

271 dSP-271 FOR 

271 REV 

F : CACCATGCAGTCTAACCCTAATCAACAGC 

R : CTAACCTCCGTACTGCACACTG 

AvrP123∆C6 dSP123 FOR 

dC6 REV 

F : CACCATGCAGTATGTTGTTGATCCAGGG 

R : CTAATTTTGGTATTGCACCCTGG 

AvrP+C6 dSP-AvrP FOR 

AvrP-C6 REV 

F : CACCATGCAGTCTAATCCTAATCAAGAGC 

R : TCATTCTGACTCCGAGTCAGAACCTCCGTACTCCACACTG 

AvrP-C8339 dSP-AvrP FOR 

339-C8 REV 

F : CACCATGCAGTCTAATCCTAATCAAGAGC 

R : TCAATCTTGGTACTGCACACTGGCTATCCCAGGGTGTACCT 

GTTG 

AvrP-C8P123 dSP-AvrP FOR 

P123-C8 REV 

F : CACCATGCAGTCTAATCCTAATCAAGAGC 

R : TCAATTTTGGTATTGCACCCTGGCTATCCCAGGGTGTACCT 

GTTG 

AvrP-C14P123 dSP-AvrP FOR 

AvrP-C14 REV 

F : CACCATGCAGTCTAATCCTAATCAAGAGC 

R : TCATTCTGACTCCGAGTCAGAATTTTGGTATTGCACCCTG 

 

3.2.2 Domain swaps 

Domain swaps between AvrP123 and AvrP-WA (section 3.3.1.1) and between AvrP and 

AvrP123 (section 3.3.3) were made based on the RIC method developed by Claire 

Anderson as described in Chapter 2 section 2.2.10. The swaps were amplified and cloned 

into the LIC (pL) vector (Chapter 2, section 2.2.8) using the primer pairs shown in Table 

3.2. 
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Table 3.2 Primer pairs used for generating domain swaps between AvrP123 and WA 

and between AvrP123 and AvrP 

Name of 

construct 
DNA Template Primer pairs (5’– 3’) 

1,2  

AvrP123 (5’ end) 
F : ACTATTTACAATTACGATGCAGTATGTTGTTGATCCAGGG 

R : GCGGACCACAAGTAGGGCAGCGGTACACATATTC 

AvrP-WA (3’ end) 
F : GTTCACATGTCGGGTGTATC 

R : TCCTCTCCAAATTACGTCATTCTGACTCCGAGTCAG 

3 

AvrP-WA (5’ end) 
F : ACTATTTACAATTACGATGCAGTATGTTGTTGATCCAGGG 

R : GCGGACCACAAGTAGGGCAGCGGTACACATATTC 

AvrP123 (3’ end) 
F : GTTCACATGTCGGGTGTTTC 

R : TCCTCTCCAAATTACGTCATTCTGACTCCGAGTCAG 

1 

AvrP123 (5’ end) 
F : ACTATTTACAATTACGATGCAGTATGTTGTTGATCCAGGG 

R : GTTGAGTCAGACGAGCGATTTG 

AvrP-WA (3’ end) 
F : GACCACTTGATGTGGAATGTG 

R : TCCTCTCCAAATTACGTCATTCTGACTCCGAGTCAG 

2,3 

AvrP-WA (5’ end) 
F : ACTATTTACAATTACGATGCAGTATGTTGTTGATCCAGGG 

R : GTTGAGTCAGAGGAGCGATTTG 

AvrP123 (3’ end) 
F : GACCATTTGATGTGGAATGTG 

R : TCCTCTCCAAATTACGTCATTCTGACTCCGAGTCAG 

bs25R 

AvrP123 (5’ end) 
F : ACTATTTACAATTACGATGCAGTATGTTGTTGATCCAGGG 

R : GAACAACTTGGGGTGGCTTCACATTC 

AvrP (3’ end) 
F : GTGTGATTATATAGGAGACTGTCC 

R : TCCTCTCCAAATTACGCTAACCTCCGTACTCCACACTG 

LIC extensions are highlighted in red; introduced methionine codons (ATG) are 

highlighted in blue.  
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Once the domain swaps were made in the LIC vector (pL), they were then cloned into 

the pENTRY TOPO vector using the TOPO cloning method. Firstly, the gene of interest 

was amplified by PCR using sequence-specific primers with an additional 5’-CACCATG 

nucleotide on the forward primers (Table 3.3). Domain swaps 1,2; 3; 1; and 2,3 were all 

amplified using dSP123 FOR and P123 REV primers (Table 3.3) whereas domain swap 

bs25R was amplified using dSP123 FOR and AvrP REV primers (Table 3.3). Positive 

transformants were confirmed by colony PCR and sequencing as described in section 

3.2.1. Constructs were then transferred to the destination vector pEarlyGate104 via 

Gateway cloning as described in section 3.2.1. 

 

Table 3.3 Primers used for generating AvrP123-WA and AvrP123-AvrP domain swap in 

pENTRY TOPO 

Name of primer Primers (5’–3’) 

dSP123 FOR CACCATGCAGTATGTTGTTGATCCAGGG 

P123 REV TCATTCTGACTCCGAGTCAG 

AvrP REV CTAACCTCCGTACTCCACACTG 

 

3.2.3 Site-Directed Mutagenesis 

Mutants were made using the site-directed mutagenesis method described in Chapter 

2 section 2.2.11, using the primer pairs shown in Table 3.4. Mutations were made in the 

pENTRY TOPO constructs and the mutants were then transferred to pEarlyGate104 as 

described in section 3.2.1. 
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Table 3.4 Primer pairs used for site-directed mutagenesis 

 Nucleotide changes are highlighted in red; introduced restriction sites are in bold and 

underlined. 

 

3.2.4 DNA sequencing 

DNA was sequenced as described in Chapter 2 section 2.2.7. 

 

3.2.5 Agrobacterium-mediated transformation of flax and tobacco 

leaves 

Cultures of Agrobacterium strain GV3101 (pMP90) containing the binary vector 

(pEarlyGate104) expression constructs were prepared as described in Chapter 2 section 

2.2.13. Three- to four-week-old P, P1, P2 and P3 flax plants were used for infiltration. 

These included lines that had been backcrossed multiple times to the susceptible Bison 

or Hoshangabad (Hosh) lines of flax as well as the parental lines Koto (P), Akmolinsk (P1), 

Abyssinian (P2) and Leona (P3). Bison backcross lines were used to ensure a near-

isogenic background so that variation in responses could be ascribed to the different 

resistance proteins rather than differences in genetic background. Hosh backcross lines 

were also used to compensate for the presence of a chlorotic background response in 

Bison for AvrP123. Agroinfiltration was performed using a 1 ml syringe (without a 

needle) on the abaxial side of flax and tobacco leaves. Flax plants were grown in a 

temperature-controlled glasshouse (23 °C day, 13 °C night) and observed 8 to 15 days 

post infiltration (dpi). 

Name of 

construct 
Primer pairs 

Restriction 

enzyme 

used for 

screening 

AvrP123 

D66A 

F : GATTATAGAGGAGCTTGTCCCGGGCCTGCTGCAGAAT 

R : ACACGAACAACTTGGGGTGGCTTCACATTCCACATC 

SmaI  

1 

E35K 

F : GTATGTTGTTGATCCCGGGTTTGGAGAGATTAAATGTATGTGCG 

R : TGCATGGTGAAGGGGGCGGCCGCGGAGCCTGCTTTTTTG 

SmaI 

271-C8339 

I64R 

F : GTCCGTGTGATTATCGTGGAGCCTGTTCCGGACGTGCTGAAC 

R : AATTCACGGTGGCTCGACATCTCACACCAAATGGTGGTTG 

BspEI  



70 
 

For P specificity, agroinfiltration of P tobacco leaves were performed using the same 

method as described in Chapter 2 section 2.2.13. W38 tobacco and Nicotiana 

benthamiana leaves were also used for co-infiltration experiments with the P2 

resistance gene (in pTN35S vector). N. benthamiana plants were grown in a controlled-

environment room with a 22 °C constant temperature with a 16 hr day (approximately 

200 µmol/m-2s light intensity)/8 hr night cycle. Necrosis was scored 6-8 days post 

infiltration. W38 tobacco were grown in the same temperature-controlled glasshouse 

as P tobacco, but were co-infiltrated and observed in the same controlled-environment 

room as N. benthamiana. Co-infiltrations were performed using a 1:1 ratio of 

Agrobacterium suspensions carrying Avr constructs and P2. 

 

3.2.6 Western blots 

The destination vector pEarlyGate104 adds a YFP-tag at the N-terminus. Western blots 

of the YFP-fusion proteins extracted from two Bison or Hoshangabad leaves at 3 dpi 

were generated and probed with anti-GFP mouse IgG mononclonal antibody (Roche, 

Basel, Switzerland) and anti-mouse horseradish peroxidase-linked secondary antibody 

(GE Healthcare) as described in Chapter 2 section 2.2.14, except that Hybond-C-extra 

nitrocellulose membranes (Amersham Biosciences, Piscataway, NJ, USA) were used 

instead of Amersham Protran 0.2 NC membranes. 

 

3.3 Results 

3.3.1 Recognition by P1 

3.3.1.1 N-terminal residues of AvrP123 are important for recognition by 

P1 

To determine the residues/regions important for P1 specificity, four domain swaps were 

made between AvrP123 and AvrP-WA (Figure 3.2A). There are ten polymorphic residues 

between AvrP123 and AvrP-WA with seven of them located near the N-terminus of the 

mature protein. The domain swaps were made and named based on three regions of 

AvrP123, designated regions 1, 2 and 3. Region 1 contains four polymorphic residues 

(F31, I34, E35, R43), whereas regions 2 and 3 each contain three polymorphic residues 

(F49, S58, R64 and F90, Q108, Q110 respectively) (Figure 3.2A). 
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Domain swap 1,2 contains seven AvrP123 polymorphic residues from regions 1 and 2, 

and three AvrP-WA polymorphic residues from region 3 (I90, E108, P110) (Figure 3.2A). 

Its reciprocal (domain swap 3) contains seven AvrP-WA polymorphic residues from 

regions 1 and 2 (L31, V34, K35, P43, L49, K58, T64) and three AvrP123 polymorphic 

residues from region 3 (Figure 3.2A). Both constructs were tested for recognition on H3 

x Koto (P), Akmolinsk (P1), H3 x Abyssinian (P2) and Leona (P3) flax plants, where H3 

indicates these lines had been backcrossed three times to Hoshangabad (Figure 3.2B). 

Domain swap 1,2 triggered cell death on P1, P2 and P3 flax plants whereas domain swap 

3 only triggered cell death on P2 and P3 flax plants (Figure 3.2B). This finding suggests 

that regions 1 and 2 are important for AvrP123 recognition by P1. 

 

To determine the residues in regions 1 and 2 of AvrP123 important for recognition by 

P1, another two domain swaps were made, namely domain swaps 1 and 2,3 (Figure 

3.2A). Domain swap 1 contains four AvrP123 polymorphic residues from region 1, and 

six AvrP-WA polymorphic residues from regions 2 and 3. Unexpectedly, not only did 

domain swap 1 trigger cell death on the P1, P2, and P3 flax plants, it also triggered cell 

death on the P flax plants (Figure 3.2B). Its reciprocal domain swap (2,3), also triggered 

strong cell death on the P2 and P3 flax plants, but a weaker (intermediate) response on 

the P1 flax plants (Figure 3.2B). Additional experiments were conducted with a dilution 

series of Agrobacterium to confirm this observation. Agrobacterium suspensions with 

OD600 of 1.0, 0.5 or 0.4 were used for this experiment and tested on P1 flax plants (Figure 

3.3). Domain swap 1 consistently produced a stronger cell-death response compared to 

domain swap 2,3. Altogether, these results suggest that polymorphic residues in both 

regions 1 and 2 of AvrP123 are involved in AvrP123 recognition by P1, but those in region 

1 appear to play a more important role in recognition than those in region 2. 
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Figure 3.2 Necrosis induced by domain swaps between AvrP123 and AvrP-WA in P, P1, 

P2 and P3 flax. (A) Diagram of domain swaps between AvrP123 and AvrP-WA (WA) with 

their corresponding patterns of necrosis induction on P, P1, P2 and P3 flax. AvrP123 

sequence is represented by a grey bar whereas AvrP-WA sequence is represented by a 

white bar. + = necrosis; - = no necrosis. All constructs were made without a signal peptide 

coding sequence. (B) Agroinfiltration results for constructs described in (A) on Koto (P), 

Akmolinsk (P1), Abyssinian (P2) and Leona (P3) flax plants. The P2 and P flax cultivars 

had been backcrossed three times (H3) with Hoshangabad (Hosh). The domain swap 1,2 

and 3 were tested separately from swap 1 and 2,3. Each domain swap was tested on 

three flax plants with 6-8 leaves tested per plant (only one plant shown per treatment). 

The photographs were taken at least 8 days after infiltration from two independent 

tests. (C) Upper panel shows a gel blot of YFP-tagged AvrP123, AvrP-WA and four domain 

swaps between AvrP123 and AvrP-WA expressed without a signal peptide coding 

sequence under the control of the 35S promoter in agroinfiltrated Hosh leaves. Protein 

was extracted 4 days after infiltration and the blot was probed with anti-GFP antibody. 

Positions and sizes (kDa) of protein molecular mass standards are indicated. The position 

of protein bands of interest is indicated by a red arrow. The lower panel shows the 

Ponceau-S-stained membrane confirming approximately equal protein loading. 
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Figure 3.3 Necrosis/chlorosis induced by a dilution series of domain swaps 1 and 2,3 on 

P1 flax plants. An OD600 dilution series of 1.0, 0.5 and 0.4 of Agrobacterium carrying 

domain swaps 1 and 2,3 were infiltrated into the leaves of P1 flax plants. Seven to eight 

leaves were infiltrated on each of three flax plants (only two plants shown per 

treatment). Photographs were taken 8 days after infiltration. 

 

3.3.1.2 E35 is important for recognition of domain swap 1 by P and P1 

Surprisingly, domain swap 1 was not only recognised by P1, but also recognised by P 

(section 3.3.1.1). Two of the four polymorphic residues in region 1 of AvrP123 represent 

non-conservative amino acid differences compared to AvrP-WA. Of these residues, E35 

was chosen for further analysis to test its role in the recognition of domain swap 1 by P 

and P1. The E35 residue was mutated into its AvrP-WA counterpart, K, in the domain 

swap 1 background (designated 1 E35K, Figure 3.4A). 

 

The 1 E35K mutant was tested on P, P1, P2 and P3 flax plants (Figure 3.4B) and P tobacco 

plants (Figure 3.5A) for recognition. In flax, the E35K mutation abolished necrosis on P 

and P1 flax plants (Figure 3.4B), suggesting that E35 is indeed important for recognition 
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of domain swap 1 by P and P1 and most likely for recognition of AvrP123 by P1. In P 

tobacco, domain swap 1 produced a low level of necrosis (Figure 3.5A) suggesting 

weaker recognition compared to AvrP. The domain swap 1 E35K mutant completely 

abolished necrosis in P tobacco (Figure 3.5A), confirming that the E35 residue is 

important for recognition of domain swap 1 by P. 
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Figure 3.4 Necrosis induced by the E35K mutation of domain swap 1 in P, P1 P2 and P3 

flax. (A) Diagram of domain swap 1 and the 1 E35K mutant with their corresponding 

patterns of necrosis induction on P, P1, P2 and P3 flax. AvrP123 sequence is represented 

by a grey bar whereas AvrP-WA sequence is represented by a white bar. + = necrosis; - 

= no necrosis. All constructs were made without a signal peptide coding sequence. (B) 
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Agroinfiltration results for constructs described in (A) on Koto (P), Akmolinsk (P1), 

Abyssinian (P2) and Leona (P3) flax plants. The P and P2 flax cultivars had been 

backcrossed three times (H3) with Hoshangabad (Hosh). Each construct was tested on 

three flax plants with 6-8 leaves tested per plant (only one plant shown per treatment). 

The experiment was conducted at least two times. The photograph was taken 11 days 

after infiltration. (C) Upper panel shows a gel blot of YFP-tagged AvrP123, domain swap 

1 and domain swap 1 E35K mutant proteins expressed without a signal peptide coding 

sequence under the control of the 35S promoter in agroinfiltrated Hosh leaves. Protein 

was extracted 4 days after infiltration and the blot was probed with anti-GFP antibody. 

Positions and sizes (kDa) of protein molecular mass standards are indicated. The position 

of protein bands of interest is indicated by a red arrow. The lower panel shows the 

Ponceau-S-stained membrane confirming approximately equal protein loading. 
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Figure 3.5 Necrosis/chlorosis induced by domain swap 1 and the domain swap 1 E35K 

mutant on P tobacco. (A) Agroinfiltration results of domain swap 1 and the domain swap 

1 E35K mutant on W38::P transgenic tobacco. The experiment was conducted at least 

two times with six leaves per experiment. Photographs were taken 4 days (left) and 5 

days (right) after infiltration. (B) Upper panel shows a gel blot of YFP-tagged AvrP123, 

domain swap 1 and domain swap 1 E35K mutant proteins expressed without a signal 

peptide coding sequence under the control of the 35S promoter in W38 tobacco leaves. 

Protein was extracted 2 days after agroinfiltration and the blot was probed with anti-

GFP antibody. Positions and sizes (kDa) of protein molecular mass standards are 

indicated. The position of protein bands of interest is indicated by a red arrow. The lower 

panel shows the Ponceau-S-stained membrane confirming approximately equal protein 

loading. 
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3.3.1.3 D66 is important for recognition of AvrP123 by P1 

In Chapter 2, it was shown that the D66 residue of AvrP is important for recognition by 

the P resistance protein (section 2.3.4.2). AvrP123 shares this residue with AvrP. To 

determine whether this residue is also important for AvrP123 recognition by P1, P2, or 

P3, a D66A mutation was made in AvrP123 and tested in flax (Figure 3.6A). 

 

The D66A mutant triggered a strong cell death response in P2 and P3 flax plants and no 

necrotic response in P flax plants, but produced an intermediate response in P1 flax 

plants (Figure 3.6A). This response was greater than the background response observed 

in negative control plants (Bison). The decreased necrotic response induced by this 

mutant on P1 flax plants suggests that D66 is important for recognition of AvrP123 by 

P1. 

 

 

Figure 3.6 Necrosis induced by the D66A mutation of AvrP123 in P1, P2 and P3 flax. (A) 

Agroinfiltration results for the D66A mutation of AvrP123 on plants of Akmolinsk (P1), 

Abyssinian (P2) and Leona (P3) flax lines. Abyssinian (P2) had been backcrossed four 
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times (B4) to Bison. All constructs were made without a signal peptide coding sequence. 

Each construct was tested on three flax plants with 6-8 leaves tested per plant (only one 

plant shown per treatment). The experiment was conducted at least two times. The 

photograph was taken 11 days after infiltration. (B) Upper panel shows a gel blot of YFP-

tagged AvrP123 and D66A mutant proteins expressed without a signal peptide coding 

sequence under the control of the 35S promoter in Bison leaves. Protein was extracted 

2 days after agroinfiltration and the blot was probed with anti-GFP antibody. Positions 

and sizes (kDa) of protein molecular mass standards are indicated. The position of 

protein bands of interest is indicated by a red arrow. The lower panel shows the 

Ponceau-S-stained membrane confirming approximately equal protein loading. 
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3.3.2 Recognition by P2 and P3 

3.3.2.1 Investigation of the role of the six C-terminal residues (C6) of 

AvrP123 in recognition 

Compared to AvrP, AvrP123 has a six residue (C6; SDSESE) extension at the C-terminus, 

which could potentially play a role in AvrP123 recognition. To investigate the role of C6 

in AvrP123 recognition, a deletion of these residues was made (designated AvrP123∆C6; 

Figure 3.7A). AvrP123∆C6 was tested in flax and, like unmodified AvrP123, triggered cell 

death on P1, P2 and P3 flax plants but not P flax plants (Figure 3.7B), suggesting that C6 

did not play a role in AvrP123 recognition. 

 

To further investigate the role of C6, a derivative of AvrP was made with the C6 residues 

added (designated AvrP+C6; Figure 3.8A) and tested in flax (Figure 3.8B). Addition of C6 

did not trigger cell death on P1, P2 and P3 flax plants and did not affect the cell death 

response on P flax plants (Figure 3.8B). This result further supports the conclusion that 

C6 is not involved in recognition. 
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Figure 3.7 Necrosis induced by the C6 deletion mutant of AvrP123 in P, P1, P2 and P3 

flax. (A) Diagram of AvrP123 and a deletion mutant lacking the six C-terminus residues 

of AvrP123 (AvrP123ΔC6) with their corresponding patterns of necrosis induction on P, 

P1, P2 and P3 flax. + = necrosis; - = no necrosis. All constructs were made without a signal 

peptide coding sequence. (B) Agroinfiltration results for a construct described in (A) on 

flax plants cultivars Koto (P), Akmolinsk (P1), Abyssinian (P2) and Leona (P3). The P and 

P2 flax cultivars had been backcrossed three times (H3) with Hoshangabad (Hosh). Each 

construct was tested on three flax plants with 6-8 leaves tested per plant (only one plant 

shown per treatment). The experiment was conducted at least two times. The 

photograph was taken 8 days after infiltration. (C) Upper panel shows a gel blot of YFP-

tagged AvrP123 and AvrP123ΔC6 proteins expressed without a signal peptide coding 

sequence under the control of the 35S promoter in agroinfiltrated Hosh flax leaves. 

Protein was extracted 3 days after infiltration and the blot was probed with anti-GFP 
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antibody. Positions and sizes (kDa) of protein molecular mass standards are indicated. 

The position of protein bands of interest is indicated by a red arrow. The lower panel 

shows the Ponceau-S-stained membrane confirming approximately equal protein 

loading. 

 

 

Figure 3.8 Necrosis induced by the C6 addition mutant of AvrP in P, P1, P2 and P3 flax. 

(A) Diagram of AvrP123, AvrP and the C6 addition mutant of AvrP (AvrP+C6) with their 

corresponding patterns of necrosis induction on P, P1, P2 and P3 flax. AvrP123 sequence 

is represented by a grey bar whereas AvrP sequence is represented by a white bar. + = 
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necrosis; - = no necrosis. All constructs were made without a signal peptide coding 

sequence. (B) Agroinfiltration results for constructs described in (A) on plants on plants 

from Koto (P), Akmolinsk (P1), Abyssinian (P2) and Leona (P3) flax lines that had been 

backcrossed to Bison twelve (B12), ten (B10), four (B4) and thirteen (B13) times to Bison, 

respectively. Each construct was tested on three flax plants with 6-8 leaves tested per 

plant (only one plant shown per treatment). The experiment was conducted at least two 

times. The photograph was taken at least 8 days after infiltration. (C) Upper panel shows 

a gel blot of YFP-tagged AvrP123 and AvrP+C6 proteins expressed without a signal 

peptide coding sequence under the control of the 35S promoter in agroinfiltrated Bison 

flax leaves. Protein was extracted 3 days after infiltration and the blot was probed with 

anti-GFP antibody. Positions and sizes (kDa) of protein molecular mass standards are 

indicated. The position of protein bands of interest is indicated by a red arrow. The lower 

panel shows the Ponceau-S-stained membrane confirming approximately equal protein 

loading. 

 

3.3.2.2 Investigation of the role of the eight C-terminal residues (C8) of 

AvrP-339 and the corresponding residues of AvrP123 in recognition 

To investigate the role of the eight C-terminal residues (C8) of AvrP-339 and the 

corresponding C8 preceding C6 of AvrP123, two constructs were made in which C8 of 

AvrP-339 (IASVQYQD) and AvrP123 (IARVQYQN) replaced C8 of AvrP (KDSVEYGG). These 

constructs were designated AvrP-C8339 and AvrP-C8P123, respectively (Figure 3.9A). A 

third construct was also made in which C6 from AvrP123 (see section 3.3.2.1) was added 

to AvrP-C8P123. This construct was designated AvrP-C14P123 (Figure 3.9A). The AvrP-339 

was used as a control (Figure 3.9A). 

 

All constructs were tested on P, P1, P2 and P3 flax plants (Figure 3.9B) and P tobacco 

(Figure 3.10A). In flax, AvrP-339 triggered strong cell death in P2 flax plants (Figure 3.9B), 

which differs from the previous finding of weak necrosis reported by Dodds and Thrall 

(2009). Both AvrP-C8339 and AvrP-C8P123 triggered strong cell death in P, P2 and P3 flax 

plants (Figure 3.9B), suggesting that C8 is important for recognition by P2 and P3. AvrP-

C14P123 also triggered strong cell death in P, P2, and P3 flax plants (Figure 3.9B), 

suggesting that C6 plays no modifying role in the recognition mediated by C8. 
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AvrP-C8339, AvrP-C8P123 and AvrP-C14P123 were also tested along with AvrP+C6 (section 

3.3.2.1) in P tobacco (Figure 3.10). All triggered strong cell death responses in P tobacco 

leaves except for AvrP+C6, which, surprisingly, only produced weak necrosis (Figure 

3.10A). C6 from AvrP123 apparently inhibited AvrP recognition by P in tobacco, but not 

in flax (section 3.3.2.1) and not when combined with C8 from AvrP123 (AvrP-C14P123, 

Figure 3.10A). 
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Figure 3.9 Necrosis induced by C8 substitution mutants of AvrP in P, P1, P2 and P3 flax. 

(A) Diagram of AvrP123, AvrP, AvrP-339 and the C8 substitution mutants AvrP-C8339, 

AvrP-C8P123 and AvrP-C14P123 and their corresponding patterns of necrosis induction on 

P, P1, P2 and P3 flax. AvrP123 sequence is represented by a grey bar, AvrP sequence is 
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represented by a white bar and AvrP-339 sequence is represented as a light grey and 

white striped bar. + = necrosis; - = no necrosis. All constructs were made without a signal 

peptide coding sequence. (B) Agroinfiltration results for constructs described in (A) on 

plants from Koto (P), Akmolinsk (P1), Abyssinian (P2) and Leona (P3) flax lines that had 

been backcrossed to Bison twelve (B12), ten (B10), four (B4) and thirteen (B13) times to 

Bison, respectively. AvrP-C14P123 was tested separately from AvrP-C8339 and AvrP-C8P123. 

Each construct was tested on three flax plants with 6-8 leaves tested per plant (only one 

plant shown per treatment). The experiment was conducted at least two times. 

Photographs were taken at least 8 days after infiltration. (C) Upper panel shows a gel 

blot of YFP-tagged AvrP, AvrP-C8339, AvrP-C8P123, AVrP-339 and AvrP-C14P123 

proteins expressed without a signal peptide coding sequence under the control of the 

35S promoter in agroinfiltrated Bison flax leaves. Protein was extracted 3 days after 

infiltration and the blot was probed with anti-GFP antibody. Positions and sizes (kDa) of 

protein molecular mass standards are indicated. The position of protein bands of 

interest is indicated by a red arrow. The lower panel shows the Ponceau-S-stained 

membrane confirming approximately equal protein loading. 
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Figure 3.10 Necrosis induced by C8 substitution mutants of AvrP in P tobacco (A) 

Agroinfiltration results for AvrP, AvrP+C6, AvrP-339 and the C8 substitution mutants 

AvrP-C8339, AvrP-C8P123 and AvrP-C14P123 in W38::P transgenic tobacco. The photograph 

was taken 4 days after infiltration. The leaf shown is representative of at least three 

replicates. (B) Upper panel shows a gel blot of YFP-tagged AvrP123, AvrP+C6, AvrP-C8339, 

AvrP-C8P123, AvrP-339 and AvrP-C14P123 proteins expressed without a signal peptide 

coding sequence under the control of the 35S promoter in N. benthamiana leaves. 

Protein was extracted 2 days after agroinfiltration and the blot was probed with anti-

GFP antibody. Positions and sizes (kDa) of protein molecular mass standards are 

indicated. The position of protein bands of interest is indicated by a red arrow. The lower 

panel shows the Ponceau-S-stained membrane confirming approximately equal protein 

loading. 
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The necrosis induced by AvrP-C8339 in P2 flax plants with a Bison background often 

appeared stronger than that induced by AvrP-C8P123 (Figure 3.9B). There are two 

polymorphic residues differing between C8 of AvrP-339 (IASVQYQD) and C8 of AvrP123 

(IARVQYQN). To investigate whether these polymorphisms affected the strength of 

necrosis/cell death, AvrP-C8339 and AvrP-C8P123 were compared more closely in P2 flax 

plants that had been backcrossed to Hosh, with Avr-339 used as a control (Figure 3.11). 

AvrP-C8339 still triggered a stronger cell death response compared to the AvrP-C8P123 in 

the P2 flax plants with a Hosh background (Figure 3.11), suggesting that the two 

polymorphic residues in C8 of AvrP-339 (S106 and D111) enhanced recognition by the 

P2 resistance protein. 

 

 

Figure 3.11 Necrosis induced by AvrP-C8339 and AvrP-C8P123 in P2 flax plants with a Hosh 

background. OD600 dilutions of 1.0 and 0.5 of Agrobacterium carrying AvrP-339, AvrP-

C8339 and AvrP-C8P123 were infiltrated into leaves of P2 flax plants with a Hosh 

background. Seven to eight leaves were infiltrated on each of three flax plants (only one 

plant shown per treatment). Experiments using an Agrobacterium suspension with 

OD600 of 1.0 were conducted at least three times. The photograph was taken 8 days 

after infiltration. 
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To further test the role of C8 in recognition by P2 and P3, another construct was made 

by replacing the C8 residues in AvrP-271 with the C8 residues from AvrP-339. This 

construct, designated AvrP-271-C8339 (Figure 3.12A), was then tested in flax and P 

tobacco leaves. AvrP-271-C8339 did not trigger cell death in P1 and P3 flax plants, but 

triggered cell death slightly in P2 and more strongly in P flax plants (Figure 3.12B). 

However, the necrosis produced by this construct was only observed 10-15 days after 

infiltration rather than 6-8 days as found for AvrP123 in P2 flax plants, suggesting only 

weak recognition by the P and P2 resistance proteins. AvrP-271-C8339 did not trigger any 

cell death in P tobacco (Figure 3.13A), confirming the weak recognition by the P 

resistance protein. Nevertheless, this result further supports a role for C8 residues in 

recognition by P2. Interestingly, it also suggests that C8 of AvrP-271 may be suppressing 

its own recognition by P. 
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Figure 3.12 Necrosis induced by a C8 substitution mutant of AvrP-271 in P, P1, P2 and 

P3 flax. (A) Diagram of AvrP-271, AvrP-339 and the C8 substitution mutant AvrP-271-

C8339 and their corresponding patterns of necrosis induction on P, P1, P2 and P3 flax. 

AvrP-271 sequence is represented by a white bar and AvrP-339 sequence is represented 

as a light grey and white striped bar. + = necrosis; - = no necrosis. All constructs were 

made without a signal peptide coding sequence. (B) Agroinfiltration results for AvrP-

271-C8339 on plants from Koto (P), Akmolinsk (P1), Abyssinian (P2) and Leona (P3) flax 

lines where P2 and P had been backcrossed three times to Hoshangabad (H3). Each 

construct was tested on three flax plants with 6-8 leaves tested per plant (only one plant 

shown per treatment). The experiment was conducted at least two times. The 

photograph was taken 15 days after infiltration. 
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Figure 3.13 Necrosis induced by AvrP-271-C8339 and its I64R mutant in P tobacco. (A) 

Agroinfiltration results for AvrP-271-C8339 and its I64R mutant on W38::P transgenic 

tobacco. The experiment was conducted at least two times with six leaves per 

experiment. The photograph was taken 4 days after agroinfiltration. (B) Upper panel 

shows a gel blot of YFP-tagged AvrP, AvrP-271-C8339 and AvrP-271-C8339 I64R proteins 

expressed without a signal peptide coding sequence under the control of the 35S 

promoter in W38 tobacco leaves. Protein was extracted 2 days after agroinfiltration and 

the blot was probed with anti-GFP antibody. Positions and sizes (kDa) of protein 

molecular mass standards are indicated. The position of protein bands of interest is 

indicated by a red arrow. The lower panel shows the Ponceau-S-stained membrane 

confirming approximately equal protein loading. 
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3.3.2.3 I64 is important for recognition of AvrP-271-C8339 by P and P2 

The I64 residue of AvrP has been shown to be important for recognition by P (Zhang et 

al, 2018) and is present in both AvrP-271 and AvrP-339. To determine whether I64 was 

also important for recognition of AvrP-271-C8339 by P, it was mutated into the 

corresponding R residue present in AvrP123 (Figure 3.13A) as described in section 3.2.3. 

The AvrP-271-C8339 I64R mutant was then tested on the P, P1, P2 and P3 flax plants 

(Figure 3.14B) and P tobacco leaves (Figure 3.13A). 

 

In flax, the I64R mutation abolished the ability of AvrP-271-C8339 to trigger cell death in 

P and P2 flax plants (Figure 3.14B). This result shows that the I64 residue is also 

important for P recognition in the context of AvrP-271-C8339. However, the I64R 

mutation also abolished the recognition of 271-C8339 by the P2 resistance protein, 

suggesting that whilst the I64 residue is not required for recognition of AvrP123 by P2, 

it is important for recognition of AvrP-271-C8339 by P2. The I64R mutation did not alter 

the inability of AvrP-271-C8339 to trigger cell death in P tobacco (Figure 3.13A). 
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Figure 3.14 Necrosis induced by AvrP-271-C8339 and its I64R mutant in P, P1, P2 and P3 

flax. (A) Diagram of AvrP-271-C8339 and its I64R mutant, and their corresponding 

patterns of necrosis induction on P, P1, P2 and P3 flax. AvrP-271 sequence is represented 

by a white bar and AvrP-339 sequence is represented as a light grey and white striped 

bar. + = necrosis; - = no necrosis. All constructs were made without a signal peptide 

coding sequence. (B) Agroinfiltration results for construct described in (A) on plants from 

Koto (P), Akmolinsk (P1), Abyssinian (P2) and Leona (P3) flax lines backcrossed to Hosh 

in the case of Abyssinian or to Bison in the case of Koto. Each construct was tested on 

three flax plants with 6-8 leaves tested per plant (only one plant shown per treatment). 

The experiment was conducted at least two times. Photographs were taken 11 days (left 

panel) and 15 days (right panels) after infiltration. Bison exhibited a background 
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response to 271-C8339 so only the clear difference in necrosis observed in Bison 

backcross plants carrying P is shown. (C) Upper panel shows a gel blot of YFP-tagged 

AvrP, 271-C8339 I64R and 271-C8339 proteins expressed without a signal peptide coding 

sequence under the control of the 35S promoter in agroinfiltrated Bison flax leaves. 

Protein was extracted 3 days after infiltration and the blot was probed with anti-GFP 

antibody. Positions and sizes (kDa) of protein molecular mass standards are indicated. 

The position of protein bands of interest is indicated by a red arrow. The lower panel 

shows the Ponceau S stained membrane confirming approximately equal protein 

loading. 

 

3.3.3 The six C-terminal residues of AvrP123 (C6) improve recognition 

of AvrP-C8P123 by P2 

To further investigate the role of C6 in AvrP123 recognition, C8 constructs (AvrP-C8339, 

AvrP-C8P123, AvrP-C14P123 and 271-C8339, section 3.3.2.2) were co-infiltrated with the P2 

resistance gene into leaves of Nicotiana benthamiana (Figure 3.15A) and N. tabacum 

W38 (Figure 3.15B). AvrP123 and AvrP-C8339 were used as controls. AvrP-C8P123 triggered 

no response or slight chlorosis in both tobacco species compared to a stronger response 

for AvrP-C8339, confirming the previous results observed in P2 flax plants (Figure 3.11). 

However, the further addition of C6 from AvrP123 to AvrP-C8P123 enabled AvrP-C14P123 

to trigger stronger chlorosis compared to AvrP-C8P123 although not as strong as the 

chlorosis produced by AvrP-C8339 or AvrP123. This result suggested that C6 of AvrP123 

improved recognition of AvrP-C8P123 by the P2 resistance protein.  
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Figure 3.15 Investigating the effect of adding six C-terminal residues of AvrP123 (C6) 

onto AvrP-C8P123 on necrosis induced following co-expression with the P2 resistance 

gene in tobacco. (A) Agroinfiltration results for AvrP-C8P123 and AvrP-C14P123 on 

Nicotiana benthamiana leaves. The experiment was conducted twice with six leaves per 

experiment. The photograph was taken 8 days after infiltration. (B) Agroinfiltration 

results for AvrP-C8339 and AvrP-C14P123 on W38 tobacco. The experiment was conducted 

twice with six leaves per experiment. The photograph was taken 9 days after infiltration. 

AvrP123, AvrP-C8339 and Empty Vector (EV) were used as controls. 
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3.3.4 AvrP-AvrP123 domain swap proteins 

AvrP-bs25 is a natural domain swap between AvrP and AvrP123 (Figure 3.16A). It is 

unique because it is only recognised by the P2 resistance protein and not by the P, P1 or 

P3 resistance proteins. A reciprocal domain swap, AvrP-bs25R (Figure 3.16A), was then 

made as described in section 3.2.2 with AvrP123 at the N-terminus and AvrP at the C-

terminus starting from the I64 residue of AvrP. This domain swap was then tested in P, 

P1, P2 and P3 flax plants (Figure 3.16B) and P tobacco leaves (Figure 3.17A). Surprisingly, 

bs25R was able to trigger strong cell death on all four flax lines (Figure 3.16B), suggesting 

recognition by P, P1, P2 and P3. However, in P tobacco leaves bs25R produced weaker 

necrosis compared to AvrP (Figure 3.17A), suggesting weak recognition by P. 
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Figure 3.16 Necrosis induced by the AvrP-bs25R domain swap in P, P1, P2 and P3 flax. 

(A) Diagram of AvrP-bs25 and AvrP-bs25R, and their corresponding patterns of necrosis 

induction on P, P1, P2 and P3 flax. AvrP123 sequence is represented by a grey bar and 

AvrP sequence is represented by a white bar. + = necrosis; - = no necrosis. All constructs 

are without a signal peptide coding sequence. (B) Agroinfiltration results for a construct 

described in (A) on flax plants cultivars Koto (P), Akmolinsk (P1), Abyssinian (P2) and 

Leona (P3) flax lines that had been backcrossed to Bison twelve (B12), ten (B10), four (B4) 

and thirteen (B13) times to Bison, respectively. Each construct was tested on three flax 
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plants with 6-8 leaves tested per plant (only one plant shown per treatment). The 

experiment was conducted two times. The photograph was taken 8 days after 

infiltration. (C) Upper panel shows a gel blot of YFP-tagged AvrP, AvrP-bs25R and AvrP-

bs25 proteins expressed without a signal peptide coding sequence under the control of 

the 35S promoter in agroinfiltrated Bison flax leaves. Protein was extracted 3 days after 

infiltration and the blot was probed with anti-GFP antibody. Positions and sizes (kDa) of 

protein molecular mass standards are indicated. The position of protein bands of 

interest is indicated by a red arrow. The lower panel shows the Ponceau-S-stained 

membrane confirming approximately equal protein loading. 
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Figure 3.17 Necrosis induced by the AvrP-bs25R domain swap in P tobacco. (A) 

Agroinfiltration results for AvrP, AvrP-bs25 and AvrP-bs25R on W38::P transgenic 

tobacco. The photograph was taken 5 days after agroinfiltration. The leaf shown is 

representative of at least three replicates. (B) Upper panel shows a gel blot of YFP-

tagged AvrP, bs25R and bs25 proteins expressed without a signal peptide coding 

sequence under the control of the 35S promoter in N. benthamiana leaves. Protein was 

extracted 2 days after agroinfiltration and the blot was probed with anti-GFP antibody. 

Positions and sizes (kDa) of protein molecular mass standards are indicated. The position 

of protein bands of interest is indicated by a red arrow. The lower panel shows the 

Ponceau-S-stained membrane confirming approximately equal protein loading. 
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3.4 Discussion 

3.4.1 Residues near the N-terminus of AvrP123 are important for P1 

recognition and specificity 

The variants of AvrP and AvrP123 have given valuable information regarding the 

recognitional specificity of the P, P1, P2 and P3 resistance proteins. Among the 

AvrP/P123 variants, AvrP-WA has the greatest similarity with AvrP123 (Figure 3.1). The 

seven polymorphic residues near the N-terminus of AvrP-WA and AvrP123 were shown 

by domain swaps to be important for P1 specificity (section 3.3.1.1). Interestingly, 

domain swap 1 was recognised not only by P1, P2 and P3 but also by P (Figure 3.2B). In 

domain swap 1, three residues shown to be important for AvrP recognition by P (D66, 

Q94 and E108; Chapter 2, section 2.3.4.2) were contributed by the WA isolate. 

 

Domain swap 1 also contains E35 contributed by AvrP123. Analysis of an E35K mutation 

confirmed that E35 is indeed important for recognition of domain swap 1 by P1 and P 

(section 3.3.1.2). Overall, it seems likely that Q35 (as in AvrP) or E35 (as in AvrP-339 and 

domain swap 1) but not K35 (as in AvrP-WA) are compatible with recognition by P but 

neither is sufficient for recognition by P (Q35 is present in both AvrP-271 and AvrP-bs25, 

which are not recognised by P, and E35 is present in AvrP123, which is not recognised 

by P). Similarly, whilst E35 (as in AvrP123 and domain swap 1) but not K35 (as in AvrP-

WA or the E35K mutant of domain swap 1) is compatible with recognition by P1, it is not 

sufficient for recognition by P1 (E35 is present in AvrP-339, which is not recognised by 

P1). 

 

The D66A mutation of AvrP abolished necrosis induced in P tobacco (Chapter 2, Figure 

2.11B), whereas the D66A mutation of AvrP123 only diminished necrosis induced by P1 

and did not affect necrosis induced by P2 or P3 (section 3.3.1.3, Figure 3.6B). Whilst D66 

may be important for recognition of both AvrP and AvP123 it would not seem to 

contribute to their specificity of recognition given that AvrP, AvrP-339, AvrP-bs25 and 

AvrP-WA all carry D66 but are not recognised by P1, and AvrP123, AvrP-bs25 and AvrP-

WA all carry D66 but are not recognised by P. 

 

Overall, five polymorphic residues near the N-terminus are unique (F31, I34, R43 and 

S58) or almost unique (R64) to AvrP123 (Figure 3.18) and are therefore candidates for 



102 
 

residues controlling the specificity of recognition of AvrP123 by the P1 resistance 

protein. The AvrP-bs25R domain swap between AvrP123 and AvrP is recognised by P1 

and contains the four unique AvrP123 residues but not R64 (Figure 3.15). Domain swap 

1 between AvrP123 and AvrP-WA contains the first three of these unique residues and 

is recognised by P1 whereas domain swap 2,3, which carries only the fourth unique 

residue (S58), gives an intermediate response on P1 flax as opposed to domain swap 3, 

which lacks S58 and gives no response. Taken together these data suggest that at least 

two of these unique residues (including S58) and possibly all four are involved in P1 

recognitional specificity. A mutational analysis of these four residues is needed to test 

their role further. Cloning and sequencing of the P1 gene might also help reveal how 

AvrP123 is recognised by the P1 resistance protein. 

 

 

Figure 3.18 Seven polymorphic residues near the N-terminal of AvrP123 projected onto 

the structural model of AvrP. At least two of these unique residues and possibly four 

(F31, I34, R43 and S58) are candidates for residues controlling the specificity of AvrP123 

recognition by the P1 resistance protein. The polymorphic residues are represented in 

magenta on the protein backbone. Residue F31, I34, E35, R43, S58 and R64 are 

polymorphic relative to AvrP whereas F49, highlighted with a pink star, is shared with 

AvrP. The N-terminus and C-terminus are represented as N and C, respectively. 
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3.4.2 The eight C-terminal residues (C8) of AvrP-339 and the 

corresponding eight residues of AvrP123 are important for P2 and P3 

recognitional specificity 

AvrP123 carries a six amino acid C-terminal extension relative to AvrP (Figure 3.1). 

Removal of this extension from AvrP123 or adding it to AvrP did not alter recognition by 

the P, P1, P2 or P3 resistance proteins (Figures 3.7 and 3.8), suggesting that this 

extension is not important for recognition or recognitional specificity. However, the C-

terminal eight residues of AvrP-339 and the corresponding eight residues of AvrP123 

preceding the six amino acid extensions were shown to be important for P2 and P3 

recognition. Substitution of AvrP C8 (KDSVEYGG) by AvrP123 C8 (IARVQYQN) or AvrP-

339 C8 (IASVQYQD) enabled recognition by P2 and P3 (sections 3.3.2.2). 

 

There are two polymorphic residues between the C8 regions of AvrP-339 (IASVQYQD) 

and AvrP123 (IARVQYQN), but these two polymorphisms did not affect the specificity of 

recognition by the P2 and P3 resistance proteins. However, AvrP-C8339 was able to 

trigger a stronger cell death response in P2 flax plants compared to AvrP-C8P123 (Figure 

3.11). The first of these polymorphisms (S at position 3 in C8 of AvrP-339, Figure 3.19A) 

is shared with C8 of AvrP and AvrP-271, which are not recognised by P2 or P3. However, 

the second of these polymorphisms (D or N at position 8) is also polymorphic with C8 of 

AvrP and AvrP-271 (G at position 8). There are also two residues shared between all four 

C8s (V at position 4 and Y at position 6) and one residue (Q at position 5) shared between 

the C8s of AvrP-123 and AvrP-339, which are recognised by P2 and P3, and AvrP-271, 

which is not. Taken together, these findings suggest that residues at position 1, 2, 7 and 

8 (I, A, Q/P and D/N, Figure 3.19A) may play a role in the specificity of recognition by P2 

and P3. A mutational analysis of these four residues is needed to test their role further. 

However, the fact that AvrP-bs25 contains the same C8 sequence as AvrP123 but is not 

recognised by P3 indicates that other residues outside the C8 region must also influence 

recognition specificity. 
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Figure 3.19 Comparison of C8 residues between AvrP/P123 variants and their location 

on the AvrP structure. (A) Comparison of C8 residues between AvrP/P123 variants in 

conjunction with their recognitional specificity by P2 and P3 resistance proteins. A 

consensus of potential candidates of residues involved in AvrP123 recognition by P2 and 

P3 is in a grey box. (B) The location of C8 residues at the C-terminus of AvrP123 prior to 

the C6 residues of AvrP123 (SDSESE). 

 

3.4.3 The I64 residue is important for P specificity 

Zhang et al. (2018) showed that the I64R mutation abolishes recognition of AvrP by the 

P resistance protein in P-containing flax plants and P tobacco. The I64R mutation also 

abolishes recognition of 271-C8339 by the P and P2 resistance proteins (Figure 3.14B). 

Converting the hydrophobic isoleucine residue into a charged arginine residue may have 

changed the overall folding of the 271-C8339 protein, thus affecting the ability of 271-

C8339 to be recognised by the P and P2 resistance proteins. 

 

AvrP-bs25 is only recognised by the P2 resistance protein (Dodds and Thrall 2009). 

However, the reciprocal recombinant AvrP-bs25R is recognised by P, P1, P2 and P3 flax 

plants (Figure 3.16B). Structurally, AvrP-bs25 has the AvrP sequence at the N-terminus 

and AvrP123 sequence at the C-terminus whereas the reciprocal AvrP-bs25R contains 

the reverse (Figure 3.16A). It is understandable that AvrP-bs25 is not recognised by the 

P1 resistance protein because the seven polymorphic residues of AvrP123 responsible 
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for P1 specificity are not present. It is also understandable that AvrP-bs25 is not 

recognised by P because two of the key residues required for P recognition are not 

present (I64 and E108). However, the reciprocal swap, AvrP-bs25R, contains all seven of 

the AvrP123 residues important for P1 specificity thus enabling recognition by the P1 

resistance protein. AvrP-bs25R also has four of the residues important for P recognition 

(I64, D66, Q94 and E108), thus enabling recognition by the P resistance protein. 

However, with two of the residues contributing to P recognition (E30 and L57) replaced 

by AvrP123 residues, the response was not as strong as that for AvrP in P tobacco (Figure 

3.17A). In AvrP-bs25R, the R64 residue present in AvrP-bs25 was replaced by the I64 

residue. This replacement may have enabled it to be recognised by both the P2 and P3 

resistance proteins (Figure 3.16B). Further investigation of the I64 residue is needed to 

determine its role in AvrP123 recognition. 
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Chapter 4 

Identifying and characterising AvrP interactor proteins 

 

4.1 Introduction 

Protein-protein interactions play an important role in many biological processes. One of 

the methods that has been used extensively to investigate protein-protein interactions 

is yeast two-hybrid analysis. In the yeast two-hybrid system, yeast is used as an 

expression system for genetic assays designed to detect protein-protein interactions in 

vivo. Not only can it be used to investigate interaction between two known proteins, it 

can also be used to screen for proteins that interact with a target protein from genomic 

or cDNA expression libraries. For the latter application, unlike many other methods for 

detection of interacting proteins, the gene encoding the protein that interacts with a 

target protein is immediately available on a plasmid. The method can also be used to 

investigate protein domains or specific residues that are involved in the protein-protein 

interaction (Fields and Song 1989). 

 

The yeast-two-hybrid method is based on the work of Fields & Song (1989) using the 

GAL4 transcriptional activator of yeast (Saccharomyces cerevisiae) required for 

expression of galactose-induced genes. The GAL4 transcription factor can be divided into 

two separate and functionally independent domains: a DNA‐binding domain (BD) and a 

transcription activating domain (AD). The DNA-binding domain binds to specific 

upstream activating sequences (UAS), whereas the activating domain, which contains 

an acidic region, is required to activate transcription. In the yeast two-hybrid system 

based on the GAL4 promoter, the BD is fused to protein “X” (bait) while the AD is fused 

to protein “Y” (prey). When proteins “X” and “Y” interact and form a protein-protein 

complex, the BD and AD are brought into close proximity and a fully functional 

transcription factor is re-formed. This allows the transcription of genes regulated by the 

UAS including GAL4 promoter fusions to reporter genes that allow screening of yeast 

cells showing bait-prey interaction using a visible marker or their selection using a 

nutritional marker (Fields and Song 1989; Chien et al. 1991). 
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Generally, in a yeast-two-hybrid assay, yeast cells are grown on a selective media lacking 

one or more essential amino acids corresponding to one or more mutations in amino 

acid biosynthesis. The corresponding wild type genes are placed under the control of 

the GAL4 promoter, so that they are only transcribed when bait-prey protein interaction 

reconstitutes the GAL4 promoter. The yeast cells are then able to grow on the selective 

media (Fields and Song 1989; Chien et al. 1991). 

 

In this chapter, a yeast-two-hybrid screen was conducted using the AvrP-C8339 protein 

as bait to identify host proteins targeted by AvrP. The AvrP-C8339 was fused to the GAL4‐

BD and a cDNA library generated from rust infected-flax leaves was fused to the GAL4-

AD. Several putative interactors of AvrP-C8339 have been identified by screening the prey 

cDNA library using AvrP-C8339 as bait. 

 

4.2 Materials and Methods 

4.2.1 Yeast cultures 

The two Saccharomyces cerevisiae strains used in this study, AH109 and Y187, were 

grown in liquid Peptone Dextrose (YPDA) media containing 20 g/L peptone, 10 g/L yeast 

extract, 2% (w/v) glucose and 30 mg/L of L-adenine hemisulphate, or on a YPDA plate 

containing 2% (w/v) agar. Synthetic dropout (SD) media lacking appropriate amino acids 

was used to select transformed yeast and for selection of interactor candidates. The SD 

media contained 6.7 g/L yeast nitrogen base (Difco) without added amino acids, 2% 

(w/v) glucose and 2% (w/v) agar. The appropriate amino acids and two nitrogenous 

bases (adenine and uracil) were added into SD media according to plasmid selection 

and/or corresponding biosynthesis reporter genes with standard concentration of: 20 

mg/L adenine, 20 mg/L arginine, 20 mg/L histidine, 30 mg/L isoleucine, 100 mg/L 

leucine, 30 mg/L lysine, 20 mg/L methionine, 50 mg/L phenylalanine, 200 mg/L 

threonine, 20 mg/L tryptophan, 30 mg/L tyrosine, 20 mg/L uracil, 150 mg/L valine (Yeast 

Protocols Handbook, Clontech Laboratories, Mountain View, California, USA). 

4.2.2 Yeast heat-shock transformation 

4.2.2.1 Preparation of yeast competent cells 

Yeast heat-shock transformation was conducted according to the Yeast Protocols 

Handbook (Clontech) with modification. Before transformation, the yeast strain was 
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made competent for transformation. One colony of AH109 or Y187 yeast strain was 

grown in 25 mL of YPDA and incubated at 30 °C for 12 h with shaking until the OD600 

reached 0.125–0.2. The liquid culture was centrifuged at 1,000 x g for 5 min and the 

pellet was re-suspended in 50 mL of YPDA and grown again until the OD600 reached 0.4–

0.5. For library construction, the culture was re-grown in 100 mL of YPDA. The culture 

was centrifuged again at 1,000 x g for 5 min and the pellet was then washed with 30 mL 

of sterile water. The washed culture was then centrifuged at 1,000 x g for 5 min and the 

pellet was then re-suspended in 1.5 mL of 1.1x TE/LiAc (Clontech kit). The resuspended 

cells were transferred into two 1.5 mL microcentrifuge tubes and centrifuged at 12,000 

x g for 30 sec. The pellet was resuspended again in 600 µL of 1.1x TE/LiAc and the cells 

were then ready for transformation. 

 

4.2.2.2 Small scale yeast transformation 

For small scale yeast transformation, 100–300 ng of plasmid was combined with 50 µg 

of denatured carrier DNA in a pre-chilled 1.5 mL microcentrifuge tube. The carrier DNA 

had been denatured previously by boiling at 95–100 °C for 5 min. Fifty µL of competent 

cells and 500 µL of 1.1x PEG/LiAc (Clontech kit) were then added into the 

microcentrifuge tube and mixed. The cells were then incubated at 30 °C for 30 min with 

mixing every 10 min by tapping or gently vortexing. Twenty µL of DMSO was then added 

prior incubation at 42 °C for 30 min with mixing every 10 min by gently vortexing. The 

transformed cells were then centrifuged at 12,000 x g for 30 sec and resuspended in 1 

mL of YPD Plus Medium (Clontech kit). The cells could then be grown at 30 °C with 

shaking for 90 min, but this was optional. Cells were centrifuged at 12,000 x for 30 sec 

and then resuspended in 1 mL of 0.9% (w/v) NaCl. One hundred µL of 1/10 and 1/100 

dilutions of cells were spread onto SD media containing appropriate amino acids and 

grown at 30 °C for 3–5 days. 

4.2.2.3 Library scale yeast transformation 

For library scale yeast transformation, 5–15 µg of plasmid was combined with 200 µg of 

denatured carrier DNA in a pre-chilled 15 mL tube. The carrier DNA had been denatured 

previously by boiling at 95–100 °C for 5 min. Six hundred µL of competent cells and 2.5 

mL of 1.1x PEG/LiAc were then added into the tube and mixed. The cells were then 

incubated at 30 °C for 45 min with mixing every 15 min by tapping or gently vortexing. 



110 
 

One hundred and sixty µL of DMSO was then added prior to incubation at 42 °C for 30 

min with mixing every 10 min by gently vortexing. The transformed cells were then 

centrifuged at 7000 x g for 5 min and resuspended in 3 mL of YPD Plus Medium (Clontech 

kit). The cells were grown in 30 °C with shaking for 90 min. Cells were centrifuged at 

7000 x g for 5 min and then resuspended in 15 mL of 0.9% (w/v) NaCl. One hundred µL 

of 1/10 and 1/100 dilutions of cells were spread onto SD media containing appropriate 

amino acids and grown at 30 °C for 3–5 days. 

 

4.2.3 Construction of GAL4BD-AvrP and -AvrP-C8339 

AvrP-C8339 binding domain (BD) constructs was tested as baits for cDNA library 

screening. The BD-AvrP construct was obtained from Xiaoxiao Zhang (CSIRO Agriculture 

and Food, Black Mountain) whereas BD-AvrPC8339 was made in a Gateway compatible 

vector pGBG-NSC-GWY-Y2H (modified version of pGBT9; Appendix 2) obtained from 

Maud Bernoux (CSIRO Agriculture and Food, Black Mountain). For simplicity, pGBG-NSC-

GWY-Y2H will be referred as pGBT9. The AvrP-C8339 construct in pENTRY (from Chapter 

3) was transferred into the modified Gateway vector pGBT9 using the LR reaction (as 

described in section 3.2.1 of Chapter 3). The positive clone was confirmed by PCR using 

a specific forward primer for AvrP and the ADH1 terminator primer 5’-

CTATACCTGAGAAAGCAACCTGACCT-3’. The sequence was confirmed by sequencing 

using the ADH1 terminator primer. BD-AvrP and BD-AvrP-C8339 constructs were then 

inserted into competent Y187 (MATα) yeast cells using the small-scale transformation 

protocol described in section 4.2.2. 

 

4.2.4 Autoactivity and toxicity tests of GAL4-BD candidates 

The pGBT9-AvrP and pGBT9-AvrPC8339 constructs were tested for autoactivity and 

toxicity to confirm that the bait constructs do not autonomously activate the reporter 

genes in Y187 in the absence of a prey protein. One hundred ng of the pGBT9-AvrP and 

pGBT9-AvrPC8339 constructs were used to transform competent Y187 yeast cells using 

the small-scale transformation protocol described in section 4.2.2. One hundred μl of 

1/10 and 1/100 dilutions of the transformation mixture were spread onto separate SD/-

Trp/X-α-Gal plates (i.e. without tryptophan but with 5-bromo-4-chloro-3-indolyl α-D-

galactopyranoside). If the bait is autoactive in this assay then distinct blue colonies will 
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grow on SD/-Trp/X-α-Gal selection plates. The pGBT9-AvrPC8339 construct was then 

tested for stringency by mating Y187 yeast cells carrying pGBT9-AvrPC8339 with AH109 

yeast cells carrying an Empty-AD construct and plated on SD/-Trp/-Leu, SD/-Ade/-His/-

Trp/X-α-Gal and SD/-Ade/-His/-Trp/-Leu/X-α-Gal plates (i.e. quadruple dropout without 

adenine, histidine, tryptophan and leucine but with 5-bromo-4-chloro-3-indolyl α-D-

galactopyranoside) and grown at 30 °C for 3–5 days. Empty-AD was made in a Gateway 

compatible vector pGAD-GWY-Y2H (modified version of pGADT7; Appendix 2) obtained 

from Maud Bernoux (CSIRO Agriculture and Food, Black Mountain). The pGBT9-L6 TIR 

and pGADT7-L6 TIR constructs were obtained from Maud Bernoux (CSIRO Agriculture 

and Food, Black Mountain) and used in combination as a positive control for reporter 

activation. To test for toxicity, 1/10 and 1/100 dilutions of the transformation mixtures 

were also spread onto SD/-Trp agar plates and inoculated into SD/-Trp liquid medium. 

The cultures were grown at 30 °C for 3–5 days. If the bait is toxic to the yeast cells, both 

solid and liquid cultures will grow more slowly compared to the positive control. 

 

4.2.5 Generating cDNA and construction of a GAL4-AD fusion library 

4.2.5.1 RNA isolation and electrophoresis 

RNA was isolated from leaves of the flax cultivar Hoshangabad infected by the flax rust 

strain CH5, which was generated by crossing flax rust strains C and H (Lawrence et al. 

1981a). Infection was conducted by Greg Lawrence (CSIRO Agriculture and Food, 

Canberra). The leaves were harvested 6 days after infection. One gram of infected flax 

leaves was ground to a fine powder in liquid N2 with mortar and pestle. The fine powder 

was then mixed into 2 mL of NTES buffer (0.1 M NaCl, 10 mM Tris-HCl pH 8, 1 mM 

Na2EDTA, 1% (w/v) SDS, 1% (v/v) β-mercaptoethanol) and 3 mL of phenol : chloroform 

(1:1). Samples were then mixed for 15 min at room temperature on a mixing rotor 

followed by centrifugation for 10 min at 11,200 x g. The aqueous phase was then 

carefully pipetted into a 15 ml centrifuge tube. An equal volume of 4 M LiCl was then 

added and mixed by inversion. Samples were put on ice at 4 oC overnight. On the 

following day, samples were centrifuged for 10 min at 11,200 x g and the supernatants 

discarded. The pellets were dissolved in 450 µL of H2O by gentle mixing and transferred 

to a microcentrifuge tube. Forty five µL of 20% (w/v) NaOAc pH 5.5 and 1 mL of ice-cold 

absolute ethanol were added into the samples and mixed by inversion. Samples were 
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left at -20 oC for a minimum of 1 hr followed by centrifugation at 18,900 x g for 10 min. 

The supernatants were discarded and the pellets were washed three times with 80% 

(v/v) ethanol (no set volume) and then “pulsed” briefly in a microcentrifuge. The RNA 

pellet was resuspended in 200 µL RNase free water and RNA concentration measured 

using a Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA USA). 

 

RNA quality was assessed by gel electrophoresis. In a fume cupboard, a formaldehyde 

gel was prepared by adding 10 mL formaldehyde to 90 mL of molten agarose containing 

1.4 g agarose and 10 mL of 10x MOPS (0.2 M MOPS, 0.05 M NaOAc, 0.01 M Na2EDTA, 

adjusted to pH 7). RNA denaturation solution was prepared in a final volume of 20 µL 

consisting of 10 µL formamide, 3.5 µL formaldehyde, 2 µL of 10x MOPS and 1 µL of 10 

mg/ml ethidium bromide. The solution was then put on ice for a few minutes until it 

turned orange. One to five µL of RNA was added into the denaturation solution. Samples 

were then heated at 65 oC for 5–10 min and 5 µL of RNA loading dye (8% (w/v) Ficoll, 

0.02% (w/v) Bromophenol Blue, 0.04% (w/v) Xylene Cyanol) was added to each sample. 

The RNA samples were then loaded onto the formaldehyde gel and subjected to 

electrophoresis at 20 mV until the bromophenol-blue dye front had migrated at least 2–

3 cm into the gel. 

 

4.2.5.2 mRNA isolation 

mRNA was isolated from total RNA using the PolyATtract® mRNA Isolation Systems III 

and IV (Promega, Madison, Wisconsin, USA), according to the manufacturer’s protocol, 

starting from 0.52 mg of total RNA yielding 3.15 µg of mRNA (eluted in 250 µL). The 

mRNA was then precipitated and concentrated by additional of 0.1 volume of 3 M 

NaOAc pH 5.2 and one volume of isopropanol. The mixture was then incubated at -20 

°C overnight and then centrifuged at 12,000 x g for 10 min at 4 °C. The pellet was then 

washed one time with 70% (v/v) ethanol, dried and resuspended in 6 µL of RNAse-free 

water, yielding 2.58 µg of mRNA in total. 

 

4.2.5.3 Generation of a cDNA library 

There were three steps conducted in generating the cDNA required for library 

preparation: 1) first-strand cDNA synthesis; 2) amplification of cDNA by long distance 
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PCR (LD-PCR); 3) purification of cDNA. The Make Your Own “Mate & Plate” Library 

System kit (Clontech) was used to generate the two cDNA samples from 0.5 µg and 1.0 

µg of mRNA. All reagents and primers were from Clontech. To generate first-strand 

cDNA, mRNA (0.5 µg or 1.0 µg) was annealed with CDSIII oligo-dT primer in a total 

volume of 4 μL and incubated for 2 min at 72 °C before adding 2  μL of 5x first strand 

buffer, 1 μL of 20 mM DTT , 1 μL of 10 mM dNTPs and 1 μL of SMART Moloney Murine 

Leukemia Virus (MMLV) reverse transcriptase (10 U/μL)  and incubating at 42 °C for 10 

min. After addition of 1 μL of SMART III-modified oligo, the reaction mixture was 

incubated at 42 °C for 1 hr and the reaction was terminated by incubation at 75°C for 10 

min. The mixture was cooled to room temperature and 1 μL of RNase H (2 units) was 

added to the mixture and incubated at 37 °C for 20 min. 

 

First strand cDNA was amplified using the LD-PCR protocol. All reagents and primers 

were from Clontech. Amplification was carried out in a 100 μL reaction containing 2 μL 

first strand cDNA, 1x Advantage 2 PCR Buffer (1x dNTP Mix, 0.2 μM 5’ PCR primer, 0.2 

μM 3’ PCR primer, 1x Melting solution and 1x Advantage 2 Polymerase mix. The PCR 

conditions were as follow: 95 °C for 30 sec, then 20 cycles at 95°C for 10 sec and 68 °C 

for 6 min with a 5 sec addition to the extension time with each successive cycle, followed 

by 68 °C for 5 min. The LD-PCR amplification was conducted five times in total in order 

to generate 2–5 μg of cDNA. 

 

A 5 μL sample of the cDNA amplification was analysed by gel electrophoresis on a 1% 

(w/v) agarose gel to determine whether the cDNA was larger than 200 bp. The cDNA 

was column purified and concentrated using a DNA Clean & Concentrator™-5 kit (Zymo 

Research, Irvine, CA). In total, 4.16 μg of purified cDNA was used to generate a cDNA 

library by recombination with the pGADT7-Rec plasmid (Clontech). The purified cDNA 

was combined with 6 µL of pGADT7-Rec plasmid and used to transform competent 

AH109 yeast cells following the library scale yeast transformation protocol (section 

4.2.2.3). The transformed cells were resuspended in 15 mL of 0.9% (w/v) NaCl and  100 

μL of 1/10 and 1/100 dilutions of cells were spread onto 90-mm-diameter SD/-Leu plates 

and grown at 30°C for 3–4 days. The remainder of the cells were spread onto 66 150-

mm-diameter SD/-Leu plates with 160-200 μL of cells spread on each plate. The aim was 

to have at least 133 colonies on the 1/100 dilution plate as an indication that a library of 
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2 million clones was made. A count of 183 colonies was obtained on the 1/100 dilution 

plate indicating that the library contained 2.2 million clones and was therefore suitable 

for further analysis. 

 

Once the library was confirmed to have more than one million clones, cells were 

harvested. Prior to harvesting, plates were chilled at 4 °C for 3–4 hr. Five mL of freezing 

media (25% (v/v) glycerol in YPD) was added to each plate. Colonies were detached from 

each plate using sterile disposable spreader and all liquids were combined into a single 

sterile flask. The cell density was measured and adjusted to 2 x 107 cells per mL. The 

library was aliquoted into several 1 mL aliquots for short-term use and 50 mL aliquots 

for long-term storage and then stored at -80 °C. 

 

4.2.6 Screening for two-hybrid interactions and confirmation of 

interaction 

4.2.6.1 Two-Hybrid library screening using yeast mating 

A 1 mL aliquot of frozen cDNA library was thawed at room temperature and 10 μL was 

removed for library titration. Roughly 1 x 108 Y187 cells containing the bait plasmid 

pGBT9-AvrPC8339 were combined with cells containing the cDNA library and 

resuspended in 45 mL of 2x YPDA plus 50 μg/mL kanamycin in a sterile 2 L flask. The cells 

were incubated for 20 hr at 30 °C with gentle swirling (30 rpm). After 20 hr, the mating 

was considered complete as zygotes were no longer visible under a phase‐contrast 

microscope. The mating mix was centrifuged at 1,000 g for 10 min and the supernatant 

was discarded. The 2 L flask was rinsed twice with 50 mL 0.5x YPDA plus 50 μg/mL 

kanamycin and then the pelleted cells were resuspended in 50 mL 0.5x YPDA plus 50 

μg/mL kanamycin. The cells were then centrifuged again for 10 min at 1,000 x g and the 

supernatant was discarded. The pelleted cells were resuspended in 10 mL of 0.5x YPDA 

plus 50 μg/mL kanamycin. One hundred μL of 1/10, 1/100, 1/1,000 and 1/10,000 

dilutions of the mating mixture were spread onto SD/‐Leu, SD/‐Trp and SD/‐Leu/‐Trp 

plates to determine the mating efficiency. The remainder of the culture were plated on 

SD/-Ade/‐His/‐Trp/‐Leu/X-α-Gal plates with 200 μL cells per plate (twenty 150-mm-

diameter plates in total). All plates were incubated for 3–8 days at 30 °C. 
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4.2.6.2 Confirmation of interaction 

Positive colonies were re-streaked on QDO + X-α-Gal plates to obtain individual clones. 

Plasmid DNA was isolated from the candidates using a lysis buffer containing 2% (v/v) 

Triton X‐100, 1% (w/v) SDS, 100 mM NaCl, 10 mM TRIS (pH 8) and 1 mM EDTA (Hoffman 

and Winston 1987). A loopful of cells was picked from the plate and resuspended in 200 

μL lysis buffer, 200 μL of phenol/chloroform/isoamyl alcohol (25:24:1) and 0.3 g of acid 

washed glass beads (Sigma, St. Louis, Missouri, USA). The mixture was then vortexed for 

2 min and centrifuged at 12,000 x g for 30 sec. The mixture was then incubated at ‐20°C 

for 3 hr and centrifuged at 12,000 x g for 30 sec. The pellet was washed with 70% (v/v) 

EtOH, dried for 30 min at room temperature and resuspended in 20 μL of sterile 

deionised water. One μL of this solution was used for PCR analysis with vector specific 

primers for pGADT7‐Rec (MATCHMAKER AD LD-insert screening amplimer set, 5' AD 

primer: 5’-CTATTCGATGATGAAGATACCCCACCAAACCC-3’ and 3' AD primer: 5’-

GTGAACTTGCGGGGTTTTTCAGTATCTACGAT-3’. 

 

Isolated total DNA for each putative interactor was transformed into electrocompetent 

E. coli DH5α cells and grown on LB media with ampicillin (100 µg/mL) plates overnight 

at 37 °C. Plasmid DNA was then isolated and sequenced as described below. AH109 yeast 

cells were then transformed using 100–200 ng of plasmid DNA , plated on SD/-Leu media 

and grown at 30 °C for 3–4 days. A small-scale yeast mating was performed to re-test 

the interaction between the bait AvrP-C8339 in Y187 and putative interactors in AH109 

as described in section 4.2.3.3. 

 

4.2.6.3 Sequencing and sequence analysis 

DNA sequencing was performed using the same protocol as described in Chapter 2 

section 2.2.7. For sequencing of putative interactors, direct sequencing of PCR products 

was performed using the following protocol. Firstly, the putative interactors inserts were 

analysed by colony PCR using the MATCHMAKER AD LD-insert screening amplimer set 

(section 4.2.6.2). Twenty ng of purified PCR product of the selected clones were 

sequenced using the 5' AD primer. The sequencing results were analysed using BLASTN 

and BLASTP searches of the NCBI nucleotide and protein sequence databases 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) and the flax genome database available at JGI 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Phytozome 11 (https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_ 

Lusitatissimum). 

 

4.3 Results 

4.3.1 Determination of the bait used in the Y2H screen 

4.3.1.1 Autoactivity and toxicity tests 

In yeast two-hybrid analysis it is important to confirm that the bait:BD fusion protein 

does not activate the yeast expression system in the absence of a prey:AD fusion 

protein. Based on the autoactivity test conducted in this study, Y187 yeast carrying 

pGBT9-AvrP (BD-AvrP) produced more blue pigment compared to those carrying the 

pGBT9-AvrP-C8339 (BD-AvrP-C8339) after growth on SD/-Trp selection media plus X-α-Gal 

(SD-T/X, Figure 4.1A), suggesting that the BD-AvrP was more autoactive compared to   

BD-AvrP-C8339. The BD-AvrP-C8339 was then tested for stringency on selection media. 

Y187 yeast cells only carrying the LacZ and MEL1 reporter genes whereas AH109 yeast 

cells carry all four reporter genes (HIS3, ADE2, LacZ and MEL1). The MEL1 reporter will 

produce blue color X-α-Gal (5-bromo-4-chloro-3-indolyl α-D-galactopyranoside) is 

added to the growth medium. Hence, to confirm the stringency of the selection media, 

Y187 cells carrying the BD-AvrP-C8339 construct were mated with AH109 cells carrying 

Empty-AD construct and plated on the SD/-Trp/-Leu (SD-TL) which selected for both 

plasmids, and on the SD/-His/-Trp/-Leu/X-α-Gal (SD-HTL/X) and SD/-Ade/-His/-Trp/-

Leu/X-α-Gal (SD-AHTL/X) plates for more stringent selection (Figure 4.1B). 

 

When grown on the SD-HTL/X plates, BD-AvrP-C8339+ Empty-AD produced blue color 

(Figure 4.1B), suggesting that the selection was not stringent enough and that the BD 

construct was still able to activate the GAL4 transcription system. However, when grown 

on more stringent media (SD – AHTL/X, Figure 4.1B), BD-AvrP-C8339+ Empty-AD could 

not grow and activate the GAL4 transcription system. Based on this this result, BD-AvrP-

C8339 could still be used as a bait for screening of the rust-infected flax cDNA library. 

 

https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_ Lusitatissimum
https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_ Lusitatissimum
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Figure 4.1 Autoactivity of the bait candidates (BD-AvrP and BD-AvrP-C8339). A) Yeast 

expressing AvrP and AvrP-C8339 BD fusion proteins were tested on SD/-Trp selection 

media plus X-α-Gal (SD-T/X). BD-L6 TIR was used as a control. The blue color indicates 

autoactivation of BD-AvrP and BD- AvrP-C8339 as they activated the  GAL4 transcription 

system without the presence of an AD construct. B) BD-AvrP-C8339 was tested for more 

stringent selection on SD/-Trp/-Leu (SD-TL), Triple Dropout SD/-His/-Trp/-Leu/X-α-Gal 

(SD-HTL/X) and Quadruple Dropout SD/-Ade/-His/-Trp/-Leu/X-α-Gal (SD-AHTL/X). The 

SD-TL media selected both BD- and AD- plasmids (pGBT9 and pGADT7, respectively). 

Yeast growth and the blue color on Dropout media indicate activation of the GAL4 

transcription  system. The experiment was conducted two times. 

 

4.3.2 Construction of a cDNA library from rust-infected flax 

Total RNA was isolated from rust-infected flax leaves 6 days after infection and analysed 

by gel electrophoresis (Figure 4.2). The RNA was found to contain distinct 5S, 18S and 

28S rRNA subunits, suggesting the RNA to be intact and not degraded. 
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Figure 4.2 Gel electrophoresis of total RNA extracted from rust-infected flax. An 

ethidium-bromide-stained agarose gel showing the distinctive ribosomal RNA subunits 

(28S, 18S and 5S). Three RNA samples were analysed and labelled as indicated. 

 

mRNA was isolated as described in section 4.2.5.2 and a total of 3.15 µg of mRNA was 

eluted in 250 µL of RNAse-free water. The mRNA was then precipitated and resuspended 

in 6 µL of RNAse-free water with a final concentration of 0.43 µg/µL Two first strand 

synthesis reactions were performed as described in section 4.2.5.3 using 0.5 µg and 1.0 

µg of mRNA, followed by LD-PCR, to produce the cDNA. 

 

The cDNA was then analysed by gel electrophoresis to determine whether it had a good 

size range of cDNA greater than 200 bp. Both samples were found to contained cDNAs 

ranging mostly from 400–2,500 bp (Figure 4.3). LD-PCR amplification was then 

conducted up to four more times for each first strand. The cDNA was then combined 

and purified using the purification kit from Zymo Research (section 4.2.5.3). A total of 

4.16 µg of purified cDNA was recovered in 50 µL. The combined cDNA was then used to 

make a cDNA library that was estimated as described in section 4.2.5.3 to have at least 

2.2 million cDNA clones. 
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Figure 4.3 Gel electrophoresis of cDNA obtained from rust-infected flax. Two lanes of 

cDNA obtained after LD-PCR amplification of first strand cDNA synthesised from 0.5 µg 

(lane 1) and 1.0 µg (lane 2) mRNA. HyperladderTM 1 kb (Bioline, Toronto, Canada) was 

used as a size marker. Some of the sizes are marked for reference. 

 

4.3.3 Y2H screen of the rust-infected flax cDNA library using AvrP-C8339 

as bait 

In order to identify AvrP-C8339 protein interactors, the cDNA library was screened with 

the pGBT9-AvrPC8339 bait construct as described in section 4.2.6.1. The library titration 

produced 400 colonies after two days plating of the 10-4 dilution on the SD/-Leu plate, 

suggesting that 2 x 107 cells/mL of cDNA library were screened. Similarly, the numbers 

of colonies on SD/-Trp and SD/-Leu/-Trp suggested that the library had been screened 

with 9.12 x 107 cells/mL of bait and 1.28 x 107 diploid cells containing both bait and prey 

plasmids had been recovered indicating a mating efficiency of 64%. 

 

The blue colonies produced on the QDO + X-α-Gal plates were then analysed by direct 

PCR sequencing. Firstly, they were screened by yeast colony PCR using the 

MATCHMAKER AD LD-insert screening amplimer set (section 4.2.6.2). Amplification 

products were generated from 101 blue colonies but unfortunately 15 samples dried 

out during PCR and could not be analysed further. Of the remaining 86 samples analysed 

by agarose gel electrophoresis (Figure 4.4), 50 that generated a single PCR product ≥ 600 

bp were analysed further by sequencing using the 5’ AD primer. 



120 
 

 
Figure 4.4 Gel electrophoresis of PCR products from a yeast colony PCR screen of 87 

putative interactors from one Y2H screen of rust infected flax cDNA library. Colonies 

generating PCR products < 600 bp or multiple products were excluded from further 

analysis. HyperladderTM 1 kb (Bioline) was used as a size reference. 

 

4.3.4  Sequence analysis 

After checking that the colony PCR products contained coding sequence in frame with 

the activation domain, the inserted cDNA sequences were trimmed to remove upstream 

vector and activation domain sequences and non-coding sequences downstream of the 

stop codon. Analysis of the remaining coding sequences revealed five candidate AvrP-

C8339-interactors (Table 4.1) that were recovered two or more times. Based on BLASTN 

and BLASTP searches of the NCBI sequence database, two matched DEAD-box ATP-

Dependent RNA helicase 56, five matched a cytosolic phosphoglucomutase (PGM), 

three matched a second cytosolic PGM, 11 matched a chloroplast PGM, and four 

matched peptidyl-prolyl cis-trans isomerase FKBP12 (Tables 4.1 and 4.2). These 

sequences also matched protein sequences with similar annotations in the JGI 
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Phytozome flax (Linum usitatissimum) protein sequence database with 99–100% 

identity (Table 4.3). Fourteen candidates matched a small, secreted, cysteine-rich 

protein of unknown function from poplar rust Melampsora larici-populina (Table 4.1). 

This sequence also matched a protein in the JGI Mycocosm flax rust (Melampsora lini) 

protein sequence database (https://genome.jgi.doe.gov/Melli1/Melli1.home.html) 

with 95.9% identity. 

 

All sequences within each group had the same 5’ junction with the activation domain, 

indicating that none of the duplicates were independent clones. Three flax sequences 

were recovered only once. One encoded a chloroplast or mitochondrial dnaJ chaperone 

and two encoded short peptides of 27 and 28 aa, respectively, with no high protein-

sequence matches. All three are likely false positives. The remaining colony PCR 

products gave poor sequencing results and were not pursued further. 
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Table 4.1 Best annotated BLASTN matches in the NCBI nucleotide sequence database 

to 3’ coding sequences (cds) encoding candidate AvrP-C8339 interactor proteins 

identified by Y2H analysis 

Number of 

candidates 

Size of 

cds 

(nt) 

Top BLASTN hit 
e-

value 
Putative function (organism) 

14 367 XM_007414411.1 
2e-

108 

Hypothetical protein 

(Melampsora larici-populina) 

11 305 XM_012584776.1 7e-65 Phosphoglucomutase, 

chloroplastic (Gossypium 

raimondii) 

5 400 XM_015724541.1 9e-

103 

Phosphoglucomutase, 

cytoplasmic (Ricinus communis) 

4 217 XM_021788332.1 1e-53 Peptidyl-prolyl cis-trans 

isomerase FKBP12 (Hevea 

brasiliensis) 

3 367 XM_023107093.1 4e-88 Phosphoglucomutase, 

cytoplasmic (Cucurbita 

moschata) 

2 229 XM_018589904.1 4e-72 DEAD-box ATP-dependent RNA 

helicase 56 (Raphanus sativus) 

 
  

https://www.ncbi.nlm.nih.gov/nucleotide/599413411?report=genbank&log$=nuclalign&blast_rank=1&RID=6V67HJ7U015
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Table 4.2 Best annotated BLASTP matches in the NCBI protein database to C-terminal 

fragments of candidate AvrP-C8339-interacting host proteins expressed in the Y2H 

analysis. 

Abbreviated 

name  

Size of 

protein 

frag. (aa) 

Top BLASTP hit 
e-

value 
Putative function (organism) 

SIAP 122 XP_007414473.1 4e-67

  

Hypothetical protein 

(Melampsora larici-populina) 

pPGM 101 PHU22909.1 1e-59 Phosphoglucomutase, 

chloroplastic (Capsicum 

chinense) 

cPGM1 133 XP_008389983.1 1e-73 Phosphoglucomutase, 

cytoplasmic (Malus 

domestica) 

PPCTI 

FKBP12 

72 XP_021829057.1 7e-41 Peptidyl-prolyl cis-trans 

isomerase FKBP12 (Prunus 

avium) 

cPGM2 122 KZV51025.1 4e-70 Phosphoglucomutase, 

cytoplasmic (Dorcoceras 

hygrometricum) 

DRH56 76 XP_002535684.2 9e-50 DEAD-box ATP-dependent 

RNA helicase 56 (Ricinus 

communis) 
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Table 4.3 Best BLASTP matches in the Phytozome Linum usitatissimum protein 

database to C-terminal fragments of candidate AvrP-C8339-interacting host proteins 

expressed in the Y2H analysis 

Abbreviated 

name  

Size of 

protein 

frag. (aa) 

Top BLASTP hit e-value Annotation 

pPGM 101 Lus10031669 3e-62 Phosphoglucomutase 

(glucose-cofactor) 

cPGM1 133 Lus10003712 5e-86 Phosphoglucomutase 

PPCTI 

FKBP12 

72 Lus10016586 1e-45 Peptidyl-prolyl cis-trans 

isomerase FKBP12 

cPGM2 122 Lus10001596 5e-79 Phosphoglucomutase 

DRH56 76 Lus10014260* 

Lus10002021* 

5e-45 

9e-45 

ATP-dependent RNA helicase 

UAP56/SUB2 

* both show 100% amino-acid sequence identity in the region matching the interactor 

sequence 
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4.4  Discussion 

Four candidates for AvrP-interacting proteins have been identified; one candidate 

matching a fungal protein that has the hallmarks of an effector protein and three 

candidates matching host proteins. These candidates may provide important clues to 

the function of AvrP inside host plant cells. 

 

4.4.1 Fungal protein interactor 

The full-length M. lini sequence showing the best BLASTP match to the fungal protein 

interacting with AvrP in the Y2H analysis has been designated SIAP (Secreted Interactor 

of AvrP; Table 4.2). The interacting protein differs from SIAP by 5 amino acid residues 

clustered together within otherwise identical protein sequences (Figure 4.5), 

corresponding to 5 nucleotide differences in otherwise identical transcript sequences. 

This could reflect the existence of a paralogue with sequence polymorphisms, but the 

next nearest BLASTP match shows extensive polymorphism throughout the sequence 

compared to the interacting protein. The unusual distribution of sequence difference 

could instead reflect errors in the genomic sequence, given that the sequence of the 

Y2H interactor is quite unambiguous in this region. For the purposes of this discussion, 

the interacting sequence and SIAP are considered to be the same. 

 

Y2H-int 1 DGNCGTYNTSTDLGVCVWSGSDPTGNSTTDNGWLNKATTDNCNKQIYMQRQGQPDTVQLVP 

SIAP 1 DGNCGTYNTSTDLGVCVWSGSDPTGNSTTDNGWLNKATTDNCNKQIYIQREGHPNTVHLVP 

 

Y2H-int 62 VIDSCNFNTVDPALGCFQVFVTRALYDLFNATQAELQSGSLYNITWDFNIGSSENRQPGPI 

SIAP     62 VIDSCNFNTVDPALGCFQVFVTRALYDLFNATQAELQSGSLYNITWDFNIGSSENRQPGPI 

 
Figure 4.5 Alignment of predicted protein sequences for the AvrP interactor from flax 

rust detected in the Y2H analysis (Y2H-int) and the corresponding region of SIAP. 

 

SIAP is a member of a multigene family with numerous homologues in M. lini, M. larici-

populina and species of the genus Puccinia including wheat stem, stripe and leaf rust 

fungi. The best-matching M. larici-populina protein (XP_007414473.1), here designated 

MlpSIAP, shows 78% identity and 85% similarity to SIAP (Figure 4.6). SIAP encodes a 225 

amino-acid protein with eight cysteine residues and a predicted signal peptide of 22 

amino acids (Figure 4.6), suggesting it is a small, secreted protein with four disulphide 

bonds. MlpSIAP encodes a 236 amino-acid protein with ten cysteine residues and a 
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predicted signal peptide of 22 amino acids (Figure 4.6), suggesting it is also a small, 

secreted protein with perhaps five disulphide bonds. With EffectorP (v2.0 beta 

http://effectorp.csiro.au/ (Sperschneider et al. 2016) probability scores of 0.769 and 

0.847, respectively, SIAP and MlpSIAP are predicted to be effector proteins translocated 

from fungal haustoria into the cytosol of host plant cells. Potentially, SIAP could be 

required for translocation of AvrP into flax cells, the activation of AvrP inside host cells 

or as a co-factor in AvrP effector function. 

 
SIAP 1 MQSLSLLSIILLLPAFLVASSGKHHTQCYNYFLNKDKCVYASQSDPCPANQTVPKKTSAS 

MlpSIAP 1 MQSLSLLSVILLLPAFLVASSGERHTQCYNYFLNKDQCVYGSQCDPCPAGQPIPKKTCES 

 

SIAP 61 GGQFQHPTVVIPMTDQMSHSIPATHTRVRRYDTTIPSSFVAGGDGNCGTYNTSTD----- 

MlpSIAP 61 GGQFQHPTAVSP-TDQMSYSIPAKHARVRRYDTTTPSSFVAGGNGNCGFYNTTSDLGEAH 

 

SIAP 116 -------LGVCVWSGSDPTGNSTTDNGWLNKATTDNCNKQIYIQREGHPNTVHLVPVIDS 

MlpSIAP 120 AGYVKPNLGVCIWSGSDTTGNSTTDNGWLNQATSDNCNKQIYIQRQGQPDTVKFVPVIDS 
 

SIAP 169 CNFNTVDPALGCFQVFVTRALYDLFNATQAELQSGSLYNITWDFNIGSSENRQPGPI 

MlpSIAP 180 CNFNTVDPALGCFQVFVTRALYDSFNPTQEELNSGALNNITWDFNIGSAEDRQPGPI 

 
Figure 4.6 Alignment of predicted protein sequences for M. lini and M. larici-populina 

(Mlp) SIAPs. Predicted signal peptide sequences are boxed in green. Cysteine residues 

conserved between SIAP and MlpSIAP are highlighted in dark blue. Additional cysteine 

residues in MlpSIAP are highlighted in light blue. The region containing the sequence 

differences between SIAP and the interacting protein is boxed in red. 

 

4.4.2 Phosphoglucomutase interactors 

Phosphoglucomutase exists as both plastidial/chloroplastic (pPGM) and cytosolic 

(cPGM) isoforms. Both facilitate the interconversion of glucose-6-phosphate and 

glucose-1-phosphate. In the chloroplast, glucose 1-phosphate is a substrate for ADP-

glucose pyrophosphorylase, which leads to starch synthesis. A lack of pPGM results in 

low levels of starch, and the amounts of soluble sugars, like glucose and sucrose, are 

higher in mutants lacking the ability to synthesize starch (Malinova et al. 2014). In the 

cytosol, however, glucose-1-phosphate is a substrate for UDP-glucose 

pyrophosphorylase, which leads to synthesis of UDP-glucose and ultimately sucrose as 

well as various cell wall components including -glucans which are involved in plant 

defence (Morava 2014; Malinova et al. 2014). UDP-glucose pyrophosphorylase has also 

been shown to regulate plant cell death possibly via the accumulation of UDP-glucose 
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which may act as a damage-associated molecular pattern (reviewed by Janse van 

Rensburg and Van den Ende (2018)). Conversely, elicitor-induced plant cell death is 

reduced in a UDP-glucose pyrophosphorylase knockout possibly via reduced 

accumulation of UDP-glucose. 

 

Rather than sucrose as suggested previously, it has been suggested from various studies 

that glucose is a likely candidate for nutrient uptake by biotrophic fungi (Mendgen and 

Nass 1988; Sutton et al. 1999; Aked and Hall 1993). It has been further proposed that 

enzymatic cleavage of sucrose into glucose and fructose is required for uptake into 

pathogen cells. In bean rust infections, the fungal invertase INV1p and plant enzymes 

cleave sucrose, and then the fungal hexose transporter HXT1p takes up the D-glucose 

and D-fructose (Voegele et al. 2006; Voegele and Mendgen 2011). 

 

A multiple sequence alignment of the three interacting PGM fragments identified by Y2H 

analysis indicated a shared conserved C-terminal region of 92 amino acids, subdivided 

into two conserved regions of 57 amino acids and 28 amino acids (Figure 4.7). This 

domain includes a large portion of the C-terminal domain IV of PGM which contains 

residues involved in binding the phosphate of the phospho-glucose substrate (Figure 

4.7). 

 

Given that pPGM is located in the chloroplast and there is nothing to suggest that AvrP 

is targeted to the chloroplast (Zhang et al. 2018), it could be asked whether pPGM is a 

real target for AvrP. Chloroplast translocation is a post-translational process of cytosol 

to chloroplast transfer mediated by a N-terminal transit peptide sequence (Figure 4.8). 

The pPGM protein is therefore available in the cytosol for interaction with AvrP prior to 

protein translocation. Whether it would do so in planta is unknown. 
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pPGM    1 -----------QYGSYTLK---------------------FADDFSYTDPVDGSVASKQG 

cPGM1   1 ENVDAGAAKELMANLVSLQSNLAGVNETVKEIRSDVSKVVNADEFEYKDPVDGSISAHQG 

cPGM2   1 -----------MANLVSLQSNLAGVNEIVKGIRSDVSKVVNADEFEYKDPVDGSISAHQG 

 

 

pPGM   29 VRFVFSDGSRIIFRLSGTGSAGATVRIYIEQFEPDVSKHDLDAQKALKPLIDLALSVSKL 

cPGM1  61 VRYLFEDGSRLVFRLSGTGSVGATIRLYIEQYEKDPLKIGRESLDALSPLVEVALKLSKM 

cPGM2  50 VRYLFEDGSRLVFRLSGTGSVGATIRLYIEQYEKDPSKIGRESQDALSPLVEVALKLSKM 

 

 

pPGM    89 KDFTGREKPTVIT 

cPGM1  121 QEYTGRSAPTVIT 

cPGM2  110 QEYTGRSAPTVIT 

Figure 4.7 Alignment of predicted protein sequences for the AvrP-interacting 

chloroplastic phosphoglucomutase (pPGM) and cytosolic phosphoglucomutase (cPGM1 

and cPGM2) sequences detected in the Y2H analysis. Two regions of high sequence 

conservation between all three sequences are boxed in red. The region involved in 

phosphate binding is boxed in blue. 
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pPGM 1 MMTDEIKLILEKSEHVATHSRFLISAAHWNSTIFALTQHCPVAHSPGSPNHRNLPPARRR 

cPGM1 1 MV---------------------------------------------------------- 

cPGM2 1 MV---------------------------------------------------------- 

 

pPGM 61 RHRGRVRLPDQFSMAPSLCCSRLENFVFSSALFRLKKNQQQPSVARNGSIAVLSSATSKL 

cPGM1 3 ------------------------------------------------------------ 

cPGM2 3 ------------------------------------------------------------ 

 

pPGM 121 RSRSFSVSAVSPPSSPAAVAEPEGIKISSVPTKPIEGQKTGTSGLRKKVKVFKEENYLAN 

cPGM1 3 ------------------------FKVSTVKSSPIDGQKPGTSGLRKKVKVFMQQHYLEN 

cPGM2 3 ------------------------FKVSTVQSSPIDGQKPGTSGLRKKVKVFMQQHYLEN 

 

pPGM 181 WIQALFNSLPPEDYKNGLLVLGGDGRYFNKEAAQIIIKIAAGNGVGKILVGKDGILSTPA 

cPGM1 39 FVQSTFNALTAEKVRGATLVVSGDGRYYSKEAIQVIIKMAAGNGVRRVWVGQNGLLSTPA 

cPGM2 39 FVQSTFNALTAEKVRGATLVVSGDGRYYSKEAIQVIIKMAAGNGVRRVWVGQNGLLSTPA 

 

pPGM 241 VSAVIRKR------KANGGFIMSASHNPGGPEYDWGIKFNYSSGQPAPESITDKIYGNTL 

cPGM1 99 VSAVIRERVGADGSKATGAFILTASHNPGGPDEDFGIKYNMENGGPAPEGITDKIYENTK 

cPGM2 99 VSAVIRERVGADGSKATGAFILTASHNPGGPDEDFGIKYNMENGGPAPEGITDKIYENTK 

 

pPGM 295 SISDIKTADIPDINLSRLGVTKY----GSFSIEVVDPVSDYLELMENVFDFELIRSLVSR 

cPGM1 159 TIKEYLTSDVPDVDISATAVTSFTGPEGQFDVDVFDPASDYVKLMKSIFDFESMKKLVTS 

cPGM2 159 TIKEYLTSDVPDVDISATAVTSFTGPEGQFDVDVFDPASDYVKLMKSIFDFELMKKLVTS 

 

pPGM 351 PNFRLVFDAMHAVTGAYAKPIFVDKLGASMDSILNGVPLEDFGHGHPDPNLTYAMELVLI 

cPGM1 219 PNFSFCYDALHGVGGAYAKSIFVEELGAKESSLLNCVPKEDFGGGHPDPNLTYAKELVAR 

cPGM2 219 PNFSFCYDALHGVGGAYAKSIFVEELGAKESSLLNCVPKEDFGGGHPDPNLTYAKELVAR 

 

pPGM 411 MFGGNG------PDFGAASDGDGDRNMILGKGFFVTPSDSVAFIAANAQEAIPYFKSGPK 

cPGM1 279 MGLGKSSSDVEPPEFGAAADGDADRNMILGKRFFVTPSDSVAVIAANAVESIPYFSSGLK 

cPGM2 279 MGLGKSSSDVEPPEFGAAADGDADRNMILGKRFFVTPSDSVAIIAANAVESIPYFSSGLK 

 

pPGM 465 GLARSMPTSGALDRVAEKLNLQFFEVPTGWKFFGNLMDAEKLSICGEESFGTGSDHIREK 

cPGM1 339 GVARSMPTSAALDVVAKSLNLKFFEVPTGWKFFGNLMDAGLCSVCGEESFGTGSDHIREK 

cPGM2 339 GVARSMPTSAALDVVAKSLNLKFFEVPTGWKFFGNLMDAGLCSVCGEESFGTGSDHIREK 

 

pPGM 525 DGIWAVLAWLSIIAHKNKNKKPGEKLVSVADVVKDHWATYGRNFFSRYDYE-ARLYSAFD 

cPGM1 399 DGIWAVLAWLSILAYKNKDNLSGGKLVTVEDIVRKHWATYGRHYYTRYDYENVDAGAAKE 

cPGM2 399 DGIWAVLAWLSILAYKNKDNLSGGKLVTVEDIVRKHWATYGRHYYTRYDYENVDAGAAKE 

 

pPGM 584 FQQSVTWDECESEGANKMIEHLRGLISESKPGDQYGSYTLKFADDFSYTDPVDGSVASKQ 

cPGM1 459 LMANLVSLQSNLAGVNETVKEIRSDVSK-----------VVNADEFEYKDPVDGSISAHQ 

cPGM2 459 LMANLVSLQSNLAGVNEIVKGIRSDVSK-----------VVNADEFEYKDPVDGSISAHQ 

 

pPGM 644 GVRFVFSDGSRIIFRLSGTGSAGATVRIYIEQFEPDVSKHDLDAQNALKPLIDLALSVSK 

cPGM1 508 GVRYLFEDGSRLVFRLSGTGSVGATIRLYIEQYEKDPLKIGRESQDALSPLVEVALKLSK 

cPGM2 508 GVRYLFEDGSRLVFRLSGTGSVGATIRLYIEQYEKDPSKIGRESQDALSPLVEVALKLSK 

 

pPGM    704 LKDFTGREKPTVIT* 

cPGM1   568 MQEYTGRSAPTVIT* 

cPGM2   568 MQEYTGRSAPTVIT* 

Figure 4.8 Alignment of predicted protein sequences for the full length chloroplastic 

(pPGM) and cystosolic (cPGM1 and cPGM2) phosphoglucomutases. The N-terminal 

extension of pPGM contains a chloroplast transit peptide sequence. 
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Potentially, the pathogen could use the interaction between AvrP and PGM to 

manipulate host metabolism to provide nutrients for the pathogen. In rice, metabolites, 

enzymatic activity (including PGM) and gene expression in the glycolysis pathway were 

increased after infection with the necrotrophic fungus Rhizoctonia solani (Mutuku and 

Nose 2012). It was also reported that the frequency of penetration and extent of hyphae 

formation of the hemibiotrophic fungus Colletotrichum higginsianum was greater in a 

starch-deficient pgm mutant of Arabidopsis than wild-type Arabidopsis (Engelsdorf et al. 

2017). Whether AvrP could cause similar outcomes in the biotrophic interaction 

between flax and the flax rust fungus remains an open question requiring further 

investigation. 

 

4.4.3 Peptidyl-prolyl cis-trans isomerase FKBP12 interactor 

FKBPs (FK506-Binding Proteins), also known as peptidyl-prolyl isomerases (PPIases), are 

large protein families in most organisms, with the largest family found in higher plants. 

They catalyse rotation of peptide bonds immediately preceding proline residues 

between the cis and trans configurations. FKBPs are involved in several biochemical 

processes including protein folding, receptor signalling, protein trafficking and 

transcription (Gollan et al. 2012). 

 

FKBP12 is the smallest isoform in plants (112 aa) and is localised to the cytosol, but its 

PPIase activity remains unknown (Gollan et al. 2012). However, human FKBP12 has been 

shown to have PPIase activity and plant FKBP12s share nine of the thirteen residues 

shown to be required for PPIase activity in human FKBP12 ((DeCenzo et al. 1996); Figure 

4.9), so it is possible flax FKBP12 may be a functional PPIase. In Arabidopsis, FKBP12 

interacts with AtFIP37, a protein suggested to be involved in mRNA splicing, affecting 

cell cycle regulation and embryo development (Faure et al. 1998; Vespa et al. 2004). In 

the conifer species Picea wilsonii, FKBP12 interacts with HAP5, a subunit of a histone-

associated transcription factor, and plays a role in pollen tube development (Yu et al. 

2011). Vicia faba FKBP12 shows a low-affinity interaction with bovine calcineurin that 

appears to be dependent on disulphide bond formation between two cysteine residues 

conserved among higher-plant FKBP12s ((Xu et al. 1998); Figure 4.9), raising the 

possibility of redox-sensitive regulation of FKBP12 via disulphide-bond formation and 

reduction. Interestingly, wheat FKBP12 is targeted by a lipase protein FGL15 from the 
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wheat scab fungus Fusarium graminearum and interacts with an elicitor-responsive 

protein ERG that contains a possible Ca++ binding domain and may play a role in plant 

defence (Niu et al. 2013). 

 
LuFKBP12   1 MG------VEKEIVSPGNGPK-PSRGQKVTVHCTGFGKNGDLSEKFWSTKDPGQQPFSFN 

AtFKBP12   1 MG------VEKQVIRPGNGPK-PAPGQTVTVHCTGFGKDGDLSQKFWSTKDEGQKPFSFQ 

VfFKBP12   1 MG------VEKQIIRAGTGPN-PSRGQNVTVHCTGYGKNGDLSQKFWSTKDPGQNPFTFK 

TaFKBP12   1 MG------FEKEILKAGTGPK-PVKGQKVTVHCTGYGKDGDLSKKFWSTKDPGQQPFSFN 

PwFKBP12   1 MG------VEKEILRPGNGPK-PRPGQSVTVHCTGYGKNEDLSQKFWSTKDPGQKPFTFT 

HsFKBP12   1 MG------VQVETISPGDGRTFPKRGQTCVVHYTGMLEDG---KKFDSSRDRN-KPFKFM 

ScFKBP12   1 MSEVIEGNVKIDRISPGDGATFPKTGDLVTIHYTGTLENG---QKFDSSVDRG-SPFQCN 

 

 

LuFKBP12  54 IGKGSVIKGWDEGVMGMQVGEVARLRCSPDYAYGANGFGAWGILPNSTLVFEIEVLSLE 

AtFKBP12  54 IGKGAVIKGWDEGVIGMQIGEVARLRCSSDYAYGAGGFPAWGIQPNSVLDFEIEVLSLQ 

VfFKBP12  54 IGQGSVIKGWDEGVLGMQLGEVARLRCSPDYAYGAGGFPAWGIQPNSVLEFEIEVLRAQ 

TaFKBP12  54 IGLGSVIKGWDEGVMGMQLGEVARLTCTPDYAYGTGGFPAWGIQPNSVLIFEIEVLSAK 

PwFKBP12  54 IGQGKVIKGWDEGVLDMQLGEVSRLRCSPDYGYGPSGFVAWGIRPNSVLVFEIEVLSVN 

HsFKBP12  51 LGKQEVIRGWEEGVAQMSVGQRAKLTISPDYAYGATGHPGI-IPPHATLVFDVELLKLE 

ScFKBP12   57  IGVGQVIKGWDVGIPKLSVGEKARLTIPGPYAYGPRGFPGL-IPPNSTLVFDVELLKVN 

 

Figure 4.9 Alignment of predicted protein sequences for full-length FKBP12 proteins 

from flax (Lu) Arabidopsis (At), faba bean (Vf), wheat (Ta), Wilson’s spruce (Pw) human 

(Hs) and yeast (Sc). Cysteine residues conserved among higher-plant FKBP12s are 

highlighted in blue. Nine residues conserved with the PPIase catalytic residues of human 

FKBP12 are shown in white text highlighted in pink and four residues that are not 

conserved are shown in black text highlighted in pink. The region of FKBP12 encoded by 

the interacting prey clone is overlined in red. 

 

If flax FKBP12 has PPIase activity, it is possible that it could be required to activate AvrP in 

planta rather than being a target for AvrP effector function. AvrP has a proline in the cis 

conformation (Simon Williams, Australian National University, personal communication) 

that could make AvrP a substrate for the potential PPIase activity of flax FKBP12. 

Precedents for effector activation by PPIases are provided by the activation of 

Pseudomonas syringae AvrRpt2 and Phytophthora sojae Avr3b by plant cyclophilins 

(Coaker et al. 2005; Kong et al. 2015), which, although unrelated to FKBPs, also have 

PPIase activity. Whether PPIase activity would involve interaction detectable in a Y2H 

assay is unknown. 
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4.4.4 DEAD-box ATP-dependent RNA helicase 56 interactor 

DEAD-box RNA helicases are members of a large protein family that plays a vital role in 

RNA metabolism such as pre-mRNA splicing, ribosome formation, the export of mRNA 

out of the nucleus and RNA degradation. Recent evidence also suggests that several 

DEAD box RNA helicases are crucial for regulating gene expression by acting as 

transcriptional co-activators (Sarkar and Ghosh 2016; Jarmoskaite and Russell 2014). 

Some DEAD-box proteins contribute to plant responses to various biotic and abiotic 

stresses (Li et al. 2008a; Xu et al. 2015). In Arabidopsis, UAP56, the equivalent to DRH56 

(flax DEAD box RNA helicase 56; Table 4.3), forms part of the TREX (Transcription and 

Export) complex, which functions in RNA splicing and export, and plays a role in plant 

defence (Pan et al. 2012; Xu et al. 2015). DRH56 proteins are present in animals and 

fungi and the interacting fragment of flax DRH56 contains part of the conserved C-

terminal helicase domain and includes all four of the ATP-binding site residues in this 

domain (Figure 4.10). 
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ScSUB2     1 M----SHE-GEEDLLEYSDNEQEIQIDASKAAEAGETGAATSATEGDNNNNTAAGDKKGS 

HsUAP56    1 MA---END-VDNELLDYEDDEVE------------------TAAGGDGAEAPAKKDVKGS 

AtUAP56    1 MGDARDNEAYEEELLDYEEEDEK-------------------VPDS-GNKVNGEAVKKG- 

LuDRH56    1 MGETRDND-YEEELLDYEEEEEK-------------------APDSITAKVNGEAPKKG- 

 

 

ScSUB2    56 YVGIHSTGFKDFLLKPELSRAIIDCGFEHPSEVQQHTIPQSIHGTDVLCQAKSGLGKTAV 

HsUAP56   39 YVSIHSSGFRDFLLKPELLRAIVDCGFEHPSEVQHECIPQAILGMDVLCQAKSGMGKTAV 

AtUAP56   40 YVGIHSSGFRDFLLKPELLRAIVDSGFEHPSEVQHECIPQAILGMDVICQAKSGMGKTAV 

LuDRH56   40 YVGIHSSGFRDFLLKPELLRAIVDSGFEHPSEVQHECIPQAILGMDVICQAKSGMGKTAV 

 

 

ScSUB2   116 FVLSTLQQLDPVPGEVAVVVICNARELAYQIRNEYLRFSKYMPDVKTAVFYGGTPISKDA 

HsUAP56   99 FVLATLQQLEPVTGQVSVLVMCHTRELAFQISKEYERFSKYMPNVKVAVFFGGLSIKKDE 

AtUAP56  100 FVLSTLQQIEPSPGQVSALVLCHTRELAYQICNEFVRFSTYLPDTKVSVFYGGVNIKIHK 

LuDRH56  100 FVLSTLQQIEPTPGQVIALVLCHTRELAYQICHEFERFSTYLPDTKVAVFYGGVNIKTHR 

 

 

ScSUB2   176 ELLKNKDTAPHIVVATPGRLKALVREKYIDLSHVKNFVIDECDKVLEELDMRRDVQEIFR 

HsUAP56  159 EVLKKN--CPHIVVGTPGRILALARNKSLNLKHIKHFILDECDKMLEQLDMRRDVQEIFR 

AtUAP56  160 DLLKNE--CPHIVVGTPGRVLALAREKDLSLKNVRHFILDECDKMLESLDMRRDVQEIFK 

LuDRH56  160 DLLKNE--CPHVVVGTPGRILALARDKELSLKNVRHFILDECDKMLESLDMRRDVQEIFK 

 

 

ScSUB2   236 ATPRDKQVMMFSATLSQEIRPICRRFLQNPLEIFVDDEAKLTLHGLQQYYIKLEEREKNR 

HsUAP56  217 MTPHEKQVMMFSATLSKEIRPVCRKFMQDPMEIFVDDETKLTLHGLQQYYVKLKDNEKNR 

AtUAP56  218 MTPHDKQVMMFSATLSKEIRPVCKKFMQDPMEIYVDDEAKLTLHGLVQHYIKLSEMEKNR 

LuDRH56  218 MTPHDKQVMMFSATLSKEIRPVCKKFMQDPMEIYVDDEAKLTLHGLVQHYIKLTELEKNR 

 

 

ScSUB2   296 KLAQLLDDLEFNQVIIFVKSTTRANELTKLLNASNFPAITVHGHMKQEERIARYKAFKDF 

HsUAP56  277 KLFDLLDVLEFNQVVIFVKSVQRCIALAQLLVEQNFPAIAIHRGMPQEERLSRYQQFKDF 

AtUAP56  278 KLNDLLDALDFNQVVIFVKSVSRAAELNKLLVECNFPSICIHSGMSQEERLTRYKSFKEG 

LuDRH56  278 KLNDLLDALDFNQVVIFVKSVSRAAELNKLLIECNFPSICIHSGMSQEERLTRYKGFKEG 

 

 

ScSUB2   356 EKRICVSTDVFGRGIDIERINLAINYDLTNEADQYLHRVGRAGRFGTKGLAISFVSSKED 

HsUAP56  337 QRRILVATNLFGRGMDIERVNIAFNYDMPEDSDTYLHRVARAGRFGTKGLAITFVSDEND 

AtUAP56  338 HKRILVATDLVGRGIDIERVNIVINYDMPDSADTYLHRVGRAGRFGTKGLAITFVASASD 

LuDRH56  338 HKRILVATDLVGRGIDIERVNIVINYDMPDSADTYLHRVGRAGRFGTKGLAITFVSSASD 

 

  

ScSUB2   416 EEVLAKIQERFDVKIAEFPEEGIDPSTYLNN-- 

HsUAP56  397 AKILNDVQDRFEVNISELPDE-IDISSYIEQTR 

AtUAP56  398 SEVLNQVQERFEVDIKELPEQ-IDTSTYMPS-- 

LuDRH56  398 SDVLNQVQERFEVDIKELPEQ-IDTSTYMPS-- 

 

Figure 4.10 Alignment of predicted protein sequences for full-length DRH56 proteins 

from flax (Lu), Arabidopsis (At), yeast (Sc) and human (Hs). Four conserved residues 

involved in ATP binding are highlighted in pink. The region of DRH56 encoded by the 

interacting prey clone is overlined in red. 
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Interestingly, Arabidopsis UAP56 is localised to the nucleus, but largely excluded from the 

nucleolus (Figure 4.11) (Kammel et al. 2013). This is similar to the preferential localisation 

of AvrP and AvrP123 to the nucleus, but not the nucleolus, when expressed in planta 

(Figure 4.11) (Zhang et al. 2018). Interaction with flax DRH56 could potentially explain the 

localisation of AvrP, which has no known nuclear localisation signal of its own. 

 

 
Figure 4.11 Localisation of AvrP-citrine in N. benthamiana epidermal cells (left panel) and 

AtUAP56-GFP in tobacco protoplasts (right panel). In both cases fluorescence is localised 

preferentially to the nucleus and largely excluded from the nucleolus. Images taken from 

Zhang et al. (2018) and Kammel et al. (2013). 

 

4.4.5 Future work 

In this study, AvrP-C8339 was used as bait to identify AvrP interactors. Several putative 

interactor proteins have been identified. However, these interactions need further 

confirmation. Firstly, full-length proteins need to be tested in Y2H assays to confirm their 

interaction with AvrP. This can be achieved by amplifying and cloning the corresponding 

full-length coding sequences from flax cDNA. Co-immunoprecipitation (co-IP) and/or 

Bimolecular Fluorescence Complementation (BiFC) (Bracha-Drori et al. 2004) should be 

used to provide independent confirmation of the interaction with AvrP. Co-IP and BiFC 

assays have been used extensively to confirm protein-protein interaction in plant-

pathogen interactions (Berggard et al. 2007; Yue et al. 2016; Lyu et al. 2016). These 

experiments could also be used to test for interaction with AvrP123. 

 

Once an interactor has been confirmed (or multiple interactors), experiments can be 

conducted to test the effect of AvrP on the interactor. Ideally, the interactor protein 

would be expressed in E. coli or insect cells using a baculovirus vector or another 

expression system, and purified for functional analysis. Functional assays could then be 

https://en.wikipedia.org/wiki/Bimolecular_fluorescence_complementation


135 
 

developed for each of the interactors. Flax DRH56 could be tested for nucleic-acid-

binding, ATPase and helicase activities as described by Kammel et al. (2013). The PGMs 

could be tested for enzymatic activity using a spectrophotometric assay to measure 

enzymatically coupled conversion of NAD+ to NADPH as described by Hattenbach and 

Heineke (1999). FKBP12 could be tested for proline isomerase activity using an assay 

based on the ability of chymotrypsin to cleave an Ala-Ala-Pro-Phe reporter substrate 

when the proline is in the trans conformation but not when it is in the cis conformation, 

as described by Fischer et al. (1984). Once these assays have been developed, the effect 

of AvrP could then be tested by assaying interactor protein function in the presence or 

absence of recombinant AvrP protein. 
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Chapter 5 

General Discussion 

 

5.1 AvrP and AvrP123 have different recognition sites 

This study has shown that different residues in the flax rust AvrP/AvrP123 effectors and 

their variants are required for recognition by the flax P, P1, P2 and P3 resistance 

specificities. Key residues for AvrP recognition by the P resistance protein include D66, 

Q94 and E108 (chapter 2). D66 and Q94 are on the surface of AvrP near the C-terminal 

end of the structure whereas E108 is located in a region of the protein whose structure 

could not be determined (Figure 5.1). Residues E30 and L57 were also shown to 

contribute to AvrP recognition (chapter 2) and the side chain of L57, although buried in 

the hydrophobic core of the protein, is very close to the peptide backbone of D66 and 

may influence its structural conformation on the surface of the protein.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Structural representations of AvrP showing regions and residues within those 

regions important for recognition of AvrP by the P resistance protein and AvrP123 by 

the P1, P2 and P3 resistance proteins.  

 

Interestingly, D66, Q94 and E108 are shared with the WA allele which is recognised by 

P2 and P3 but not by P or P1 (Figure 5.2). The WA allele lacks E30 and L57, instead having 

G30 and P57. Glycine and proline residues are associated with  turns and could 

potentially have a major impact on protein structure, including perhaps the surface 

P2, P3 P1 

E108 

P 
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conformation of D66. In contrast, the 339 allele, which is recognised by P, P2 and P3 but 

not P1, has D66 but lacks Q94 and E108, instead having R94 and Q108 (Figure 5.2), 

suggesting that Q94 and E108 may not be critical for AvrP recognition per se if another 

pair of residues can serve the same complementary function. Interestingly, the 339 

allele shares E30 and L57 with AvrP (Figure 5.2), consistent with the possibility that L57 

affects the surface conformation of D66 allowing recognition by P. 

                        1  11       1              1     1 1 

AvrP123 (CH5) 24 QYVVDPGFGEIECMCGQIARLTQRPFDVECEATPSCSCDYRGDCPGPAAEYVYRCPTCGP 

Lm1 (WA)      24 QYVVDPGLGEVKCMCGQIAPLTQRPLDVECEATPKCSCDYTGDCPGPAAEYVYRCPTCGP 

Lm2           24 QYVVDPGLGEVKCMCGQIAPLTQRLLDVECEATPKCSCDYTGDCPGPAAEYVYRCPTCGP 

Lm3           24 QYVVDPGLGEVKCMCGQIAPLTQRPLHVECEATPKCSCDYTGDCPGPAAEYVYRCPTCGP 

Lm4           24 QYTRNQEFGAVQCLCGRTAPLTQRPFGVECETTLRCSCDYTGSCSGPTVKYVYRCTTCGP 

Lu3 (339)     24 QSNPNQELGVVECLCRRIAPLTQPPFGVRCRATLNCPCDYIGDCPGPAEQYMYRCPNCGP 

AvrP (CH5)    24 QSNPNQELGVVQCLCRRIAPLTQPPFGVRCRATLNCPCDYIGDCPGPAEQYMYRCPNCGP 

Lu2 (271)     24 QSNPNQQLGVVQCLCRRIAPLTQPPFGVRCRATVNCPCDYIGACSGRAEQYMYRCPNCGP 

                       P                          P      P P   P 

                                     22    22 

                                     33    33         P P1 P2 P3 

AvrP123 (CH5) 84 RSHVGCFGVHQGTCEEVHPGIARVQYQNSDSESE   -  +  +  + 

Lm1 (WA)      84 RSHVGCIGVHQGTCEEVHPGIARVEYPNSDSESE   -  -  +  + 

Lm2           84 RSHVGCIGVHQGTCEEVHPGIARVEYPNSDSESE 

Lm3           84 RSHVGCIGVHQGTCEEVHPGIARVEYPNSDSESE 

Lm4           84 RSHVACSGVHRGTCQEVHPGIPSVHYQD------ 

Lu3 (339)     84 RSHVACSGVHRGTCQQVHPGIASVQYQD------   +  -  ±  + 

AvrP (CH5)    84 RSHVACSGVHQGTCQQVHPGKDSVEYGG------   +  -  -  - 

Lu2 (271)     84 RSHVACTGVHEGTCQQVHPGKDSVQYGG------   -  -  -  - 

                           P             P 

 

Figure 5.2 Sequence alignment of mature AvrP/AvrP123 proteins and their variants. 

Sequences are from Barrett et al. (2009). Lu sequences were obtained from Melampsora 

lini isolates found on cultivated flax (Linum usitatissimum) whereas Lm sequence were 

obtained from M. lini isolates found on native Australian flax (L. marginale). Names of 

M. lini isolates from which these sequences were isolated are shown in parentheses. 

Residues characteristic of the AvrP or AvrP123 subgroups are highlighted in yellow or 

blue, respectively. Residues conserved across both subgroups are highlighted in black. 

The CH5 allele of AvrP123 is identical to the Lu4 and Lm5 alleles and the CH5 allele of 

AvrP is identical to the Lu1 allele (Barrett et al. 2009). Necrosis scores following 

Agrobacterium-mediated expression of these variants on flax varieties carrying P, P1, P2 

and P3 are shown to the right of the alignment. The letter P below the alignment 

indicates the position of residues in AvrP important for recognition by the P resistance 

protein (bold letters indicating residues identified by Zhang et al. (2018)). The numerals 

1, 2 or 3 above the alignment indicate the positions of residues in AvrP123 important 

for recognition by the P1, P2 and P3 resistance proteins, respectively. 
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The D66A, S90T, Q94E and E108Q mutants produced in this study were also included in 

the study by Zhang et al. (2018) along with some additional mutants of residues shown 

by structural analysis to be exposed on the surface of AvrP. Two mutations, P68S and 

P70R, involved replacing AvrP residues with residues from the 271 allele of AvrP, and 

the rest involved replacing AvrP residues with residues from AvrP123. Of these 

additional mutants, G50D, R52E and E72A had little effect on necrosis induced in P 

tobacco, but I64R abolished necrosis, P70R reduced necrosis significantly, and P68S 

reduced necrosis slightly, suggesting that I64, P70 and perhaps P68 are also involved in 

AvrP recognition by P (Figure 5.2). Surprisingly, although the D66A, Q94E and E108Q 

mutants gave essentially the same results when retested for the Zhang et al. (2018) 

study, the S90T mutation seemed to abolish or weaken necrosis more severely than in 

the current study. Overall, six of the residues that appear to be important for AvrP 

recognition cluster near the C terminal end of the protein structure i.e. I64, D66, P68, 

P70, S90 and Q94 (Figures 5.1 and 5.2). 

 

The P1 resistance protein recognises six polymorphic residues near the N-terminus 

which are unique (F31, I34, R43, and S58) or almost unique (E35 and R64) to AvrP123 

(chapter 3). Four of these positions cluster near the N-terminal end of the structure 

determined for AvrP i.e. F31, I34, E35 and R43 (Figures 5.1 and 5.2), highlighting the 

importance of this part of the AvrP123 protein in recognition by P1. Of these residues, 

I34 is a buried bulky branched-hydrophobic residue whose side chain is located very 

close to the peptide backbone of R43 and is polymorphic with the smaller branched-

hydrophobic residue valine in other members of the AvrP/AvrP123 family. Like L57, 

discussed above in relation to recognition of AvrP, changes at position 34 could 

potentially affect the surface conformation of the residue at position 43 or the flanking 

residue at position 35 to alter recognition by P1. Interestingly, a mutation of residue D66 

that abolished recognition of AvrP by the P resistance protein also affected recognition 

of AvrP123 by the P1 resistance protein, suggesting that this residue is  also crucial for 

recognition of AvrP123 by P1. 

 

The P2 and P3 resistance proteins, however, recognise eight residues (IARVQYQN; 

residues 104-111) designated C8 near the C-terminus of AvrP123 (chapter 3). The 

residues at positions 1, 2, 7 and 8 (I, A, Q/P and D/N) of C8 appear to play a role in the 
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specificity of recognition by P2 and P3 (Figures 5.1 and 5.2). Unfortunately, these 

residues lie in a region of the protein for which no structural information is available and 

it therefore is not possible to understand how this region interacts with the remainder 

of the protein, if at all. It is likely that other residues outside of this region also play a 

role in AvrP123 recognition by P2 and P3 given that AvrP123 and AvrP-bs25 have 

identical C8 residues but are recognised differentially by P3 (Figure 5.2). However, rather 

than a difference in recognition specificity, it is possible that P3 is a poorer responder to 

activation than P2 and that AvrP-bs25 is a poorer inducer of activation than AvrP123.  

 

Overall, recognition of AvrP/AvrP123 family members seems to be determined by 

different regions of the AvrP/AvrP123 protein structure, with P1 recognising residues 

near the N-terminal end of the structure, P near the C terminal end of the structure and 

P2 and P3 the very C-terminal sequences not represented in the structure (Figure 5.1), 

but with some overlap as shown in Figure 5.2. Given these differences in recognition, 

the question arises whether these sequence differences also reflect differences in 

effector function. The AvrP/AvrP123 protein family in Melampsora lini falls into two 

broad subgroups, AvrP-like and AvrP123-like (Figure 5.2), apart from the AvrP-Lm4 

variant which possesses features of both groups and has not been tested for recognition 

by P, P1, P2 and P3 (Figure 5.2). Nevertheless, both groups share significant regions of 

sequence conservation (Figure 5.2) including surface exposed residues that could 

potentially be involved in a conserved effector function. It will therefore be important 

in future experiments to test whether AvrP123 also interacts with the putative AvrP 

interactors identified by yeast two hybrid analysis (chapter 4). 

 

5.2 Role and function of PHD fingers in plants 

Ten cysteines and two histidines of mature AvrP bind to three zinc atoms and this 

binding is crucial for structural integrity of the protein and for recognition of AvrP by the 

P resistance protein (chapter 2). The twelve zinc-binding residues of AvrP are conserved 

in AvrP123 and in the distantly-related Lm6 allele (described by Barrett et al., 2009) 

identified in the genome of M. lini (possibly present as a consequence of interspecific 

hybridisation) isolated from montane populations of Linum marginale (Figure 5.3). 

Similarly, these zinc-binding residues are conserved in MELLADRAFT_124530 a 
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predicted secreted protein of similar length from Melampsora larici-populina (Hacquard 

et al., 2012; Figure 5.3). However, the lack of conservation between Lm6 and 

MELLADRAFT_124530 and between these two proteins and the AvrP/AvrP123 protein 

family in M. lini suggests that whilst they may share the same structural platform they 

are likely to perform different functions and/or target different host proteins. This 

observation tends to support the idea that the conservation observed between AvrP and 

AvrP123 could indicate that they carry out identical or very similar effector functions 

and the differences between these two subgroups have evolved to avoid recognition by 

specific resistance proteins encoded by genes at the P locus.  

 

AvrP123 (CH5) 24 QYVVDPGF---GEIECM-CGQIARLTQRPFDVECEATPSCSCDYRG--DCPGPAAEYVYR 

Lm1 (WA)      24 QYVVDPGL---GEVKCM-CGQIAPLTQRPLDVECEATPKCSCDYTG--DCPGPAAEYVYR 

Lm2           24 QYVVDPGL---GEVKCM-CGQIAPLTQRLLDVECEATPKCSCDYTG--DCPGPAAEYVYR 

Lm3           24 QYVVDPGL---GEVKCM-CGQIAPLTQRPLHVECEATPKCSCDYTG--DCPGPAAEYVYR 

Lm4           24 QYTRNQEF---GAVQCL-CGRTAPLTQRPFGVECETTLRCSCDYTG--SCSGPTVKYVYR 

Lu3 (339)     24 QSNPNQEL---GVVECL-CRRIAPLTQPPFGVRCRATLNCPCDYIG--DCPGPAEQYMYR 

AvrP  (CH5)   24 QSNPNQEL---GVVQCL-CRRIAPLTQPPFGVRCRATLNCPCDYIG--DCPGPAEQYMYR 

Lu2 (271)     24 QSNPNQQL---GVVQCL-CRRIAPLTQPPFGVRCRATVNCPCDYIG--ACSGRAEQYMYR 

Lm6_Lm7       24 QS--EGTL---GYIQCHSCGTMNIFTHR-LRVSCQTTPQCRCDHIA--KCPGPTTRYHYQ 

Mlp_124530    24 NLGKDINLVDHNLPTCPGCTNQITILGK-YNQDCGHPITCDCDHTWGLDCQAIVAKYDYY 

 

AvrP123 (CH5)  78 CPTCGPRSHVGCFGVHQGTCEEVHPGIARVQYQNSDSESE 

Lm1 (WA)       78 CPTCGPRSHVGCIGVHQGTCEEVHPGIARVEYPNSDSESE 

Lm2            78 CPTCGPRSHVGCIGVHQGTCEEVHPGIARVEYPNSDSESE 

Lm3            78 CPTCGPRSHVGCIGVHQGTCEEVHPGIARVEYPNSDSESE 

Lm4            78 CTTCGPRSHVACSGVHRGTCQEVHPGIPSVHYQD------ 

Lu3 (339)      78 CPNCGPRSHVACSGVHRGTCQQVHPGIASVQYQD------ 

AvrP (CH5)     78 CPNCGPRSHVACSGVHQGTCQQVHPGKDSVEYGG------ 

Lu2 (271)      78 CPNCGPRSHVACTGVHEGTCQQVHPGKDSVQYGG------ 

Lm6_Lm7        76 C-DCGALFHDVCMGTHRGTCNEVHPGIDPVLYEQ------ 

Mlp_124530     83 CSNCGIQTGYNCRAVHNLKCEISHKGIPKKFLGFKNESAE 

 

Figure 5.3 Sequence alignment of mature AvrP/AvrP123 proteins and their variants 

highlighting conserved cysteine and histidine residues involved in zinc binding. 

Conserved cysteine and histidine residues involved in zinc binding are highlighted in red. 

Lm6 and Lm7 are identical variants encoded by the B genome of Melampsora lini found 

on montane populations of native Australian flax (Linum marginale). Mlp_124530 

corresponds to a predicted Melampsora larici-populina protein MELLADRAFT_124530 

(GenBank Accession EGF98903.1) (Hacquard et al. 2012). Other sequence names are 

explained in the caption to Figure 5.1.  

 

The Zn1 and Zn2 zinc-binding domains of AvrP are similar to the Plant Homeodomain 

(PHD) finger (Zhang et al. 2018). In eukaryotes, the PHD finger is a well-conserved 

protein domain. It was first discovered by Schindler et al. (1993) in the plant 
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homeodomain proteins HAT3.1 of A. thaliana and maize ZmHox1a, and has a 

characteristic signature of C4HC3 (four cysteines; one histidine, three cysteines) that 

resembles the RING (really interesting new gene) finger (C3HC4) and FYVE (domain 

shared by Fab1, YOTB, Vac1 and EEA1 proteins) domains. They also discovered that 

HAT3.1 was able to interact with any DNA fragment larger than 100 bp and that the N-

terminal region of the protein was important for DNA binding purposes. PHD fingers 

have also been found in nuclear proteins that interact with chromatin (specifically 

histones) rather than binding directly to DNA (Aasland et al. 1995; Eberharter et al. 2004; 

Ragvin et al. 2004), leading to chromatin-mediated transcriptional regulation. PHD 

fingers have been shown to interact with N-terminal tails of H3 histones, either when 

the lysine 4 side chain was di- or trimethylated (H3K4me2/3) (Pena et al. 2006; Taverna 

et al. 2006; Cantu et al. 2013; Chung et al. 2016) or in the unmethylated state (H3K4me0) 

(Chignola et al. 2009; Lan et al. 2007; Saksouk et al. 2009). Other PHD fingers have been 

reported to interact with trimethylated lysines in H3K9me3 and H3K36me3 (Iwase et al. 

2007; Karagianni et al. 2008; Li et al. 2008b).  

 

Spanning approximately 50–80 amino acids in size and binding two zinc ions, PHD fingers 

are considered to be relatively small protein domains (Bienz 2006). Using X-ray 

crystallography or NMR spectroscopy, the structures of more that 30 PHD fingers have 

been determined either alone or in complex with different histone 3 peptides. Currently, 

89 proteins have been identified in humans that contain at least one PHD finger, 44 in 

Drosophila melanogaster, 37 in Caenorhabditis elegans, 171 in A. thaliana and 16 in 

Saccharomyces cerevisiae according to the SMART database (http://smart.embl-

heidelberg.de)  (Lallous and Ramón-Maiques 2011). 

 

If AvrP is mimicking the role of a plant PHD protein via interaction with histone 3 then it 

might be expected that the yeast two hybrid analysis described in chapter 4 should have 

identified interacting flax histone 3 clones. There are at least two reasons why a flax 

histone 3 clone may not have been identified. Firstly, the prey library was made using 

oligo dT priming which favours representation of the 3’ end of transcripts and 

consequently the C-terminal ends of the proteins they encode, as was the case for the 

interactors that were identified in this study. Given that many PHD finger proteins 

interact with the N-terminal tails of histone 3 it is possible that clones encoding the N-

http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
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terminal region of flax histone 3 were not recovered because they were represented 

poorly or not at all in the prey library. Secondly, the prey library may not have been 

sufficiently large or sampled to sufficient depth to detect other interactors. Although 42 

prey clones were sequenced only six independent putative interactor clones were 

identified. Most of the clones sequenced were duplicates arising from the PCR 

amplification step included during preparation of the cDNA library, suggesting that the 

library may have been 6-7-fold smaller than originally thought. These two potential 

problems could perhaps be overcome by making and screening a much larger prey 

library from random-primed-cDNA. 

 

5.3 AvrP and AvrP123 potentially have multiple targets 

Four categories of effector targets have been defined based on how they are affected 

by effectors and/or their role in pathogenicity (Khan et al. 2018): 1) targets that are 

altered by effectors to aid pathogen virulence, such as the rice RING E3 ubiquitin ligase 

APIP6, which is targeted by the fungal effector AvrPiz-t to suppress the PTI response and 

increase susceptibility of rice plants to Magnaporthe oryzae (Park et al. 2012); 2) targets 

that are required for effector function such as cofactors, for example the plant 

cyclophilin that activates the protease activity of Pseudomonas syringae AvrRpt2 

(Coaker et al. 2005); 3) targets that act as “sensors” associated with NLR proteins and 

enabling them to trigger ETI, such as the RIN4 protein from Arabidopsis, which is 

“guarded” by NLR proteins RPM1 and RPS2 (Mackey et al. 2003); and 4) targets that do 

not affect pathogen fitness even after modification by effectors. 

 

Based on the Y2H experiment discussed in Chapter 4, AvrP has six potential targets of 

four different kinds: SIAP from the fungus itself, the DEAD/DEAH box RNA helicase 

DRH56, one chloroplast and two cytoplasmic phosphoglucomutases (pPGM/cPGM), and 

the peptidyl-prolyl cis-trans isomerase FKBP12 (Figure 5.4).  Although these findings are 

valuable, they still need validation by complementary approaches. SIAP and FKBP12 

could fall into the second category described above, whereas the roles of pPGM/cPGM 

and DRH56, although likely to fall into the first category, still need further investigation 

and are yet to be determined. The question s whether any or all of these interactors are 
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real targets for AvrP. Is it possible for a single effector to have multiple unrelated 

targets? 

Figure 5.4 Hypothetical model of AvrP interaction with fungal and host proteins. 1) AvrP 

interacts with SIAP, a fungal effector, potentially required for translocation of AvrP into 

flax cells or activation of AvrP inside host cells or as a co-factor in AvrP effector function. 

2) AvrP interacts with plastidial/chloroplastic PGM (pPGM) and cytosolic PGMs (cPGMs) 

in the host cytosol prior to translocation of pPGM into the chloroplast. Potentially, AvrP 

could manipulate host PGMs to obtain nutrients and suppress plant defence activation. 

3) AvrP interacts with FKBP12, which, if it has PPIase activity, could potentially activate 

AvrP in planta. 4) AvrP interacts with flax DRH56, a DEAD-box RNA helicase that could 

“assist” AvrP translocation into the host nucleus and potentially enable AvrP to 

manipulate host transcription. EHMX = Extrahaustorial Matrix; EHM = Extrahaustorial 

Membrane. Image was adapted from Catanzariti et al. (2007). 

 

In bacteria, a number of type-III effectors have been shown to target multiple host 

proteins, either to single or diverse classes of proteins. The Hrp outer protein Q (HopQ1) 

effector from Pseudomonas syringae pv. tomato has been shown to target multiple 14-

3-3 proteins known to be responsible for regulation of many cellular processes by 

phosphorylation-dependent protein–protein interactions (Giska et al. 2013; Yoon and 

Kieber 2013; Li et al. 2013). Similarly, the HopX1 effector from P. syringae pv. tabaci 
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targets the JASMONATE-ZIM DOMAIN (JAZ) class of proteins which are key regulators of 

the jasmonate hormonal response (Gimenez-Ibanez et al. 2014) whereas the effector 

AvrPphB and HopAI1 target multiple PBS1-likekinases and mitogen-activated protein 

kinases (MAPKs), respectively (Zhang et al. 2010; Zhang et al. 2007). Effectors targeting 

multiple members of a single class of proteins are potentially disrupting multiple 

biological pathway to promote virulence as different kinases for example have distinct 

cellular functions (Khan et al. 2018). 

 

HopM1 and HopZ1a are examples of type-III effectors that target multiple classes of 

proteins. In Arabidopsis, HopM1 interacts with ARF-GEF MIN7 (Nomura et al. 2006), 26S 

proteasome non-ATPase subunits (Ustun et al. 2016) and the 14-3-3 protein 

MIN10/GRF8 (Lozano-Duran et al. 2014). In soybean, HopZ1a, a member of HopZ/YopJ 

superfamily interacts with the isoflavone biosynthesis enzyme, 2-hydroxyisoflavanone 

dehydratase (GmHID1), leading to degradation of GmHID1 and promoting infection of 

P. syringae (Zhou et al. 2011). HopZ1a also interacts with host tubulin and polymerised 

microtubules, hence disrupting plant cellular trafficking (Lee et al. 2012). In addition, 

HopZ1a also interacts with the soybean GmJAZ1 and Arabidopsis JAZ6 proteins and 

activates JA signalling (Jiang et al. 2013). 

Although fungal effectors may differ substantially from bacterial effectors, it is 

conceivable that the AvrP effector could also have multiple effector targets or could act 

as an adaptor protein between different effector targets as part of a multiprotein 

complex. For example, the plant homeodomain finger-like protein 5A acts as an adaptor 

between RNA helicases and proteins involved in RNA splicing and may also act as an 

adaptor to histone 3 in mouse (Rzymski et al. 2008).  

 

5.4 Concluding remark and future directions 

Plants and pathogens have developed a co-evolutionary  relationship that determines 

their survival and co-existence. Biotrophic pathogens especially, need to “maintain” 

their fitness inside their hosts without being detected whilst conversely their plant hosts 

strive to counteract these pathogenic activities. Despite many attempts to understand 

the virulence-promoting activities of fungal effectors only the functions of a few have 
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been elucidated. In the flax rust system, the AvrL567 effector has been shown to bind 

and activate a cystosolic cytokinin oxidase thereby promoting the irreversible 

inactivation of cytosolic cytokinins (Wan et al. 2019), but how this acts to promote 

pathogencity is not understood. Similarly, the flax rust AvrM14 effector is a putative 

nudix hydrolase (Anderson et al. 2016), but its substrate in the host cell has not yet been 

identified and its role in pathogenicity remains unknown. 

 

Many novel fungal effectors have been identified over the past decades. In oomycetes, 

the presence of RXLR motif has contributed greatly to effector prediction, especially for 

the hundreds of putative effectors from the Phytophthora genus and Hyaloperonospora 

arabidopsidis (Jiang et al. 2008; Baxter et al. 2010). For pathogenic fungi, however, 

identification of putative effectors has been more challenging. The advancement of 

high-throughput sequencing and post-genomic approaches have helped to identify 

effectors/avirulence proteins in various rust species (Hacquard et al. 2012; Petre et al. 

2014; Nemri et al. 2014; Anderson et al. 2016; Chen et al. 2017; Salcedo et al. 2017) and 

provide new information regarding their genes, protein structure and recognition by 

their cognate resistance proteins. The in silico prediction of putative effectors using 

software such as EffectorP (Sperschneider et al. 2016; Sperschneider et al. 2018), 

combining the common features of fungal effectors discovered to date with in planta 

expression data (Duplessis et al. 2011b), has proven to be a reliable tool for effector 

prediction from fungal secretomes.  

 

Three-dimensional structures of effector/avirulence proteins can provide valuable 

information regarding their possible function (e.g. enzymatic activity) which may lead to 

further experimentation. For example, the structure of AvrP is similar to the PHD finger 

and to investigate the possibilites of AvrP targeting host genomic DNA or host 

chromosomal proteins, a chromatin immunoprecipitation (ChIP) and sequencing (ChIP-

seq) experiments can be performed (Siegel et al. 2009). Essentially, in the ChIP/CHIP-seq 

method cell samples are treated with a cross-linking agent to bind proteins to their 

DNA substrates; DNA is fragmented and the proteins of interest are then purified by  

immunoaffinity and identified by mass spectrometry; DNA samples are then 

sequenced and mapped to the reference genome (Lelandais et al. 2016). RNAseq could 
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also be used to investigate the possibility that AvrP effects host transcription (Hou et al. 

2015). 

 

To discover and validate the biological function of effectors, biochemical/biophysical 

studies can be performed. To do this, information regarding the effector target/target 

compartment (Petre et al. 2015) and/or effector/target protein function is required. 

Yeast-two-hybrid analysis can be used to identify effector interactor proteins and 

interactors can be validated using in vitro or in vivo pull-downs and/or BiFC. Expression 

and/or purification of interactors for in vitro or in vivo biochemical analysis of interactor 

function in the presence or absence of effector proteins can then be used to determine 

effector function as proposed in chapter 4 for the putative host targets of AvrP. Clearly, 

there is still a great deal of work to be done to understand the role of AvrP and AvrP123 

in flax rust pathogenicity. 
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Appendix 1 Gene sequences  

 

Signal Peptide, same sequence for all AvrP variants : 

ATGCTTTTCAAACAATGCACTGCTTTGAAATTCTTAATCTTCATATTGGGATTTTCAATCATAGC

TGCA 

➢ AvrP  

CAGTCTAATCCTAATCAAGAGCTTGGAGTGGTTCAATGTCTTTGCAGACGAATCGCTCCTCTGA

CTCAACCACCATTTGGTGTGAGATGTCGAGCCACCTTGAATTGTCCGTGTGATTATATAGGAG

ACTGTCCAGGACCTGCTGAACAATATATGTACCGCTGCCCTAATTGTGGTCCGCGTTCACATGT

CGCGTGTTCCGGGGTCCATCAAGGGACTTGTCAACAGGTACACCCTGGGAAAGACAGTGTGG

AGTACGGAGGTTAG 

 

➢ 271  

CAGTCTAACCCTAATCAACAGCTTGGAGTGGTTCAATGTCTTTGCAGACGAATCGCTCCTCTGA

CTCAACCACCATTTGGTGTGAGATGTCGAGCCACCGTGAATTGTCCGTGTGATTATATAGGAG

CCTGTTCAGGACGTGCTGAACAATATATGTACCGCTGCCCTAATTGTGGTCCGCGTTCACATGT

CGCGTGTACCGGGGTCCATGAAGGGACTTGTCAACAGGTACACCCTGGGAAAGACAGTGTGC

AGTACGGAGGTTAG 

 

➢ 339 

CAGTCTAACCCTAATCAAGAGCTTGGAGTGGTTGAATGTCTTTGCAGACGAATCGCTCCTCTG

ACTCAACCACCATTTGGTGTGAGATGTCGAGCCACCTTGAATTGTCCGTGTGATTATATAGGA

GACTGTCCAGGACCTGCTGAACAATATATGTACCGCTGCCCTAATTGTGGTCCGCGTTCACAT

GTCGCGTGTTCCGGGGTCCATCGAGGGACTTGTCAACAGGTACACCCTGGGATAGCCAGTGT

GCAGTACCAAGATTAG 

 

➢ AvrP123 

CAGTATGTTGTTGATCCAGGGTTTGGAGAGATTGAATGTATGTGCGGACAAATCGCTCGTCTG

ACTCAACGACCATTTGATGTGGAATGTGAAGCCACCCCAAGTTGTTCGTGTGATTATAGAGGA

GACTGTCCAGGACCTGCTGCAGAATATGTGTACCGCTGCCCTACTTGTGGTCCGCGTTCACAT

GTCGGGTGTTTCGGGGTCCATCAAGGGACTTGTGAAGAGGTACACCCTGGGATAGCCAGGGT

GCAATACCAAAATTCTGACTCGGAGTCAGAATGA 
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➢ WA 

CAGTATGTTGTTGATCCAGGGCTTGGAGAGGTTAAATGTATGTGCGGACAAATCGCTCCTCTG

ACTCAACGACCACTTGATGTGGAATGTGAAGCCACCCCAAAGTGTTCGTGTGATTATACAGGA

GACTGTCCAGGACCTGCTGCAGAATATGTGTACCGCTGCCCTACTTGTGGTCCGCGTTCACAT

GTCGGGTGTATCGGGGTCCATCAAGGGACTTGTGAAGAGGTACACCCTGGGATAGCCAGGGT

GGAATACCCAAATTCTGACTCGGAGTCAGAATGA 

 

➢ bs25 

CAGTCTAATCCTAATCAAGAGCTTGGAGTGGTTCAATGTCTTTGCAGACGAATCGCTCCTCTGA

CTCAACCACCATTTGGTGTGAGATGTCGAGCCACCTTGAATTGTCCGTGTGATTATAGAGGAG

ACTGTCCAGGACCTGCTGCAGAATATGTGTACCGCTGCCCTACTTGTGGTCCGCGTTCACATGT

CGGGTGTTTCGGGGTCCATCAAGGGACTTGTGAAGAGGTACACCCTGGGATAGCCAGGGTGC

AATACCAAAATTCTGACTCGGAGTCAGAATGA 

 

➢ 3x HA tag 

gtaTAtggATAtGATGTccCTGACTATGCGGGCTATCCCTATGACGTCCCGGACTATGCAGGATCC

TATCCATATGACGTTCCAGATTACGCTtag 

 

Sequences of putative AvrP interactors  

DNA sequences highlighted in yellow matches to AvrP putative interactors based on the 

BLAST N search results. 

➢ Hypothetical protein Melampsora larici-populina 

TGACGGAAATTGCGGAACCTACAACACCTCTACTGACCTTGGCGTGTGCGTTTGGTCAGCAGC

GATCCGACTGGAAACAGCACAACTGACAACGGGTGGTTGAACAAAGCCACTACTGACAACTG

CAACAAACAAATCTACATGCAACGTCAAGGCCAACCCGACACCGTTCAGCTTGTCCCCGTCATC

GACTCTTGCAACTTTAACACTGTGGACCCTGCGCTCGGCTGCTTCCAGGTTTTCGTGACCAGAG

CTCTGTACGACTTATTTAATGCGACTCAAGCGGAGTTACAATCTGGATCGTTGTACAACATCAC

CTGGGACTTCAACATTGGATCATCTGAGAACCGTCAGCCCGGCCCCATCTGATAGTGGTTCTT

GTATTGCTTGGTCTTACCGTCCTCCCGTCATGGAATTATGTTATCTCTGTGCC 
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➢ cytoplasmic PGM1 

CGAGAATGTTGATGCAGGTGCAGCAAAAGAACTGATGGCAAATTTGGTCAGCCTCCAATCAA

ACCTTGCTGGAGTTAACGAGACTGTGAAGGAGATCCGATCAGATGTCTCCAAGGTCGTCAAC

GCTGATGAATTCGAGTACAAAGACCCTGTCGATGGTTCCATCTCAGCACACCAAGGTGTTCGA

TATTTGTTCGAGGATGGCTCTCGACTGGTTTTCCGCCTTTCAGGAACTGGATCAGTGGGCGCG

ACCATCCGTCTCTACATCGAACAGTACGAGAAGGATCCATTGAAGATCGGCAGAGAGTCTCTG

GACGCACTTTCACCTCTGGTTGAGGTCGCTTTGAAACTGTCCAAAATGCAAGAATACACCGGC

CGATCTGCTCCCACCGTCATCACATAGATCGCGTTTGCTCCACAAAGTTTGGATCCGATCGCAC

TTTTGAAATGGCGAAATTTTTTGGTTCTTTATGTTTGGCCACTATTCTGCTACTTTGACATGGTG

TTCTTCATGTTCTGAAATAATGTTGAGAGCCTGATTTTCTAGGTTGTTGATTGTTATAGATTCAC

CCATTAACCATAACAATCAAAACCGTTAGAAAAATTATAGTTTAATTTCATTTGG 

 

➢ cytoplasmic PGM2 

GATGGCCAATTTGGTCAGCCTTCAATCAAACCTGGCTGGAGTTAACGAGATTGTGAAGGGGA

TCCGATCAGATGTCTCCAAGGTCGTCAACGCTGACGAATTCGAGTACAAAGACCCTGTCGATG

GTTCCATCTCAGCTCACCAAGGTGTTCGATATTTGTTCGAGGATGGCTCTCGACTGGTTTTCCG

CCTTTCAGGAACTGGATCTGTGGGCGCGACAATCCGTCTCTATATTGAGCAGTACGAGAAGGA

TCCATCGAAGATCGGCAGAGAGTCTCAGGATGCACTTTCTCCTCTGGTTGAGGTAGCTTTGAA

ACTCTCTAAAATGCAAGAATACACCGGTCGATCTGCTCCGACAGTCATCACATAGTTCGCGTTT

GCTCCGCAAAATTTGGATATGATCGCACTCTCGAAATGGCGACGGTTTTTGGTTCTTTATGTTT

GGCCACTATTCTGCTCATTTGACACGGTGTTCTTCATGTTCTGAAATAATGTTGAGAGCCTGAT

TTTCTGGG 

 

➢ plastidial PGM 

ACCAATATGGAAGCTACACGCTGAAGTTTGCAGACGACTTCTCATACACCGATCCCGTTGATG

GTAGTGTGGCGTCGAAACAAGGTGTCCGGTTCGTGTTCAGTGATGGGTCAAGGATCATCTTCC

GCTTATCAGGAACCGGATCGGCAGGCGCAACAGTAAGAATCTACATCGAGCAGTTCGAACCG

GATGTCTCGAAACACGACCTGGATGCACAAAAGGCACTGAAGCCCCTCATAGATTTGGCACTC

TCGGTCTCGAAGCTGAAGGACTTCACCGGAAGAGAAAAACCCACTGTCATCACATAAAATGAC

AGATCAAATCCATCTCTAGCCGGTCCGAGATTTTGCGATATCTCGGTTAACTCAGAGCTGATTT

GGACGGGTGGGTCCACCTTTTTAGTAGTGGCTGCAGTAATTTAGTTTTAGTAGTATTAAAAGG
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TGCGAAACAATAAAGAGAAGAGAGAAGCAAAAAATGAGATGCAAGCATAGAAGAGTCCTTG

ATCATGTCAAATAAATCTCAATCACTATATCG 

 

➢ FKBP12 

GAGCACCAAGGACCCTGGGCAGCAACCTTTCTCTTTCAATATTGGCAAGGGAAGCGTCATTAA

AGGATGGGATGAAGGTGTCATGGGAATGCAAGTGGGAGAAGTCGCTCGTTTACGGTGCTCCC

CAGACTACGCTTATGGAGCTAATGGATTTGGAGCATGGGGAATCTTGCCCAATTCGACTCTGG

TTTTTGAAATTGAAGTCCTGAGCTTAGAGTAATTCTATACTGAAGCCCTACCTCAGTGGTTGTT

GCACTACTTTCTTTCTTGGCCTTGTTTCTTTCTGTCTTTCTTATTGAATGTGCTTCAATAGTGCTT

AGAATAATGTCTACCTAGTGACTCTGGTA AAATGCCAGTTAAGTGTGGG AACTTTGATACC 

 

➢ DEAD-box RNA helicase 56  

AATTGACATAGAGCGTGTCAACATTGTTATCAACTACGACATGCCTGATTCTGCCGACACATAT

CTTCACAGGGTTGGTCGTGCTGGTAGGTTCGGAACAAAGGGTCTCGCAATTACGTTTGTTTCA

TCAGCTTCAGACTCAGATGTTCTCAATCAGGTTCAGGAGAGGTTCGAGGTGGACATTAAAGAA

CTTCCGGAGCAAATTGACACTTCAACATACATGCCCTCGTAATCGGAATAGTAGTGATGCAAG

TATGGAAATTGAGGATAATTCCAGATGAATTGAAGCTTGGATAATGCGTTAATGTAGCGGATA

GCTTTCTTGGTTTCGGAGGTGTAAGGTTGTTTGTTAGCAGGGAAAGGGTAGAGATGCAGGAC

GGTGGGCGCTCTGTTTGTCTTTCGTCGGCTGTGTAATCGATGAACAAAATGTTTTGATGCTCTT

AGTTTGCAGAATTTTTCGGGCCATCAGGACCTGTCAGTGGGTTGTGTAACAAATTTAGTTAAT

GAGCTTTATACAATAGTTACATTCTATT 
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Appendix 2 Plasmids  

pL and pSoup 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The ligation independent cloning (LIC) vectors are based on the pGreenII plant 

expression vector carrying nptI kanamycin resistance for selection in bacteria. The pSa-

ori allows replication of pGreenII in Agrobacterium, but only if the corresponding 

replicase function is provided in trans by a separate plasmid called pSoup (note that 

pSoup is not required for replication of pGreenII in E. coli). pSoup carries the TetR 

tetracycline resistance gene for selection in bacteria. The pL vector contains: 

 

 

 CaMV 35S pro TMV omega LIC ccdb CaMV 35S term LIC 

SnaBI SnaBI 

http://www.pgreen.ac.uk/pGreenII/pGreenII.pls
http://www.pgreen.ac.uk/a_pjicsa.pls
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pENTRY TOPO Cloning 

 

Source: Termo Fisher Scientific (www.thermofisher.com) 

 

pEarlyGate104 

 

 

 



179 
 

pGBG-NSC-GWY-Y2H (modified version of pGBT9; vector for bait AvrP-C8339) 

 

 

pGAD-GWY-Y2H (modified version of pGADT7; vector for Empty-AD) 
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pGADT7-Rec (vector for cDNA library) 
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Appendix 3 Published paper 
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