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ABSTRACT 

Late Blight disease, caused by Phytophthora infestans, is the most significant threat to 

potato production world-wide. Identifying and deploying more durable host resistance 

to P. infestans is a promising way forward to sustain the production of potato. To 

achieve this goal, it is important to seek key pathogen components that are essential for 

infection and which, upon detection by the host, trigger a resistance response. One such 

potential key pathogen molecule is the RXLR-containing effector Avr3a. Avr3a is highly 

up-regulated during infection and is also required for P. infestans pathogenicity. To 

date, all P. infestans isolates studied contain Avr3a alleles E80M103 and/or K80I103. 

However, a study of Avr3a diversity in the Toluca Valley, Mexico, has identified 

additional alleles such as K80I103L139, K80I103H133, E80M103H133 and E80M103G124. Functional 

studies of these alleles were conducted as part of this thesis, which also include the 

Avr3a paralogs Pex147-2 and Pex147-3.  

 

By examining the amino acid changes in relation to the established protein structure, it 

was determined that all alterations within the Avr3a variants occur at surface exposed 

amino acids. The change R124G that leads to Avr3aEMG is located in the α-helix loop 3 

and the changes Q133H and M139L (Avr3aKIH, Avr3aEMH and Avr3aKIL) locate to α helix 4. 

Whereas amino acid substitutions in PEX147-3 only affect surface exposed residues, 

amino acid changes that occur in PEX147-2 involves a ‘buried’ amino acid that is key to 

structure and stability. Indeed, with the exception of PEX147-2, all Avr3a variants and 

PEX147-3 are stable upon transient expression in planta and in yeast cells. 

 

In terms of host recognition, the protein products of the Avr3a alleles derived from 

Avr3aKI are recognised by the cognate host resistance gene product R3a whereas those 



xii 
 

derived from Avr3aEM evade recognition. Similarly, PEX147-3 is recognised by R3a but 

PEX147-2 is not. In addition to host recognition, virulence functions of these alleles and 

paralogs have been elucidated. INF1 and AVR4/CF-4 induced cell death responses, which 

are dependent on the host defence protein CMPG1, are suppressed by Avr3aKI, Avr3aKIH, 

Avr3aKIL, Avr3aEM and Avr3aEMG but not by Avr3aEMH. All Avr3a variants interact with and 

stabilise the host E3 ubiquitin ligase CMPG1 to various degrees in planta and this 

interaction was found to be weakest for Avr3aEMH. Interestingly, PEX147-3, which did 

not interact with or stabilise CMPG1, could only suppress INF1 cell death but not CF-

4/AVR4 elicited responses.  

 

A P. infestans isolate, CS12, which was stably silenced for Avr3aEM expression and 

subsequently shown to be compromised in virulence on the normally susceptible host 

Nicotiana benthamiana, was used for in planta complementation studies. As shown 

previously, upon transient expression in planta prior to infection with C12, Avr3aKI and 

Avr3aEM successfully restore pathogenicity. Similar levels of virulence re-establishment 

were only observed for Avr3KI derived alleles Avr3aKIH and Avr3aKIL but not for alleles 

derived from Avr3aEM. This study concludes that Avr3aEM is currently the only form of 

the essential effector that is fully functional and evades recognition by the known 

resistance gene product R3a. This functionality is the likely reason that 70% of all 

studied isolates in the Toluca Valley are homozygous for Avr3aEM. This form of the 

effector is therefore a suitable target for identifying more durable resistances. 
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CHAPTER 1 

1 LITERATURE REVIEW 

 

  POTATO 1.1

The cultivated potato, Solanum tuberosum, is a member of the Solanaceae or 

nightshade family that comprises, amongst other economically important plants, 

tomato (Solanum lycopersicum), pepper (Capsicum), aubergine (Solanum melongena) 

and tobacco (Nicotiana tabacum) (Hunziker, 2001). Potatoes have been grown for 

more than 8000 years in the Andean region of southern America but were introduced 

to Europe as late as 1570 by the Spanish and independently brought to the UK 

between 1588 and 1593 (Hawkes, 1990). Adaptation to long days alongside other 

breeding efforts led to the success of potato, which eventually became an important 

carbohydrate source and staple food throughout the world. Today, potato is the third 

most important food crop in the world after rice and wheat and the second most 

valuable crop in the UK after wheat (FAOSTAT). The European Cultivated Potato 

Database (ECPD) recorded 4,100 cultivated varieties in 2005 and the potato growing 

area is estimated to be as high as 20 million hectares worldwide, producing over 300 

million tonnes of the crop (Haverkort et al., 2009).  

 

The direct progenitors of cultivated potatoes are Andean and Chilean primitive 

indigenous cultivated potatoes, also referred to as landraces, that in turn originate 

from wild relatives within the S. brevicaule complex of the Solanum section Petota that 

comprises tuber bearing species only (Spooner et al., 2005). More than 190 wild 

potato species of the Solanum section Petota have been identified in diverse habitats 
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within 16 countries of northern and southern America, albeit the majority have been 

observed in Argentina, Bolivia, Mexico and Peru (Hijmans & Spooner, 2001). The 

landraces and the wild relatives are grown in very diverse habitats ranging from high 

altitude Andean grasslands to dry Mexican forests, strand vegetation on Chilean 

beaches and cool rainforest in the Andes (reviewed in Hijmans et al., 2002). The 

diversity of habitats exposes these plants to various abiotic and biotic stresses and it is 

therefore not surprising that wild potatoes and landraces play an important role in 

modern breeding programmes. 

 

Potato has one of the richest genetic resources of any cultivated plant, making wild 

species a useful resource to breed new cultivars that are resistant to a wide range of 

pests and diseases, tolerant to frost and drought, and with other useful traits (Spooner 

& Hijmans, 2001). However, it is not easy to make use of these resources as potato has 

a complicated polyploid genome and many important qualitative and quantitative 

agronomic traits are poorly understood (Spooner & Hijmans, 2001). About 70% of the 

wild potato species are diploid at 2n=2x=24, with the remaining species comprising 

polyploids, such as tetraploids (2n=4x=48) or hexaploids (2n=6x=72) (Spooner & Salas, 

2006). Indeed, the majority of cultivated potatoes are tetraploid and are heterozygous 

outbreeders, which makes the analysis of their genetic traits more difficult (Bryan & 

Hein, 2008).  

 

The whole sequence of the potato genome has been estimated to be about 844 Mb 

and approximately 39,000 genes have been annotated across the 12 chromosomes 

(Potato Genome Sequencing Consortium, 2011). Potato is susceptible to a wide range 

of pests and pathogens. Consequently, many research groups have put the 
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identification of genes conferring disease resistance as their major focus 

(Vleeshouwers et al., 2011). The potato genome sequence has provided a platform to 

identify proteins that contain a nucleotide-binding site (NBS) and leucine-rich-repeat 

(LRR) domains. Most of the disease resistance genes cloned to date encode proteins 

containing these domains (Ballvora et al., 2002; Huang et al., 2005; Lokossou et al., 

2009). The potato genome contains at least 438 NBS-LRR-encoding genes and some of 

them are highly related homologues to potato late blight resistance genes R1, RB (Rpi-

blb1), R2, R3a, Rpi-blb2 and Rpi-vnt1.1 (Jupe et al., 2012). Interestingly, comparison 

between these R genes with well-established functional R genes indicates that 39.4% 

of these NBS-LRR genes are pseudogenes, including some of those within the R1, R3a 

and Rpi-vnt1.1 clusters (The Potato Genome Sequencing Consortium, 2011). This high 

rate of gene pseudogenization ties-in with the rapid evolution of effector genes that 

has been observed in Phytophthora infestans, the potato late blight pathogen (Haas et 

al., 2009).  

 

  LATE BLIGHT DISEASE 1.2

Late blight disease, caused by the oomycete P. infestans, is the most significant threat 

to potato production worldwide (Fry, 2008). Annually, late blight disease causes 

approximately £55 million losses to the UK potato industry and the costs associated 

with crop losses and chemical control amount to €5.2 billion globally per year 

(Garthwaite et al., 2008; Birch & Whisson, 2001; Haverkort et al., 2009). The most 

dramatic event caused by P. infestans was the Irish potato famine in 1845–1846 where 

up to one million people died of starvation and a similar number of people emigrated 

to the rest of Europe and the USA (Fry, 2008). The disease spreads optimally under 

cool and moist weather conditions and lesions occur on both leaves and stems. Within 
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3–7 days post infection (dpi), the symptoms appear first as brownish specks followed 

by development of water-soaked lesions on the leaf surface or stems. Finally, in the 

asexual life cycle, the infected areas are covered with white sporangiophores of P. 

infestans particularly on the underside of the leaf (Fry, 2008). Potato tubers are 

typically infected by spores that are washed through to the soil. The surface of infected 

tubers displays irregularly shaped, slightly depressed brown to purplish areas on the 

skin. The symptoms under the skin manifest themselves as a reddish brown, dry, 

granular rot which extends into the tuber (Kirk et al., 2004). 

 

 

 

 

 

 

 

Figure 1.1: Late blight disease symptoms on potato foliage 

(Source;http://www.apsnet.org/edcenter/intropp/lessons/fungi/oomycetes/Pages/LateBlight.

aspx) 

1.2.1 Phytophthora infestans  

P. infestans is derived from the oomycetes class Peronosporomycetidae. Some of the 

most destructive plant pathogens are from this class, including other Phytophthora 

species, downy mildews, Pythium species, Albugo and other white rusts (reviewed in 

Jiang & Tyler, 2012). Oomycetes are classified as Stramenopiles or Heterokonts 

together with the Alveolates to form the Chromalveolates, one of the five supergroups 

in the tree of eukaryotes (Keeling et al., 2005). For a long time, oomycetes are grouped 

with true fungi and only in the last decade has it become clear that both of them have 

independently evolved; fungi belong to a separate group named the Unikonts (Figure 

 

http://www.apsnet.org/edcenter/intropp/lessons/fungi/oomycetes/Pages/LateBlight.aspx
http://www.apsnet.org/edcenter/intropp/lessons/fungi/oomycetes/Pages/LateBlight.aspx
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1.2). However, oomycetes and fungi share many common traits that are important for 

a phytopathogenic lifestyle (Meng et al., 2009). The ‘common’ traits include spores for 

air dispersal, appressoria, haustoria, or other forms of specialized infection hyphae, 

effector proteins to be delivered into host cells, and expanded families of hydrolytic 

enzymes (review in Jiang & Tyler, 2012; Meng et al., 2009). However, in terms of cell 

structures, oomycetes have a distinct chemical composition in their cell walls, mainly 

cellulose and β-glucans compared to chitin-based cell walls found in most fungal 

pathogens (Judelson, 1997). Oomycetes also produce wall-less, biflagellated swimming 

spores termed zoospores in the structure called sporangia (Judelson, 1997). In 

addition, comparisons of rRNA sequences reveal that oomycetes are more related to 

chrysophytes and golden-brown algae (Forster et al., 1990; Peer & De Wachter, 1997) 

(Figure 1.3).  
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Figure 1.2: The five eukaryotic supergroups according to Keeling et al. (2005). Clearly shown (in red 
boxes) are the evolutionary distance between oomycetes and fungi. Taken from Govers & Gijzen 
(2006). 

 

 

Figure 1.3: Evolutionary distance between oomycetes and other phylogenetic groups based on 
comparison of rRNA sequences. Adapted from Kamoun et al. (1999). 
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1.2.2  Life cycle of P. infestans 

P. infestans, like many Phytophthora species, has a narrow host range and is 

considered a hemibiotrophic pathogen. It initiates infection biotrophically, with little 

direct damage of host tissue, and progresses to necrotrophic growth later once 

colonization has been established (Agrios & Beckerman, 2011; Fry, 2008). P. infestans 

takes approximately 2–3 dpi to complete the biotrophic stage (Fry, 2008). In its asexual 

form, the pathogen survives in the winter period either as mycelium on tubers in the 

soil, in potato waste piles or in stockrooms. In spring, infected shoots germinate from 

small portions of infected tubers and release the first airborne inoculum. The presence 

of free water greatly promotes spores to be dispersed to potato foliage where they can 

germinate and cause infection of the leaves.  

 

1.2.2.1  Asexual Life Cycle 

Asexual reproduction is manifested by sporangia, spores dispersed from 

sporangiophores (Figure 1.4). Sporangiaphores are typically formed on the lower leaf 

surface and infected stems when relative humidity is < 90 %, in which sporulation can 

be initiated within an optimum temperature range of about 18–22 °C (Judelson et al., 

1997). In the presence of water and at cooler temperatures (around 10°C), sporangia 

germinate indirectly by undergoing cytoplasmic cleavage to form seven to eight 

swimming zoospores (Singh, 2010). After a mobile period, the zoospores will stop 

moving and a thick cell wall is then formed to create cysts. When the temperature is 

higher than 16˚C, the cysts will start to germinate and penetrate the plant. 

Alternatively, sporangia can germinate directly and function as a single spore by 

producing a germ tube (Judelson et al., 1997). An appressorium structure that forms 

on the tip of the germtube, either for germination cysts or sporangiospores, will 
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facilitate its ability to breach the plant cuticle and cell wall. To pass through the 

epidermis, hyphae grow mainly between the mesophyll of invading cells and form 

haustoria in the biotrophic stage (Haldar et al., 2006). The necrotrophic phase of 

infection commences after approximately 3–4 dpi, in which the pathogen proceeds to 

kill the host plant tissue. In this stage, the hyphae emerge through the stomata 

carrying developed sporangia to start a new cycle of infection. 

 

1.2.2.2  Sexual Life Cycle 

Sexual reproduction of P. infestans, which is heterothallic (the male and female organs 

are on different individuals), requires the presence of two mating types termed A1 and 

A2, and potentially leads to extensive genetic recombination to create new 

populations (Figure 1.4). For sexual production to occur in nature, both A1 and A2 

mating types have to infect the same plant or tuber. The two mating types differ in 

hormone production and response rather than in morphology of the different sexual 

forms. In response to hormones, the two mating types form male (antheridia) and 

female (oogonia) structures where meiosis occurs and asexual sporulation is inhibited 

(Judelson et al., 1997). Individual haploid nuclei from both antheridia and oogonia will 

fuse to form gametangia in order to generate a diploid cell with a viable nucleus. In the 

progeny of hybrid gametangia (A1A2), only A1 or A2 types will develop from the 

germinated oospore (Judelson et al., 1997). Oospores can survive several years in the 

soil (Flier et al., 2001b) and under favourable conditions, can germinate to form 

sporangia to start the infection of tubers, stems and leaves. Additionally, infected 

tubers can facilitate oospore germination for the next season, as infected tubers are 

the most common source of inoculum at the beginning of the season. 
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Figure 1.4: The asexual and sexual disease cycles of P. infestans (Judelson et al., 1997). 

 

 RESISTANCE MECHANISMS 1.3

Plants must continually fight and prevent infection by the many pathogens they 

encounter. Unlike animals, which possess an adaptive immune system, plants rely on 

the innate immunity of each cell to recognise invading pathogens and also to respond 

to the systemic signals emanating from infection sites (Dangl & Jones, 2001; Ausubel, 

2005). However, in addition to the inducible defences, plants also utilise preformed 

barriers and, for example, toxic compounds such as phytoanticipins to prevent 

infection (Lamothe et al., 2009).  

 

Successful pathogens must avoid, suppress, or tolerate plant defences to establish an 

interaction with the host for their benefit (Torto-Alalibo et al., 2010). Thus, both 

prokaryotic and eukaryotic pathogens have evolved numerous strategies to gain 

nutrients from plants whilst suppressing defence mechanisms. Biotrophic and 

hemibiotrophic pathogens, including specialised fungi and oomycetes, require living 
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plants cells as their main source to retrieve nutrients (Hahn & Mendgen, 2001). These 

pathogens are dependent on their host to complete their life cycle. To gain access 

inside plant tissues, pathogens often use natural openings, such as stomata and 

wounds, to avoid specialised plant barriers such as leaf cuticles (Huckelhoven, 2007).  

The next barrier for the pathogen to overcome is the apoplastic space, a very acidic 

area with a pH of about 3.2 which contains plant-secreted degrading defence enzymes 

and antimicrobial compounds (Huckelhoven, 2007). Plant cells are surrounded by a 

stable cell wall that cannot be easily penetrated by most microbes and therefore, some 

well adapted microbes are confined to the apoplastic space for proliferation (Gohre & 

Robatzek, 2008). To gain an intimate contact with plant cells, in order to suppress plant 

responses, some filamentous plant pathogens form specialised structures such as 

haustoria that are derived from penetrating hyphae (Catanzariti et al., 2007) or, in case 

of bacteria, a specialised type-three secretion system (T3SS) that penetrates the host 

cell wall to inject effector molecules into the host cytoplasm (Jin et al., 2003).  

 

Efficient plant disease resistance is associated with inducible plant defences that 

consist of two overlapping components induced by microbial molecules (Thomma et 

al., 2011; Jones & Dangl, 2006). These two evolutionarily linked forms of innate 

immunity have been illustrated by a Zig-Zag model (Figure 1.5) (Jones & Dangl, 2006; 

Hein et al., 2009). In this model, the first layer of plant protection involves detection of 

pathogen associated molecular patterns (PAMPs) to induce PAMP-triggered immunity 

(PTI) in order to stop further pathogen invasion. However, well adapted pathogens 

promote virulence by delivering effector molecules that are able to interfere with PTI, 

resulting in effector-triggered susceptibility (ETS). To overcome ETS, plants have 

developed a second layer of protection that involves resistance (R) genes that 
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perceive, directly or indirectly, the pathogen effectors, which are then also referred to 

as avirulence (Avr) proteins and the consequent resistance response is known as 

effector-triggered immunity (ETI). However, adapted pathogens may be able to modify 

the recognised effectors to evade detection or to deliver additional effector molecules 

to suppress ETI, to re-establish ETS. In plant–pathogen co-evolution, the next step 

involves evolution of new R genes that recognize these effectors in order to regain ETI 

(Hein et al., 2009). 

 

Figure 1.5: The Zig-Zag model illustrating plant inducible defences against pathogen attack and their 
amplitude of response. Pathogen associated molecular patterns (PAMPs) are recognised by host 
pattern recognising receptors (PRR) on the plasma membrane and subsequently activate PAMP 
triggered immunity (PTI). Effectors are secreted by the pathogen to suppress PTI resulting in effector-
triggered susceptibility (ETS). In the second layer of inducible defences termed effector triggered 
immunity (ETI), plant resistance (R) gene products recognise translocated effectors and initiate an 
immune response that is also called the hypersensitive response (HR), a form of programmed cell 
death. To evade the host ETI response, pathogens deliver modified effectors which force the plant to 
evolve new R genes (taken from Jones & Dangl, 2006). 

 

1.3.1 Pathogen Associated Molecular patterns (PAMP) and PAMP-triggered 

immunity (PTI) 

Pathogen-associated molecular patterns (PAMPs) are commonly occurring microbial 

molecules, which trigger defences known as PAMP triggered immunity (PTI) in plants. 
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PTI is the first level of inducible plant defence which is activated upon perception of 

microbial PAMPs via cell surface receptor-like kinases (RLKs) (Nicaise et al., 2009; Jones 

& Dangl, 2006). Pattern recognition receptors (PRR) or RLKs perceive molecular 

signatures characteristic of a whole class of microbes or PAMPs to trigger PTI 

(Schwessinger & Zipfel, 2008). Recently, N. benthamiana leucine-rich repeat receptor-

like kinase (LRR-RLK) NbSERK3 has been shown to significantly contribute to resistance, 

triggered by the P. infestans PAMP elicitin protein INF1 (Chaparro-Garcia et al., 2011). 

PAMPs are essential molecular components that are found to be highly conserved 

within a class of microbes where they carry out indispensable functions for fitness or 

survival and are not present in the hosts (Medzhitov & Janeway, 1997).  

 

In the majority of cases, PTI is able to stop pathogen growth at an early infection stage 

by the induction of antimicrobial enzymes and peptides, antimicrobial chemicals [for 

example phytoalexins and reactive oxygen species (ROS)], deposition of callose and 

lignification to reinforce the cell wall at sites of infection and, in case of biotrophic and 

hemibiotrophic pathogens, programmed cell death (PCD) (Jones & Dangl, 2006). 

Flagellin (epitope flg22) and translation elongation factor Tu (epitope elf18) are the 

best-characterized bacterial PAMPs which are recognised by the plant receptor kinases 

Flagellin Sensing2 (FLS2) and EF-TU Receptor (EFR), respectively (Robatzek & Saijo, 

2008). The protein flagellin is the building block of the flagellum and its recognition by 

most plants indicates this recognition event is evolutionarily ancient (Boller & Felix, 

2009). The elongation factor Tu (EF-Tu) is one of the most abundant and conserved 

bacterial proteins and acts as an essential bacterial PAMP, detected by the receptor 

EFR in Arabidopsis and other members of the Brassicaceae family (Kunze et al., 2004). 

Interestingly, expression of EFR in solanaceous plants, Nicotiana benthamiana and 
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tomato is also can give responsiveness to bacterial elongation factor Tu (EF-Tu), 

making them more resistant to a range of phytopathogenic bacteria (Lacombe, 2010). 

Many oomycete PAMPs and secreted elicitors are proteins, and resemble enzymes or 

protein toxins (Gijzen & Nurnberger, 2006). In addition to proteinaceous PAMPs and 

elicitors, surface-exposed oomycete glucans also trigger defences in host plants (Sharp 

et al., 1984). Typical oomycete PAMPs include, for example, INF1, the 

transglutaminase GP42 (epitope pep13) and cellulose-binding elicitor lectin (CBEL) 

family members (Hein et al., 2009).  

 

1.3.2  Effector triggered susceptibility (ETS) 

Most plant pathogens have developed sophisticated molecular strategies by evolving 

protein or chemical effectors to suppress or reprogramme PTI and ETI. Diverse effector 

molecules that are delivered into plant cells can suppress PTI and/or ETI, resulting in 

effector-triggered susceptibility (ETS) (Chen et al., 2012; Halterman et al., 2010; Torto-

Alalibo et al., 2009; Chisholm et al., 2006; Jones & Dangl, 2006). Jiang & Tyler (2012) 

reviewed some of the various activities of oomycetes effectors in suppressing plant 

immunity (Figure 1.6). 

 

Apoplastic effectors secreted into the plant extracellular space play an important role 

in manipulating host counter-defence. Their mode of action can be diverse and 

include, for example, inhibition and protection against plant host hydrolytic enzymes 

such as proteases, glucanases and chitinases that accumulate in response to pathogen 

infection (Tian et al., 2006; Kamoun, 2006). Examples of apoplastic effector proteins 

are AVR2, AVR4, AVR9 and ECP2 from Cladosporium fulvum (Thomma et al., 2005). 

Interestingly, C. fulvum does not form haustoria or haustoria-like structures that are 
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associated with effector translocation into the host cytoplasm (Rivas & Thomas, 2005). 

However, oomycetes such as P. infestans secrete both apoplastic and cytoplasmic 

effectors (Birch et al., 2006; Kamoun, 2006). Examples of P. infestans apoplastic 

effectors are cysteine protease inhibitors, such as EPIC1 (member of Kazal-like 

protease inhibitor family) and EPIC2b (member of cystatin family) that can bind to 

cysteine proteases C14, PIP1 and RCR3 (Song et al., 2009; Tian et al., 2007).  

 

 

Figure 1.6: Various mechanisms of oomycete effectors are utilised to suppress plant immunity. 
Translocation of effectors (IEs) into the host cytoplasm (1) induces host proteases (Pr) to be secreted 
(2) into the apoplast to degrade them. To elude these proteases, the pathogen (3) may secrete 
protease inhibitors (PIs) or produce effectors to block secretion of host proteases (4). Recognition of 
PAMPs by PRRs (5) and intracellular effectors by NB-LRRs (6) induces PTI and ETI, respectively which is 
potentially inhibited by intracellular effectors (7). Induction of PTI and ETI may trigger programmed 
cell death (8) that can potentially be inhibited by effectors. Both PTI and ETI invoke transcriptional 
changes (9) which might be directly interfered with by nuclear-targeted effectors. Numerous other 
responses (10) are also involved in PTI or ETI signalling pathways such as production of reactive 
oxygen and nitrogen species (RONS) that may also to be interfered with by the effectors (modified 
from Jiang & Tyler, 2012). 

 

In addition, Song et al. (2009) have shown that susceptibility of tomato plants to P. 

infestans was increased by mutation of the tomato Rcr3 gene or silencing of C14. Thus, 
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the study has demonstrated the crucial role of cysteine protease inhibitors that are 

required for biotrophic fungi such as C. fulvum and P. infestans to infect the host (Song 

et al., 2009). Furthermore, serine protease inhibitor EPI1 and EPI10 in P. infestans can 

bind to and inhibit a tomato protease P69B to abolish its activity in the apoplast (Tian 

et al., 2004; 2005). Moreover, Phytophthora spp. are also known to secrete glucanase 

inhibitors that inhibit the host apoplastic enzyme endo-β-1,3 glucanase (Damasceno et 

al., 2008; Rose et al., 2002).  

 

RXLR effectors include the products of avirulence genes and are initially translocated 

into the plant cytoplasm and target different subcellular compartments including 

nuclei, nucleolus, chloroplast, and Golgi (reviewed in Bozkurt et al., 2011; Boevink et 

al., 2011; Schornack et al., 2010). This ties in with the identification of RXLR effectors 

by R genes that encode intracellular NBS-LRR proteins (Foster et al., 2009; Goritschnig 

et al., 2012; Huang et al., 2005; Li et al., 2011; Lokossou et al., 2009). Pathogens use 

different means to deliver the effectors into the host cytoplasm and rely often on 

specialised structures. For example, Gram-negative bacteria use the type three 

secretion system (T3SS), a specialized secretion system, to deliver effector proteins 

inside host cells (Galan & Wolf-Watz, 2006; McCann & Guttman, 2008). In contrast, 

biotrophic fungi and oomycetes have evolved specialized structures termed haustoria 

(Meng et al., 2009; Catanzariti et al., 2007). The primary function of haustoria was 

initially thought to be nutrient uptake but, based on more recent findings, haustoria 

also take part in translocation of fungal and oomycete effectors (Whisson et al., 2007; 

Catanzariti et al., 2006). Thus, significant differentiation may occur between the 

haustorial cell wall, extrahaustorial space, and extrahaustorial membrane to facilitate 
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delivery of effectors from the pathogen and nutrients uptake from host plants (Meng 

et al., 2009). 

 

Subversion of PTI by microbial effectors is believed to be one of the key strategies of 

successful pathogens to grow and multiply in host plants (reviewed in Stassen & Van 

den Ackerveken, 2011; Hein et al., 2009). The molecular mechanisms by which 

translocated effectors manipulate the plant defence or promote virulence are still 

largely unknown but on-going characterisation of individual effectors has shown that 

multiple processes are targeted, either as suppressors or as inducers of defence (Table 

1.1) (Figure 1.6).  

 

Most of the effector activity identified thus far is to suppress programmed cell death 

(PCD), which is associated with resistance towards biotrophic and hemibiotrophic 

pathogens (Stassen & Van den Ackerveken, 2011; Dangl & Jones, 2006) (Table 1.1). 

Conserved C-terminal W and Y motifs have been determined to be required for this 

activity (Dou et al., 2008). As these motifs are present in many Phytophthora RXLR 

effectors, suppression of cell death activity has been suggested as a major function of 

oomycete effectors (Stassen & Van den Ackerveken, 2011). Indeed, potential effectors 

have been identified via cell death suppression assay by many research groups. Oh et 

al. (2009) for instance, revealed that the effector activity of PexRD8 and PexRD3645-1 is 

sufficient to suppress cell death induced by INF1.  

 

Another interesting function of RXLR effectors in suppressing ETI has been reported for 

the effector IPI-04, a sequence divergent member of the P. infestans IPI-O family 

(Halterman et al., 2010; Chen et al., 2012). IPI-04 is able to suppress ETI induced by the 
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effectors IPI-O1 and IPI-O2 in potato plants carrying the resistance gene Rpi-blb1 

(Halterman et al., 2010).  

Table 1.1: Identified host-translocated effectors of oomycetes pathogens. Their function, mechanism 
and host targets are shown were known. The table shows effectors identified thus far that contribute 
to virulence by interfering with plant immunity (Reviewed in Stassen & Van den Ackerveken, 2011).  

 
Class: CRN; Crinkler effector, RXLR; RXLR-motif effector, RXLR?; RXLR-like motif effector. ETI: 
corresponding in planta R gene. Species (Sp.): Ae; Aphanomyces euteiches, Ha; Hyaloperonospora 
arabidopsidis, Pi; P. infestans, Ps; Phytophthora sojae. 
 

1.3.3 Effector triggered immunity (ETI) 

The largest family of R genes identified to date encode nucleotide binding leucine-rich 

repeat (NB-LRR) proteins which act as immune receptors to mediate recognition of 

Effector Species Class ETI Mechanisms Host 
Target 

AeCRN5 Ae CRN  Cell death (via nucleus)  

ATR1 Ha RXLR AtRPP1 Contributes to virulence  

ATR5 Ha ? AtRPP5   

ATR13 Ha RXLR AtRPP13 Suppresses callose deposition and 
ROS secretion 

 

AVR1 Pi RXLR R1   

AVR2 Pi RXLR R2   

Avr3a Pi RXLR R3a Stabilises host E3-ligase CMPG1 

AVR3b/10/11 Pi RXLR R3b/R10/R11   

AVR4 Pi RXLR R4   

AVRBlb2 Pi RXLR Rpi-Blb2 Interferes with protease secretion  

IPI-01 Pi RXLR Rpi-Blb1/Rpi-
Sto1/Rpi-Pta1 

Disruption PM-CW integrity LecRK-1.9 

IPI-02 Pi RXLR Rpi-Blb1/Rpi-
Sto1/Rpi-Pta1 

  

IPI-04 Pi RXLR  Suppresses IPI-01/IPI-02 ETI  

PexRD3645-1 Pi RXLR  Suppresses INF1 PTI  

PexRD8 Pi RXLR  Suppresses INF1 PTI  

SNE1 Pi RXLR?  Suppresses Avr3a ETI and NLP-
induced cell death 

 

Various CRNs 
(e.g. CRN 
1,2,8,16) 

Pi CRN  Cell death (via nucleus)  

AVR1a Ps RXLR Rps1a   

AVR1b-1 Ps RXLR Rps1b Suppresses BAX-induced cell death  

AVR1k Ps RXLR Rps1k   

Avr3a Ps RXLR Rps3a   

AVR3c Ps RXLR Rps3k   

AVR4/6 Ps RXLR Rps4/Rps6   

PsCRN115 Ps CRN  Suppresses PsCRN63/NLP-induced 
Cell death 

 

PsCRN63 Ps CRN  Cell death (via nucleus)  
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pathogen-derived AVR effectors or their activity (Eitas & Dangl, 2010; Elmore et al., 

2011). Effectors, whilst being delivered by the pathogen to suppress PTI or promote 

virulence, also provide plants with an opportunity for detection via R gene products 

that mount a rapid and intense response termed effector triggered immunity (ETI). ETI 

typically culminates in a form of programmed cell death known as the hypersensitive 

response (Katagiri, 2004). Genes encoding pathogen effectors that induce R gene 

resistances are defined as avirulence (Avr) genes and interactions between effectors 

and their cognate R proteins are based on the gene-for-gene hypothesis (Gassmann & 

Bhattacharjee, 2012; Flor, 1971).  

 

Interaction between avirulence effector molecules and their cognate R proteins can be 

either direct or indirect, the latter through modification of a host protein by the 

effector that is perceived by the R protein (Chisholm et al., 2006; Jones & Dangl, 2006; 

van der Hoorn & Kamoun, 2008; Elmore et al., 2011). Direct interaction between an R 

protein and its matching Avr protein has relatively rarely been observed (Dodds et al., 

2006; Ellis et al., 2007a). However, a few examples of direct interaction between NB-

LRR and effector have been confirmed in filamentous pathogens (Jia et al., 2000; 

Dodds et al., 2006; Krasileva et al., 2010). ATR1, an effector from Hyaloperonospora 

arabidopsidis, is recognized by Arabidopsis thaliana RPP1 via direct interaction with its 

LRR domain (Krasileva et al., 2010). More recently, Chen et al. (2012) have shown 

evidence of direct interaction between P. infestans effector IPI-O (AVRblb1) and the 

coiled-coil domain of RB (Rpi-blb1).  

 

 The observation that effectors have specific targets in the host is an essential 

component of the Guard hypothesis, which explains an indirect perception mechanism 
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of R proteins by monitoring (guarding) the effector target (Van der Hoorn & Kamoun, 

2008). Modification of effector targets by the effector are perceived by the R protein, 

which subsequently triggers a resistance response in the host (Van der Biezen & Jones, 

1998; Dangl & Jones, 2001). Bacterial effectors are often recognized indirectly by the 

resistance protein via perception of modified host protein (Elmore et al., 2011). A good 

example for the Guard model is the indirect perception of the Pseudomonas syringae 

effector AvrPTO by the tomato resistance proteins PTO and PRF (Zipfel & Rathjen, 

2008). In addition, recognition of AvrB and AvrRPM1 by Arabidopsis NB-LRR protein 

RPM1 is also indirect by perception of modified host target protein RIN4 (Liu et al., 

2011). The Guard model also explains how multiple effectors secreted by the pathogen 

could be perceived by a single R protein, thus enabling a relatively small R gene 

repertoire to target the broad diversity of pathogen effectors (Dangl & Jones, 2001). 

However, in the absence of the cognate R protein, the alteration of effector targets 

(guardees) is indispensable for the virulence function (Rooney et al., 2005; Hauck et al., 

2003). 

 

Another example of indirect recognition involves the AvrBS3 effector protein from 

Xanthomonas campestris, which localises in the nucleus and binds to the promoter of 

the cognate BS3 resistance gene product. This leads to Bs3 transcript accumulation 

followed by HR induction (Römer et al., 2007). Recently, based on this and additional 

findings, a modification of the Guard model was proposed by Van der Hoorn & 

Kamoun (2008), known as the Decoy model. This model takes into account the 

evolutionary aspects of the opposing selection forces on guarded virulence targets 

(Van der Hoorn & Kamoun, 2008). According to the model, the virulence target should 

maintain its guardee function if a guarding R gene is present to trigger ETI, whilst in the 
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absence of a corresponding R gene, the effector target should diversify to evade 

manipulation by the effector protein (Van der Hoorn & Kamoun, 2008).  

 

Nonetheless, how these two models can be applied to the perception of filamentous 

pathogen AVR effectors by NB-LRR receptors is still unknown. Thus, it is important to 

uncover the host targets of filamentous pathogen effectors. Potato BSL1 has been 

identified recently to be a target of P. infestans AVR2. BSL1 mediates the indirect 

recognition of AVR2 by R2, supporting either the Guard or Decoy models (Saunders et 

al., 2012).  

 

As pathogens rely on effectors to infect host plants, R genes provide an excellent 

opportunity to protect plants by effector recognition mechanisms. Indeed, R genes 

from wild sources were exploited in early potato breeding programmes by focussing 

on the characterisation of the resistance spectrum and the introgression of 11 R genes 

from the wild Mexican hexaploid species Solanum demissum (Malcolmson & Black, 

1966). Thus far, more than 20 functional late blight R genes have been cloned, which 

include R1, R2, R3a, and R3b from Solanum demissum (Ballvora et al., 2002; Huang et 

al., 2005; Lokossou et al., 2009; Li et al., 2011). Resistance genes have also successfully 

been isolated from other wild Solanum species such as S. bulbocastanum (Song et al., 

2003; van der Vossen et al., 2003, 2005), S. stoloniferum and S. papita, (Vleeshouwers 

et al., 2008), S. venturii and S. mochiquense (Pel et al., 2009; Foster et al., 2009). All of 

these cloned resistance genes belong to the coiled-coil (CC)-NB-LRR class. 

 

Regardless of the generated cultivars containing these genes, rapidly changing 

populations of P. infestans have overcome the R1-R11 genes (Malcolmson & Black, 
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1966). Indeed, P. infestans is a pathogen with high ‘evolutionary potential’ (McDonald 

& Linde, 2002) and changes in the P. infestans populations via migration and mutation 

are well documented (Fry & Goodwin, 1997). The P. infestans population that 

dominated Europe from 1845 to the mid-1970s contained only the A1 mating type but 

this was displaced when new lineages of both the A1 and A2 mating types were found 

in the 1970s (Drenth et al., 1994). Such changes were probably driven by increases in 

aggressiveness, fitness and virulence against host resistance as well as resistance to 

fungicides (Cooke et al., 2012). To enhance resistance durability against late blight 

resistance, stacking of multiple R genes has been shown to be a potential approach to 

strongly delay the onset of late blight symptoms (Kim et al., 2012; Tan et al., 2010). 

Sarpo Mira is one of the good examples of potato cultivars with significant levels of 

durable resistance to late blight disease and has recently been shown to contain at 

least five R genes (Rietman et al., 2012).  

 

Recent interest has focussed on transforming cloned R genes into existing potato 

varieties (Haverkort et al., 2009). Thus, current R gene isolation and breeding efforts 

aim to combine at least two different broad spectrum R genes (Song et al., 2003; van 

der Vossen et al., 2005).  Zhu et al. (2011) and Forch et al. (2010) have recently shown 

that transformation of multiple R genes into susceptible varieties can be used to add 

value to these varieties. 

 

  THE OOMYCETE RXLR EFFECTORS  1.4

Recently, a lot of attention has focused on oomycete RXLR effectors, one of the best-

studied classes of virulence proteins (Kale & Tyler, 2011; Whisson et al., 2011; Tyler, 

2009; Hogenhout et al., 2009). This class of effectors is the largest that has been 
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discovered from the available whole genome sequences of Phytophthora species 

(Grunwald, 2012) (Table 1.1). Oomycete RXLR containing effectors are typically 

modular proteins with an N-terminal domain associated with secretion and 

translocation into plant cells and a C-terminal domain linked to virulence function 

(Kamoun, 2006; Bos et al., 2006). The RXLR motif was found to be conserved in 

divergent oomycete avirulence proteins (Rehmany et al., 2005) and was used in 

bioinformatic screens to search for candidate effector genes from three Phytophthora 

genomes (Tyler et al., 2006; Haas et al., 2009; Oh et al., 2009). C-terminal domains of 

RXLR containing effectors are distinct from each other whereas the N-terminal 

domains display more common features such as an acidic region (dEER) that often 

follows the RXLR motif (Jiang et al., 2008; Whisson et al., 2007).  

 

The RXLR-EER motif has shown to be required for translocation of effector protein into 

the host (Duo et al., 2008; Whisson et al., 2007). However, the mechanisms of how this 

motif contributes to translocation of RXLR effectors remain unclear and under debate 

(Ellis & Dodds, 2011). A study of P. sojae effector AVR1b has shown a possible 

mechanism involving the RXLR domain binding to cell-surface phosphatidylinositol-3-

phosphate (PI3P), potentially to stimulate endocytosis of the effector into the host 

(Plett et al., 2011; Kale et al., 2010). The RXLR-like motif, PEXEL/HL of the Malaria 

parasite Plasmodium falciparum has also been shown to be required to mediate PI3P 

binding for effector translocation into the host erythrocyte (Bhattacharjee et al., 

2012). However, Yaeno et al. (2011) have shown that the RXLR motifs of Avr3a and 

AVR1b do not interact with PIPs. Wawra et al. (2012a) has recently confirmed that 

Avr3a does not specifically bind to phospholipids to translocate into host cells. 

Interestingly, interactions with PIPs have shown to be mediated by surface patches of 
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positively charged amino acids located on equivalent locations in the C-terminal 

domain of each effector (Yaeno et al., 2011). Recently, another potential cell surface 

protein with tyrosine-O-sulphate modification has been shown to be crucial for an 

effector of the oomycete fish pathogen Saprolegnia parasitica, SpHtp1, to translocate 

into host cells (Wawra et al., 2012b).  

 

RXLR effector genes display signatures of positive selection that may contribute to 

rapid evolution, presumably a consequence of their co-evolutionary arms race with 

plants (Win et al., 2007; Oh et al., 2009). The molecular mechanism underlying these 

evolutionary events to generate the effectors with new virulence functions and/or to 

evade the immune system is poorly understood. However, recently reported three-

dimensional structures of RXLR effectors from Phytophthora have provided resource to 

investigate structure/function relationships in the C-terminal region between these 

effectors that provide information about their accelerated evolution.  

 

To date, five structures of oomycete RXLR effector have been published: Avr3a4 and 

Avr3a11 from Phytophthora capsici (Yaeno et al., 2011; Boutemy et al., 2011), PexRD2 

from P. infestans (Boutemy et al., 2011) and ATR1 and ATR13 from H. arabidopsidis 

(Chou et al., 2011; Leonelli et al., 2011). Studies of PexRD2 and ATR1 structures have 

yielded the a striking finding that both share a conserved alpha-helical protein fold 

defined as W and Y motifs, regardless of the fact that Phytophthora and H. 

arabidopsidis effectors do not share any significant sequence similarity (Win et al., 

2012; Boutemy et al., 2011). Based on structure-informed bioinformatic analyses of 

PexRD2 and ATR1, the three-helix bundle folds that are adopted by the repeating W-Y 

motifs have been suggested to form a structural unit which is observed in about 44% 
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of annotated Phytophthora RXLR effectors and 26% of H. arabidopsidis RXLR effectors 

(Win et al., 2012; Boutemy et al. 2011). This structural unit of conserved W-Y motifs 

was named the WY-domain (Boutemy et al., 2011). The WY-domain has been 

proposed as a flexible scaffold to provide both a degree of molecular stability and 

plasticity to support the rapid changes within effector proteins (Win et al., 2012; 

Boutemy et al., 2011). This is important for the effectors to maintain their virulence 

activities while evading recognition by the plant innate immune system during rapid 

co-evolution (Win et al., 2012). 

 

Many functionally important and polymorphic residues have been discovered by 

Boutemy et al. (2011) which map to the surface of RXLR proteins. This finding has led 

the authors to propose an evolution model of RXLR effectors at the structural level via 

adaption of WY-domains of the protein which comprise: (i) insertion/deletions of 

amino acids in loop regions between helices; (ii) extensions of amino acid residues to 

the N and C termini; (iii) amino acid replacements that target surface residues, (iv) 

tandem domain duplications, and (v) oligomerization. 

 

A genome-wide analysis of the sequenced P. infestans isolate T30-4 has identified 563 

potential RXLR type effector genes (Haas et al., 2009). Additionally, by considering that 

P. infestans contains potentially a further 196 crinkler effectors, the scope for 

functional redundancy is immense (Haas et al., 2009; Birch et al., 2008). Indeed, in 

comparison, bacterial pathogens contain typically between 25 and 35 T3SS effectors, 

and most of them are functionally redundant (Wilton & Desveaux, 2010). Furthermore, 

effector genes are located in dynamic regions of the P. infestans genome which is likely 

to facilitate rapid evolutionary changes and accounts for the considerable P. infestans 
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effector expansion compared to P. sojae and Phytophthora ramorum (Haas et al., 

2009). By comparison to other Phytophthora species, the RXLR genes in the P. 

infestans genome have expanded considerably and 70 out of 563 RXLR effector genes 

are rapidly diversifying (Haas et al., 2009). Moreover, RXLR effector gene turnover has 

been associated with host co-evolution (Tyler et al., 2006; Jiang et al., 2008; Win et al., 

2007). 

 

 HOST-OOMYCETE CO-EVOLUTION 1.5

High levels of diversifying selection of the effectors are presumably the result of 

molecular co-evolution between a pathogen and its host plant. Most of the P. infestans 

effector genes that are induced in planta and show presence/absence polymorphism, 

copy number variation or high nonsynonymous substitution rates, are located within 

gene-sparse regions (GSRs) (Raffaele et al., 2010). This is probably for flexibility of the 

potential effector genes to be evolutionarily changed in response to novel host 

resistance (Haas et al., 2009). The P. infestans 13_A2 lineage, which is currently 

dominant in Europe, comprises some of the most aggressive P. infestans isolates and 

contains extensive genetic and expression polymorphisms particularly in effector 

genes (Cooke et al., 2012). Copy number variations, gene gains and losses, amino-acid 

replacements and changes in expression patterns of disease effector genes within this 

isolate are likely to contribute to enhanced virulence and aggressiveness to drive the 

observed population displacement (Cooke et al., 2012). 

 

The introduction of nucleotide substitutions is one of the key strategies used by 

pathogens to evade recognition by resistance proteins. Proteins with amino acid 

changes might be able to escape recognition by the resistance protein. Single 
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nucleotide polymorphisms (SNPs) have been reported to provide virulent alleles of 

Atr1 and Atr13 from H. arabidopsidis (Allen et al., 2004; Rehmany et al., 2005) and also 

Avr1b and Avr3c from P. sojae (Shan et al., 2004; Dong et al., 2009).  

 

An additional approach to retain virulence on a host plant that contains a resistance 

protein involves the pathogen ‘jettisoning’ the recognised effector. Loss of AVR4 

function in P. infestans isolates that infect potato expressing R4 has been reported 

(Van Poppel et al., 2008). Truncated versions of Avr4 resulted from frame-shift 

mutations to generate probably non-functional and non recognised effector protein 

(Van Poppel et al., 2008). Interestingly, mutation of Avr4 does not interfere with 

pathogen fitness, which explains why virulent races evolve rapidly and at high 

frequency (Vleeshouwers et al., 2011). Presumably, functional redundancy in the 

effector complement may compensate loss of an effector gene to maintain the 

pathogen fitness on susceptible plants (Birch et al, 2008).  

 

There are hundreds of NBS-LRR-encoding sequences within a typical plant genome 

(Lehmann, 2002; Jupe et al., 2012). R genes located within plant genomes often exist 

as members of clustered gene families which have evolved through duplication and 

diversification (Lehmann, 2002). Compared to other genes in the plant genome, 

resistance genes have been found to evolve more rapidly and domains such as the 

leucine-rich repeat (LRR) are subjected to diversifying selection (Lehmann, 2002; Jupe 

et al., 2012). 

 

Arabidopsis thaliana has been reported to contain approximately 150 NB-LRR encoding 

genes, comprising up to 1% of the genome (Meyers et al., 2003; 1999). The potato 
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genome potentially contains at least 438 NBS-LRR genes which represent 1.16% of the 

total number of annotated genes in the potato genome (Jupe et al., 2012). This shows 

that plant species contain abundant, distantly related NBS-LRR R genes for the 

provision of recognition specificities. Most of the cloned resistance genes are members 

of multigene families, indicating that gene duplication and subsequent diversification 

are common processes in plant gene evolution (Martin et al., 1993; Lawrence et al., 

1995). The potato R3a locus, for instance, is organised in three neighbouring 

homogeneous clusters that consist of 13 members with varying sizes that are thought 

to facilitate rapid evolution (Jupe et al., 2012). Jupe et al. (2012) have shown that, 

unlike effector genes, potato resistance genes reside in indistinct genomic regions that 

are not significantly different compared to other regions of the potato genome.  

 

 THE ROLE OF UBIQUITINATION AND E3 LIGASES IN PLANT PCD AND DEFENCE 1.6

The ubiquitin proteasome system (UPS) is one of the most important cellular processes 

for protein modification and degradation in eukaryotic organisms. The overall process 

is to tag the target-protein with ubiquitin, which leads to a variety of fates. These 

tagging processes are mediated by an enzymatic cascade involving an ubiquitin-

activating enzyme (E1), an ubiquitin-conjugating enzyme (E2), and an ubiquitin ligase 

(E3). 1-2 E1s, 50 E2s and E2-like genes, and more than 1000 E3s have been estimated 

to reside in plant genomes (reviewed by Vierstra, 2009). Thus, compared to E1 or E2 

genes, E3 genes are highly abundant in plant genomes to allow plants to ubiquitinate a 

wide variety of substrates for many biological processes. Each E3 ubiquitin ligase is 

able to act in ubiquitination mechanism for only one or a few target proteins (Vierstra, 

2009). This can be linked with specificity of the ubiquitination mechanism that mainly 

depends on the E3 ligase (Hershko et al., 1983; Finley et al., 2004). Based on the 
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subunit component and action modes, E3 ligases can be divided into two major types 

which can be a single protein or a protein complex (Vierstra, 2009). HECT, RING finger 

and U-box domain proteins have been classified as single protein E3 ligases (Moon et 

al., 2004).  

 

In Arabidopsis, the R proteins RPM1 and RPS2 are dependent on two RING finger E3 

ligases, RPM1-interacting protein 2 (RIN2) and RIN3 to trigger an HR upon delivery of 

either the AvrRPM1 or AvrB type III effector proteins (Kawasaki et al., 2005). In 

addition, Arabidopsis plant U-box (PUB) E3 ligase, PUB17, is required for RPM1 and 

RPS4 mediated ETI induced by the avirulence effectors, AvrB and AvrRPS4 respectively 

(Yang et al., 2006). However, a homologous triplet of PUB22, PUB23 and PUB24 act as 

negative regulators of PTI in response to several distinct PAMPs (Trujillo et al., 2008). 

In addition, PUB13 has recently been shown to be involved in regulation of cell death, 

defence and flowering time in Arabidopsis (Li et al., 2012a).  

 

The rice U-box E3 ligase, SPL11, has been successfully identified and characterized  

providing the first evidence for the role of ubiquitination in controlling resistance and 

PCD in monocot plants (Liu et al., 2012; Zeng et al., 2004). This was followed by 

identification of two RING finger E3 ligases which are BLAST AND BTH-INDUCED-1 

(OsBBI1), that positively regulate resistance against Magnaporthe oryzae by modifying 

the rice cell wall (Li et al., 2011) and XA21 BINDING PROTEIN 3 (XB3) that is required by 

rice bacterial blight resistance protein XA21 (Wang et al., 2006). However, in tobacco, 

the E3 ligase CMPG1 has been shown previously to function as a positive regulator of 

plant defence and disease resistance and the U-box domain of this protein is essential 

for its activity (González-Lamothe et al., 2006).  
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Oomycete plant pathogens belonging to the Peronosporales such as Phytophthora sp. 

have lost the ability to synthesize sterols and must acquire them from their host during 

pathogenesis (Tyler et al., 2006).  However, oomycete pathogens belonging to the 

Saprolegniale group are sterol prototrophs and the study by Gaulin et al., (2010) has 

provided the first detailed analysis of a sterol biosynthesis pathway in an oomycete. 

INF1 is a sterol carrier that plays an important role in Phytophthora to uptake sterols 

from external sources (Tyler et al., 2006; Hein et al., 2009). However, some host plants 

perceive INF1 as a PAMP (Hein et al., 2009) leading to induction of PTI (Bos et al., 

2006). PTI mediated by INF1 is dependent on CMPG1 (González-Lamothe et al., 2006) 

and can be blocked by the action of Avr3a (Gilroy et al., 2011a; Bos et al., 2010) (Figure 

1.7A). 

 

The role of CMPG1 in plant defence signalling was extended by investigating the 

recognition of a range of pathogen-derived proteins in Nicotiana species (Gilroy et al., 

2011a). In addition to INF1, cell death triggered by another PAMP, CBEL, is also 

dependent on CMPG1 (Gilroy et al., 2011a). CMPG1 has been reported to be required 

for HR induced by interaction of the C. fulvum effector, Avr9 with its cognate 

resistance protein from tomato, CF-9 (González-Lamothe et al., 2006). The study by 

Gilroy et al. (2011a) showed that interaction of another C. fulvum effector, Avr4 with 

its cognate resistance protein, CF-4, also causes PCD that is dependent on CMPG1 

(Figure 1.7B). Interestingly, all the PCD events that are dependent on CMPG1 are 

triggered at the host plasma membrane, suggesting that CMPG1 plays a critical role in 

signal transduction/regulatory processes following pathogen perception at the plasma 

membrane (Gilroy et al., 2011a) (Figure 1. 8). However, the induced host immunity can 

be suppressed by P. infestans Avr3a effector (Gilroy et al., 2011a; Bos et al., 2010; 
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2006). Avr3aKI strongly interacts with and stabilizes CMPG1 in planta (Bos et al., 2010). 

However, the same function is weakly performed by the virulent allele, Avr3aEM, which 

evaded recognition by the cognate potato R gene product R3a (Armstrong et al., 2005) 

and this function is lost with an Avr3aKI/Y147del mutant (Bos et al., 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.7: CMPG1 dependant cell death induced by P. infestans PAMP, INF1 and C. fulvum effector 
Avr4, illustrated in the Zig-Zag model (Jones & Dangl, 2006; Hein et al., 2009). Perception of P. 
infestans PAMP, INF1 induces PTI which can be suppressed by effector Avr3a

KI
 and Avr3a

EM
. Presence 

of R3a elicits a strong HR following recognition of Avr3a
KI

 but not of Avr3a
EM

 (A). Induction of ETI by 
interaction between C. fulvum effector, Avr4, and tomato protein, CF-4, can also be suppressed by 
Avr3a (B). 
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Figure 1.8: Model of CMPG1-dependent PCDs following pathogen elicitor recognition at the inner or 
outer surface of the plasma membrane. These responses can be suppressed by P. infestans effector 
Avr3a. Recognition of RXLR effectors by cognate NBS-LRRs or non-host responses toward Erwinia 
amylovora (Eam) are not suppressed by Avr3a. (Figure is taken from Gilroy et al., 2011a).  

 

 P. infestans EFFECTOR Avr3a AND A STRATEGY TO IDENTIFY MORE DURABLE 1.7

RESISTANCE 

Generating new potato cultivars with good resistance to current late blight populations 

is difficult due to the genetic flexibility of P. infestans (Brasier, 1992). Moreover, co-

evolution between P. infestans and Solanum species in Central and South America has 

contributed to remarkable sources of genetic diversity in P. infestans populations 

(Cardenas et al, 2011). As indicated above, the genome size of P. infestans is about 240 

megabases (Mb), the largest and most complex genome discovered so far in the 

chromalveolates (Haas et al., 2009). 

 

However, effectors have entered a new era of research that goes beyond unravelling 

their mode of action to promote virulence and utilises these pathogen genes as host 
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targets to identify more durable sources of resistance (Whisson et al., 2011; 

Vleeshouwers et al., 2011; 2008; Birch et al., 2008). The ability of effectors (candidate 

Avr proteins) to trigger hypersensitive cell death on host genotypes with 

corresponding disease resistance R genes (Armstrong et al., 2005; Song et al., 2009) is 

one of the chief drivers of this work. However, functional redundancy of the effectors 

is important in current studies to seek the essential effectors for pathogen fitness and 

disease establishment (Birch et al., 2008). The functional redundancy is most studied in 

bacterial effectors. The best examples are HopM1 and AvrE from Pseudomonas 

syringae pv. tomato, both of which are able to suppress callose deposition (DebRoy et 

al., 2004). Functional redundancy was also described for AvrPto and AvrPtoB, both of 

which target the receptor-like kinase FLS2 (Gohre & Robatzek, 2008; Xiang et al., 

2008).  

 

The RXLR domain has been used as a ‘signature’ to identify additional Avr gene 

candidates to enable the identification of key pathogen components or effectors that 

represent the pathogen’s ‘Achilles heels’. It is thought that the detection of essential 

molecules by the host could lead to more durable forms of resistance (Birch et al., 

2008). One such potential key effector that has been characterised to date is Avr3a 

which has been shown to be highly up-regulated during infection and is essential for 

pathogenicity (Bos et al., 2010). A recent study has shown that Avr3a is induced during 

potato infection in P. infestans isolates T30-4, 06_3928A and NL07434 strains (Cooke 

et al., 2012). In addition, Avrblb1, Avrblb2 and Avr2/Avr2-like are also expressed in all 

P. infestans genotypes tested, and may thus be essential for pathogenicity (Cooke et 

al., 2012; Gilroy et al., 2011b).  
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When first identified, two alleles of Avr3a were described that encoded for two 

polymorphic proteins of 147 amino acids in length that differed in only two amino 

acids, Avr3aK80I103 and Avr3aE80M103, in the mature protein (Armstrong et al., 2005). All 

isolates studied today contain at least one of these two forms. P. infestans isolates that 

are avirulent on R3a containing potatoes express Avr3aKI, which elicits a strong HR 

upon recognition, whereas virulent isolates carry only Avr3aEM that evades recognition 

by the potato resistance gene product R3a (Armstrong et al., 2005).  

 

The polymorphisms in Avr3a have been used to determine the genetic diversity of P. 

infestans in the Northern Andean regions (Cardenas et al., 2011). Six different alleles of 

Avr3a have been identified in this region and four of them were new allelic variants 

labelled as haplotypes H1 to H6 (Cardenas et al., 2011) (Figure 1.9). 

Figure 1.9: Alignment of the amino acid haplotypes observed at the Avr3a locus in the Northern 
Andean region. Shared amino acids are represented by dots and polymorphisms are represented as 
amino acid replacement. Different colours represent the different domains/regions of the gene: signal 
peptide (blue), RXLR-EER (red) and C-terminal (purple). (Adapted from Cardenas et al., 2011).  

 

 
In addition to the virulent form Avr3aEM (H1) and the avirulent protein Avr3aKI (H3), the 

study also identified two additional variants Avr3aKIL and Avr3aKKGIL based on the amino 

acid variants at the C-terminus (Cardenas et al., 2011).  

 

              10        20        30        40        50        60        70        80  
....|....|....|....|....|....|....|....|....|....|....|....|....|....|....|....| 

H1 MRLAIMLSATAVAINFATSSAIDQTKVLVYGTPAHYIHDSAGRRLLRKNEENEETSEERAPNFNLANLNEEMFNVAALTE  

H2..............Y.................................................................  

H3..................C............................................................K  

H4..................C............................................................K  

H5..................C...............................................T............K  

H6..................C......................................................D.....K  

 

            90       100       110       120       130       140  

....|....|....|....|....|....|....|....|....|....|....|....|....|.. 

H1 RADAKKLAKQLMGNDKLADAAYMWWQHNRVTLDQIDTFLKLASRKTQGAKYNQIYNSYMMHLGLTGY  

H2...................................................................  

H3......................I............................................  

H4......................I...................................L........  

H5......................I...................................L........  

H6 K.............G.......I...................................L........  
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This study suggests that this gene is under diversifying selection. Interestingly, the 

amino acids KI or EM at positions 80 and 103 are maintained together in the 

population (Cardenas et al., 2011; Armstrong et al., 2005). In line with this, Armstrong 

et al., (unpublished) identified Avr3a variants based on a genetic diversity study of P. 

infestans isolates collected from different areas in the Toluca Valley, Mexico, a centre 

for P. infestans and potato co-evolution (Flier et al., 2003; Niklaus & Wilbert, 2005). 

Within the 82 isolates assessed, the majority are homozygous for Avr3aEM whereas 

Avr3aKI homozygous isolates are very rare. Interestingly, compared to the study by 

Cardenas et al. (2011), four additional alleles were found in this study: Avr3aKIH, 

Avr3aKIL, Avr3aEMH and Avr3aEMG. However, the frequency of these additional alleles 

was very low compared to the Avr3aEM allele that dominates the population. 

 

 AIMS AND OBJECTIVES  1.8

The Avr3a effector has been shown to be essential for P. infestans pathogenicity (Bos 

et al., 2010) and is thus a good target to combat late blight disease. P. infestans 

isolates have been identified which contain new alleles of Avr3a. The focus of this 

study is to elucidate their functionality and role in P. infestans’s infectivity. In addition, 

the Avr3a paralogs Pex147-2 and Pex147-3, which are presumably derived from 

functional divergence of duplicated genes (Armstrong et al., 2005), are also included in 

this study.  

 

Plants have evolved mechanisms to recognize effector proteins, resulting in selective 

pressure on the effector to evade host recognition while maintaining its virulence 

activity. Thus, understanding the function of these alleles and paralogous proteins in P. 

infestans pathogenicity will assist us to reveal the underlying molecular mechanisms by 
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which effectors evolve to gain new virulence functions, adapt to their host targets, 

and/or evade the plant innate immune system. 

 

The specific aims of this project were to: 

 Test the recognition specificity of the P. infestans Avr3a alleles and paralogs 

with the potato R gene, R3a.  

 Investigate whether Avr3a alleles and paralogs have a conserved virulence 

function by suppressing cell death dependant on the E3 ligase, CMPG1.  

 To determine in planta stabilization of CMPG1 by Avr3a alleles and paralogs.  

 Identify the common virulence targets that interact with Avr3a alleles and 

paralogs via Yeast-2-Hybrid assay.  

 Determine the capability of Avr3a alleles and paralogs to complement Avr3a 

silenced P. infestans line CS12.  

 To determine the relative contributions of Avr3a alleles to pathogen fitness, 

and thus the potential costs that may be associated with virulence on R3a 

plants. 

 

 



 
 

 

CHAPTER 2  

2 MATERIAL AND METHODS 

 

 PLASMID CONSTRUCTION 2.1

2.1.1 Amplification of Avr3a alleles and paralogs Pex147-2/Pex147-3 

Naturally occurring Avr3a alleles were generated by overlap Polymerase Chain 

Reaction (PCR) using Avr3aKI or Avr3aEM without the signal peptide as a template. Since 

all alleles are mutated at the 3’ end, the first PCR amplification was performed using 

the Avr3a forward primer and different mutagenic reverse primers (Table 2.1). The 

paralogous genes Pex147-2 and Pex147-3 were amplified using genomic DNA from the 

P. infestans isolate T30-4 and their specific forward and reverse primers (Armstrong et 

al., 2005)(Table 2.1). Full AttB gateway recombination sites were added in a second 

PCR step using the primers AttB1 5’- GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTC-

3’ and AttB2 5’-GGGG AC CAC TTT GTA CAA GAA AGC TGG GTT TTA-3’ to facilitate 

cloning the genes into Gateway compatible vectors.  

 

In general, all PCRs were conducted in a standard reaction volume of 50µl. Each 

reaction consisted of template DNA (10 - 200ng), 1X of Green GoTaq buffer (Promega, 

USA), 2mM of MgCl2, 0.2mM dNTPs (Invitrogen, USA), 0.4µM forward primer, 0.4µM 

reverse primer, 0.25µl (5U/µl), GoTaq DNA polymerase, the volume being adjusted to 

50µl with DNAse-free water (SIGMA, USA). Reactions were mixed gently and briefly 

centrifuged to ensure even distribution of the components. The amplification protocol 

is shown in Table 2.2. The PCR products were separated by gel electrophoresis on a 
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1.5% agarose/1XTBE (89mM Tris-Base, 89mM Boric acid and 2mM EDTA pH8.0) gel 

containing 0.5µg/ml ethidium bromide. 

 
Table 2.1: List of primers used to amplify Avr3a alleles and the paralogs Pex147-2 and Pex147-3. Bases 
indicated in red are the partial sequence of the AttB sites and the bases indicated in blue are 
substitution of nucleotides to generate the previously identified alleles of the gene. 

 

2.1.2 DNA purification 

PCR products were purified from agarose gels using the QIAquick® Gel Extraction Kit 

(Qiagen, Valencia, CA) according to the manufacturer’s specifications. The target DNA 

fragment was excised from the agarose gel using a clean and sharp scalpel. The final 

volume for elution of the gel-excised product was 30µl.  

Table 2.2: PCR protocol using GoTaq DNA polymerase. 

 

  

5’- Primer (5’-3’) 

 

3’-Primer (5’-3’) 

 
Avr3aKIH 

 
5'- AA AAA GCA GGA TTC ATG GAC CAA ACC AAG GTC 
CTG-3’ 

 
5'- A GAA AGC TGG GTT TTA CTA ATA TCC AGT GAG 
CCC CAG GTG CAT CAT GTA GCT ATT GTA GAT GTG -3' 

 
Avr3aKIL 

 
5'- AA AAA GCA GGA TTC ATG GAC CAA ACC AAG GTC 
CTG-3’ 

 
5'- A GAA AGC TGG GTT TTA CTA ATA TCC AGT GAG 
CCC CAG GTG CAT CAG -3' 

 
Avr3aEMH 

 
5'- AA AAA GCA GGA TTC ATG GAC CAA ACC AAG GTC 
CTG-3’ 

 
5'- A GAA AGC TGG GTT TTA CTA ATA TCC AGT GAG 
CCC CAG GTG CAT CAT GTA GCT ATT GTA GAT ATG -3' 

 
Avr3aEMG 

 
5'- AA AAA GCA GGA TTC ATG GAC CAA ACC AAG GTC 
CTG-3’ 

 
5'- A GAA AGC TGG GTT TTA CTA ATA TCC AGT GAG 
CCC CAG GTG CAT CAT GTA GCT ATT GTA GAT CTG 
ATT GTA CTT TGC GCC TTG CGT CTT GCC -3' 
 

 
Pex147-2 

 
5'- AA AAA GCA GGA TTC ATG GAC CAA ACC AAG GTT 
CTG ATG TAT GGG T -3' 
 

 
5'- A GAA AGC TGG GTT TTA CTA ATA TGC AGT GAG 
CCC CAG GTG CAT CAG GT -3' 
 

 
Pex147-3 

 
5'- AA AAA GCA GGA TTC ATG GAC CAA ACC AAG GTT 
CTG ATG TAT GGG A -3' 
 

 
5'- A GAA AGC TGG GTT TTA CTA ATA TGC AGT GAG 
CCC CAG GTG CAT CAG GT -3' 
 

Initial Denaturation 95 °C 2 minutes 

For Cycles 1-30   
Denaturation 95 °C 30 sec 
Annealing 50-60 °C 30 sec 
Extension 72 °C 1 minute 

Final Extension 72 °C 5 minutes 
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2.1.3 Cloning of PCR fragments into the destination vector pGRAB using Gateway® 

technology 

The Gateway® Technology is a cloning method that takes advantage of the site-specific 

recombination properties of the bacteriophage lambda to provide a rapid and highly 

efficient way to re-clone DNA sequences into multiple vector systems. In this study, all 

effectors have been amplified with suitable AttB sites flanking the effector using PCR-

based mutagenesis. Prior to cloning into a destination vector, the PCR product was 

cloned into pDONR207 (Invitrogen, USA). The PCR product (150ng) was mixed with 

pDONR207 (150ng) and the volume adjusted with TE buffer (pH8.0) to 8µl. The 

individual components were mixed and 2µl of BP ClonaseTMII enzyme was added 

following by an overnight incubation at 25°C in a PCR machine. On the next day, 1 µl of 

Proteinase K was added and the reaction was incubated at 37°C for 10 minutes to stop 

the enzyme activity. Plasmids were introduced into E. coli by electroporation and 

sequences checked before proceeding. The binary vector pGRAB (Whisson et al., 2007) 

was used in this study for in planta expression. Recombinant pDONR207 (150ng) was 

mixed together with pGRAB (150ng) and adjusted with TE buffer (pH8.0) to a final 

volume of 8µl. Two microliters of LR ClonaseTMII were added into the mixture prior to 

incubating overnight at 25ᵒC in a PCR machine followed by adding 1 ul Proteinase K 

and incubated at 37ᵒC, 10 minutes on the next day to stop the reaction.   

 

 BACTERIAL TRANSFORMATION 2.2

2.2.1 Preparation of electro-competent cells 

A single bacterial colony from a fresh LB plate was inoculated into 10ml LB (0.01% 

(w/v) Bacto-peptone, 0.05% (w/v) Bacto yeast-extract, 0.05% (w/v) NaCl, 0.001% (w/v) 

Glucose, 0.015% (w/v) bacto agar adjusted to pH7.5 with 5M NaOH) containing the 
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appropriate antibiotics and incubated in a shaking incubator for 1–2 days at 28˚C (A. 

tumefaciens) or 37˚C overnight (E. coli) at 200rpm. A fraction of the culture (100µl) was 

added to 300ml fresh LB Glucose and shaken again until the OD600 of the culture was 

between 0.3–0.6. The culture was chilled on ice for 30 minutes and the cells were 

harvested at 5000 rpm for 15 minutes at 4˚C. The pellet was re-suspended in 250ml 

cold 10% glycerol and centrifuged for 15 min, 4˚C at 5000 rpm to wash the cells. To 

make sure the cells are free from any salt, the washing step was repeated another six 

times. The pellet was re-suspended in a suitable volume of 10% glycerol depending on 

the size of the pellet. Approximately 100µl of cells were aliquoted into tubes. The 

tubes were frozen in liquid nitrogen prior to storage at -80˚C.  

 

2.2.2 Transformation of bacterial cell using electroporation 

DNA constructs (one microliter at a concentration of 1-10µg/ml) and 25µl of DH10B 

electrocompetent cells were mixed together in a 0.5µl tube, transferred into a pre-

chilled electroporation cuvette and then placed in the electroporator (E. coli Pulser, 

BioRad). The voltage of the electroporation device was set to 1800V and a 2ms pulse 

was applied. Immediately, after electroporation, 500µl of fresh SOC medium (2% bacto 

tryptone, 0.5% bacto yeast extract, 10mM NaCl, 2.5mM KCl, 20mM glucose, 10mM 

MgCl2) was added into the cuvette and mixed gently by pipetting the bacteria up and 

down three times. To recover the transformed cells, two different conditions were 

used for E. coli and A. tumefaciens cells. For E. coli, the cells were incubated in a 

shaking incubator for 1 hour at 37°C and 2 hours at 27°C for A. tumefaciens. The 

transformed cells were plated on LB agar containing appropriate antibiotics and 

incubated at 37°C overnight for E. coli and 2–3 days at 27°C for A. tumefaciens. 
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 SCREENING FOR POSITIVE CLONES 2.3

2.3.1  PCR Screening 

A scaled down PCR reaction using ten microliters of PCR master mix (see above) was 

prepared to perform colony PCRs. Bacterial colonies presumed to be recombinant 

were picked up from plates by touching a sterile yellow tip onto the surface of a colony 

and stirred well into PCR reaction. The same colony was then used to inoculate LB 

media containing appropriate antibiotics and incubated at 37°C, overnight for E. coli or 

at 27°C, 2–3 days for A. tumefaciens using a shaking incubator.  

 

2.3.2 Plasmid purification 

Plasmid purification was carried out using the QIAprep Spin Miniprep Kit (Qiagen, 

Valencia, CA) according to the manufacturer’s recommendation. DNA was eluted in 

30µl of distilled water (Sigma-Aldrich Inc. USA) and stored at -20 °C until use.  

 

2.3.3 Spectrophotometric determination of DNA concentration and sequencing 

The concentration and purity of DNA was measured spectrophotometrically at 260–

280 nm wavelengths using a NanoDrop (NanoDrop Technologies Inc., USA) instrument. 

The DNA was sent for sequence analysis at the JHI’s sequencing facility.  

 

 AGROBACTERIUM INFILTRATIONS 2.4

2.4.1 Plant material and growth conditions 

Nicotiana benthamiana plants were grown and maintained in JHI’s glasshouse facilities 

with an ambient temperature of 22–25˚C and 60–120µmol.m-2.s-1 light intensity. The 

three middle leaves of four to six week old N. benthamiana plants were used for Agro-

infiltration and P. infestans infection assays and maintained in the 
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glasshouse/controlled environment throughout the experiments. In our experience, 

the cotyledon and the older leaves towards the plant base tend to be more susceptible 

to pathogens whereas the newly forming leaves at the top appear much more 

resistant to P. infestans. Thus, these leaves were not used in our studies.  

 

2.4.2 Preparation of A. tumefaciens for Agro-infiltration 

To initiate A. tumefaciens cultures, a single colony from an LB plate was inoculated into 

a sterile 15ml centrifuge tube containing 10ml of LB broth with the appropriate 

selection antibiotics. Cultures were grown at 27°C for 2–3 days in a shaking incubator. 

The cells were harvested by centrifugation at 4000 rpm for 10 minutes at 10°C. The 

pellet was re-suspended in 5ml of Agromix solution *(3’,5’-dimethoxy-4’-

hydroxyacetophenone (200µM), 2-(4-morpholino)ethanesulfonic acid pH5.6 (100mM), 

Magnesium Chloride (100mM)] and the suspended cells were kept in the dark at room 

temperature for at least 3 hours. The cell density was adjusted to 0.5 absorbance units 

OD600. The cell density at OD600 was obtained using a spectrophotometer (Cell density 

meter, WPA biowave) by mixing 100µl culture with 900µl of Agromix buffer.  

 

2.4.3 Agro-Infiltration  

When transiently producing a recombinant protein in planta via A. tumefaciens gene 

delivery, the goal of the infiltration process is to maximize contact between the A. 

tumefaciens cells and the plant cells within the leaf tissue. Suitable N. benthamiana 

leaves were infiltrated using a 1ml needleless syringe. The syringe was placed onto the 

abaxial (underneath) side of a leaf that was superficially wounded at the inoculation 

spot with a needle. By exerting a counter-pressure with a finger on the adaxial (top) 

side of the leaf, the solution was slowly injected into the leaf. Typically, for every 
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experiment, five plants with three leaves per plant were used for each biological 

replicate and at least three biological replicates were carried out for each experiment.  

 

2.4.4 Cell death assay 

Hypersensitive responses (HRs) on infiltrated sites were recorded and photographed 

between 4–8 days post-infiltration (dpi) depending on the elicitors used. An individual 

inoculation was counted as a positive response if more than 50% of the inoculated site 

developed a clear PCD lesion. The inoculation sites were also observed under 

ultraviolet (UV) light and fluorescence that was emitted at 505nm after excitation at 

395nm was quantified using a SpectraMax M5 fluorometer (Molecular Devices). 

Observation and quantification of fluorescence was performed especially for the 

effector/resistance gene interaction studies that produced weak responses.  

 

 COMPLEMENTATION STUDY 2.5

2.5.1 Sporangia Preparation of CS12 for leaf inoculation 

P. infestans Avr3aEM silenced line CS12 has been used in this study as described by Bos 

et al. (2010). To isolate asexual sporangia of CS12, rye agar plates containing 10–12 

days old P. infestans cultures were flooded with cold water and rubbed with a glass 

rod to harvest the sporangia. The sporangial suspension was transferred to a 50ml 

centrifuge tube and spun at 2500 g for 10 minutes. The pellet was re-suspended in 5ml 

cold sterile water and 10µl of the sample was used to count the number of sporangia 

under a microscope. The number of sporangia was set to between 100–150 sporangia 

per 10µl and used to inoculate plants. 
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2.5.2 Agro-infiltration and Inoculation 

Preparation and infiltrations of A. tumefaciens samples in N. benthamiana leaves were 

carried out using the protocols described above in section 2.4. About 3–4 week old N. 

benthamiana plants were used in this study with 3 leaves per plant being infiltrated 

with A. tumefaciens samples. Two inoculation sites per half leaf contained the 

respective Avr3a allele and two inoculation sites for the other half contained the 

control pGRAB empty vector. The plants were left in the glasshouse for 3 days for 

protein expression before being transferred to the laboratory in sealed boxes for 

inoculation with P. infestans isolate CS12. The plants were arranged in propagators (6 

plants per propagator and 3 plants per row) containing wet tissue to facilitate high 

humidity inside the propagators (nearly 100%) throughout the experiment. Every agro-

infiltration site was inoculated with 10µl of the CS12 culture followed by sealing the 

propagators with plastic wrap to keep humidity close to 100% inside the propagators. 

Samples were kept in the dark for 24 hours and then stored at 20°C for 5–7 days for 

disease development. The occurrence of P. infestans lesions was recorded and 

representative leaves photographed. The statistical analysis was performed to identify 

statistically significant differences between the samples. Trypan-blue staining was 

performed on representative leaves to visualise disease symptoms further. 

 

2.5.3 Trypan-blue staining 

Trypan-blue staining was carried out by boiling leaf samples in 50ml Falcon tubes 

containing approximately 10ml trypan-blue solution (400ml contained 100mg Trypan-

blue, 100ml water, 100ml Phenol, 100ml Lactic acid, 100ml Glycerol [add last after 

trypan blue has dissolved]) for 5 minutes in a water bath. After boiling, the leaf was 

washed 2 times with 20ml sterile distilled water, transferred to 10ml saturated chloral 
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hydrate solution (500g chloral hydrate dissolved in 200ml hot sterile distilled water) 

and then stored at room temperature overnight to remove non-specific staining. The 

chloral hydrate wash was repeated once and cleared leaves photographed. 

 

 YEAST-2-HYBRID 2.6

2.6.1 Construction of prey plasmid 

Using Gateway cloning (Section 2.1.3) all genes were re-cloned into the yeast 

expression vector pDEST32 (Invitrogen, Paisley, UK). The constructs were transformed 

into yeast competent cells prior to use in the experiment.  

 

2.6.2 Preparing competent yeast cells MaV203 

A single colony of MaV203 (Invitrogen, Paisley, UK) was inoculated into 10ml of YPAD 

media (0.01% (w/v) Bacto-yeast extract, 0.02% (w/v) Bacto-peptone, 0.02% (w/v) 

Dextrose, 0.0001% (w/v) Adenine sulphate), supplemented with 2% (w/v) glucose and 

0.003% Adenine hemisulfate. Yeast cells were grown overnight at 30˚C, at 200 rpm in a 

shaking incubator. To obtain the bacterial cells at the log phase, the overnight culture 

was diluted to an OD600 of 0.4 and incubated again for another 3 hours. The cells were 

harvested by centrifugation at 2500 rpm for 5 minutes and re-suspended in 20ml 

sterile water to wash the pellet. The cultures were spun again as before and the pellet 

was re-suspended in 1ml of 1X LiAc/0.5 XTE (10ml 10X LiAc [1M Lithium acetate], 5ml 

10X TE [100mM Tris-HCl, 10mM EDTA, pH7.5], 85ml distilled water). For yeast 

transformations, competent MaV203 were used immediately.  
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2.6.3 Yeast Transformation  

Yeast cells (10µl) were mixed with 100ng of each of the prey and bait constructs in the 

presence of 10µg of herring sperm DNA in 0.2ml PCR tubes. To each tube, 70 μl of 1 X 

LiAc/40% PEG-3350/1X TE was added and samples incubated at 30˚C for 30 minutes. 

Finally, 8.8µl of DMSO was added to the tubes and a heat shock transformation was 

carried out by incubating the tubes at 42˚C for 7 minutes. The tubes were then spun 

for 1 minute at 1000 × g and the pellet was re-suspended in 100µl of sterile distilled 

water. The cells were then plated onto double drop out plates (0.004% (w/v) Yeast 

nitrogen base without amino acids [Sigma-Aldrich, Dorset, UK], 0.000924% (w/v); 

Synthetic drop-out media without Tryptophan and Leucine [Sigma-Aldrich, Dorset, UK], 

0.012% (w/v) agar, 40% Glucose) lacking amino acids Leucine and Tryptophan. 

 

2.6.4 Characterization of protein/protein interactions and yeast transformations 

Three reporter genes, HIS3, URA3 and lacZ, function as selective markers for successful 

transformations. Induction of the HIS3 and URA3 reporter genes allows cell growth on 

plates lacking histidine (HIS3) or uracil (URA3), respectively whereas induction of the 

lacZ gene results in a blue colour when assayed with X-gal (5-bromo-4-chloro-3-indolyl-

β-D-galactopyranoside). Thus, the transformants from 2.6.3 were plated out on the 

nutrient selection plate (Table 2.3).  

Table 2.3: Plates used for yeast-two-hybrid transformations selection and protein/protein 
interactions. 

 

 

 

synthetic complete (SC) 
drop-out media 

Specific Induction 

SC-Leu-Trp-Ura URA3 induction 
SC-Leu-Trp-His HIS3 induction 
SC-Leu-Trp LacZ induction (The nitrocellulose membrane is 

placed on the surface of the agar to allow yeast 
cells to grow on the membrane) 

SC-Leu-Trp Control 
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Three single colonies of yeast transformants from 2.6.3 were picked up using sterile 

yellow pipette tips and swirled in 100µl sterile distilled water. Suspensions were 

spotted on synthetic complete (SC) drop-out media (Table 2.3) and incubated at 30˚C 

for 24 hours prior to colony analysis. For β-galactosidase induction assays, the 

membrane was carefully peeled out from the agar and immediately immersed in liquid 

nitrogen for 30 seconds. The frozen membrane was immediately placed with the 

‘colony side up’ on two layers of 3MM papers that had been saturated with X-gal 

solution (100µl X-gal in DMF [Sigma-Aldrich]), 60µl 2-mercaptoethanol, 10ml Z buffer 

[60mM Na2HPO4.7H2O, 40mM NaH2PO4.H2O, 10mM KCl, 1mM MgSO4, pH7.0]). The 

membrane was covered and incubated at 37˚C for 24 hours to monitor the appearance 

of blue colour as an indicator of β-galactosidase activity on the substrate X-gal. 

 

 DETERMINATION OF PROTEIN STABILITY 2.7

2.7.1 Protein extraction  

 Avr3a alleles and paralogs that had been cloned into the destination Gateway vector 

pGRAB were re-cloned into the donor vector pDONR211 using BP clonase® (Invitrogen) 

enzyme. To determine in planta protein stability, LR clonase® was used to recombine 

these constructs into the plant expression vector pB7WGC2 that yields C-terminal CFP-

tagged proteins (Karimi et al., 2002), whereas the genes were retained in pGRAB for in 

planta CMPG1 stabilisation (CMPG1 cloned in pB7YWG2) experiments. All bacterial 

transformation and agro-infiltration assays were performed as described earlier in 

sections 2.2 and 2.4. N. benthamiana leaves were infiltrated with the cultures set to an 

OD600 of 0.5 to allow 1 cm2 leaf discs to be cut out at 3 dpi for protein extraction. About 

100mg of leaf discs were ground in liquid N2, 200µl extraction buffer was added 

(200mM HEPES, 13 % sucrose, 1 mM EDTA, 1mM dithithreitol (DTT), proteinase 
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inhibitor cocktail tablet) and left to thaw on ice. A fraction of the lysate (20µl) was 

mixed with 20µl sodium dodecyl sulphate loading buffer. The samples were boiled for 

5 min at 95˚C and loaded onto a 4–12% Bis-Tris NuPAGE® Novex® Mini gel (Invitrogen, 

Paisley, UK).  

 

2.7.2 Protein extraction from yeast 

The double drop out liquid media (10ml) was inoculated with yeast transformants as 

described in section 2.6. Samples were incubated for 12 hours at 30˚C in a shaking 

incubator at 200 rpm. From the culture, 2ml were transferred into a small tube and the 

yeast cells collected by centrifugation at 13,000 rpm for 10 minutes. Cell pellets were 

re-suspended in 200µl 0.1M NaOH and incubated at room temperature for 5 minutes. 

Cells were centrifuged again using the same conditions as before and the pellet was re-

suspended in 50µl sample buffer (60mM Tris-HCl, pH6.8, 5% glycerol, 2% SDS, 4% β-

mercaptoethanol, 0.0025% bromophenol blue). Cell suspensions were boiled for 5 

minutes followed by centrifugation at 13,000 rpm for 5 minutes. The supernatant was 

carefully transferred into a fresh 1.5ml tube and 10µl loaded onto a 4–12% Bis-Tris 

NuPAGE® Novex® Mini gel (Invitrogen, Paisley, UK).  

 

2.7.3  Western Blot Analysis 

All protein samples were loaded onto a 12% Bis-Tris NuPAGE® Novex® Mini gel 

(Invitrogen, Paisley, UK) and run at 200V, 120mA and 25W for 1 hour in 1X NuPAGE 

MOPS buffer (Invitrogen, Paisley, UK). The gel was blotted onto a nitrocellulose 

membrane (Hybond-ECL, Amersham) for 2 hours at 25V using transfer buffer (1X 

NuPAGE Transfer buffer [Invitrogen, Paisley, UK], 10% (v/v) followed by soaking the 

blot into 15ml Ponceau solution (Sigma-Aldrich, Dorset, UK) to visualise the protein 
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samples. The blot was blocked with Blocking buffer (1X PBS, 5% milk powder, 0.01% 

Tween 20) either overnight or 1–2 hours at room temperature. The primary antibody 

was applied either for 2 hours at room temperature or overnight at 4˚C whilst gently 

rotating (Table 2.4). The blot was washed three times for 10 minutes each with TBS-T 

(1X PBS, 0.01% Tween 20) and then incubated with the secondary antibody for 1 hour 

at room temperature whilst gently rotating (Table 2.4). The blot was washed again as 

before and proteins detected using enzymatic reactions. The ECL-Plus Western Blotting 

Detection Reagents (GE Healthcare, Hertfordshire, UK) were used for detection, 

according to the manufacturer’s instructions. The blot was exposed to an X-ray film and 

the luminescence was visualised by developing the film using an automatic X-ray Film 

Processor, Compact X4 (Xograph Imaging System, England). When necessary, the blot 

was stripped with stripping buffer (25mM Glycine, 1% SDS, pH 2.0 with HCl) for half an 

hour and probed again as described before.  

Table 2.4: List of primary and secondary antibodies used in Western blots. 

 

2.7.4 Confocal imaging to determine in planta CMPG1 stabilization 

Recombinant A. tumefaciens strain Agl1 containing the binary expression vector 

pB7YWG2 with the potato gene StCMPG1b-YFP (full-length StCMPG1b fused to yellow 

Assay Tag protein Primary antibody 
 

Secondary antibody 

In-planta protein 
stabilisation 

Cyan Fluorescent 
Protein (CFP)  

Monoclonal mouse 
GFP antibody 
(Sigma-Aldrich) 
Dilution; 1 : 1000 
 

Goat antimouse immune- 
Globulin (Ig) horseradish 
peroxidase antibody 
(Sigma-Aldrich) 
Dilution; 1 : 5000 

In-yeast protein 
stabilisation 

DNA Binding 
Domain (DBD), 
GAL4. 

Monoclonal mouse 
GAL4 antibody 
(Sigma-Aldrich) 
Dilution; 1 : 1500 

Goat antimouse immune- 
Globulin (Ig) horseradish 
peroxidase antibody 
(Sigma-Aldrich) 
Dilution; 1 : 5000 

CMPG1 stabilisation 
in-planta 
 

Yellow Fluorescent 
Protein (YFP) + 
Myc 

Monoclonal rabbit 
Myc antibody  
(Sigma-Aldrich) 
Dilution; 1:5000 

Goat antirabbit immune- 
Globulin (Ig) horseradish 
peroxidase antibody 
(Sigma-Aldrich) 
Dilution; 1 : 5000 
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fluorescent protein [YFP] at the C-terminus; Bos et al., 2010) was mixed together with 

recombinant A. tumefaciens strain Agl1 containing Avr3a alleles and paralogs cloned 

into the vector pGRAB (GW) to final OD600 of 0.01 before infiltrating into N. 

benthamiana leaves as described in section 2.4. The leaves were imaged after 2 days 

with the help of Dr Petra Boevink. Imaging was conducted on a Leica TCS-SP2 AOBS 

(Leica Microsystems) confocal microscope using HCX APO L 20X/0.5, 40X/0.8, and 

63X/0.9 water dipping lenses. The excitation wavelength for YFP was 514 nm, and its 

emission was collected from 530–575 nm. The optimal pinhole diameter was 

maintained at all times. Photoshop CS software (Adobe System) was used for post-

acquisition image processing. Mean intensities of regions of interest (ROIs) within 

single optical slice images of nuclei were measured for each of the combinations. ROIs 

were drawn within the nucleoplasm area, avoiding the dark nucleoli where they were 

visible. Images were all taken with identical settings on the Zeiss 710 CLSM (Carl Zeiss 

Microimaging GmbH, Germany). The averages of the mean intensities of ROIs of 

between 16 and 24 nuclei per combination were plotted.  



 
 

 

CHAPTER 3 

3 RECOGNITION OF Avr3a ALLELES AND THE PARALOGS PEX147-2/PEX147-3 

BY THE POTATO RESISTANCE PROTEIN R3a 

 

 INTRODUCTION 3.1

Effectors are secreted by pathogens to perturb host defence responses and therefore 

to promote virulence and to aid in establishing disease. However, upon their detection 

by cognate plant disease resistance (R) gene products, effectors are known as 

avirulence (Avr) genes as their perception typically activates the innate host immune 

system. This response often invokes a hypersensitive response (HR), a form of 

programmed cell death that halts infection of biotrophic and hemibiotrophic 

pathogens (Dangl & Jones, 2001; Staskawicz et al., 1995).  

 

The potato resistance gene R3a is a member of the nucleotide-binding (NB) and 

leucine-rich repeat (LRR) motif containing family of resistance genes, a class that 

accounts for the majority of R genes (McHale et al., 2006). In terms of its structure, 

R3a contains an N-terminal coil-coiled (CC) domain followed by the canonical NB-LRR 

domains (Huang et al., 2005). R3a specifically recognises Avr3a which is arguably the 

best studied P. infestans effector. Within the P. infestans genome, functional Avr3a 

was identified alongside two paralogous sequences referred to as PEX147-2 which is 

transcribed at low levels (Morales et al., unpublished) and the non-expressed PEX147-

3 (Armstrong et al., 2005). The avirulent form of Avr3a, Avr3aKI, elicits a strong 

hypersensitive cell death response (HR) upon perception by R3a (Armstrong et al., 

2005), whereas the virulent allele, Avr3aEM evades this recognition.  
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To elucidate the diversification of Avr3a as a consequence of a closely entwined host 

and pathogen co-evolution process (Ma & Guttman, 2008; McCann & Guttman, 2008), 

Armstrong et al. (unpublished) have studied the sequence diversity of Avr3a in the 

Toluca Valley in Mexico, a centre for Solanum/P. infestans co-evolution (Gruenwald & 

Flier, 2005; Flier et al., 2003; Niklaus & Wilbert, 2005). P. infestans isolates were 

collected from commercially grown potatoes in field stations, low-input cultivated 

locally adapted Solanum landraces and wild Solanum species (Flier et al., 2003). 

Genomic sequences encoding for Avr3a were amplified from 82 isolates, cloned and 

then Sanger sequenced (Table 3.1). Intriguingly, every isolate contained Avr3aEM 

and/or Avr3aKI. The majority (72%) of isolates were homozygous for Avr3aEM whereas 

Avr3aKI homozygous isolates accounted only for 2.4% of isolates and were found 

exclusively in P. infestans isolates sampled from wild Solanum species.  

 

Additional C-terminal variations R124G, Q133H and M139L were identified as 

permutations of Avr3aEM and Avr3aKI resulting in the novel alleles Avr3aEMG124 

(Avr3aEMG), Avr3aEMH133 (Avr3aEMH) as well as Avr3aKIH133 (Avr3aKIH) and Avr3aKIL139 

(Avr3aKIL) of which only the latter was described previously by Cardenas et al., (2011) 

(Figure 3.1). The variant Avr3aEMG was found in combination with both Avr3aEM (7.3%) 

and Avr3aKI (1.2%) in P. infestans isolates collected from commercial fields, locally 

grown potatoes and wild Solanum species. Avr3aEMH and Avr3aKIH share the same 

amino acid substitution (Q133H). However, these alleles have only been identified 

from P. infestans isolates collected from wild Solanum species and in conjunction with 

Avr3aEM (Avr3aEM/Avr3EMH; 3.7 %) and Avr3aKI (Avr3aKI/Avr3KIH; 3.7 %) respectively. 
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Table 3.1: P. infestans Avr3a haplotypes of 82 isolates collected from the Toluca Valley. Samples were 
collected from the valley representing field stations/commercial fields, locally grown potatoes from 
low-input cultivation and wild Solanum species (Flier et al., 2003). 

 
 

 

 

Figure 3.1: Graphical representation of the distribution of Avr3a alleles sampled from the Toluca 
Valley. 

 

 

 

 

 

 

AVR3A GENOTYPE 
 

NUMBER OF P. INFESTANS ISOLATES 

Valley Local Wild Total Percentage 

E80M103  18 10 31 59 72 

E80M103/ E80M103H133  0 0 3 3 3.7 

E80M103/ E80M103G124 0 1 5 6 7.3 

E80M103/K80I103 6 1 0 7 8.5 

E80M103G124/K80I103 1 0 0 1 1.2 

E80M103/K80I103L139 0 1 0 1 1.2 

K80I103/ K80I103H133 0 0 3 3 3.7 

K80I103/ K80I103 0 0 2 2 2.4 

Total 25 13 44 82 100 
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            α1                        α2                    α3                            α4 
 
Figure 3.2: C-terminal P. infestans Avr3a sequences from 82 isolates collected in the Toluca Valley. 
Amino acid positions derived from the full length Avr3a genes are shown on the top. Non-
synonymous amino acid substitutions are highlighted in black. The helical regions predicted from the 
Avr3a crystal structure analysis and the corresponding amino acid positions are shown below the 
alignment (Yaeno et al., 2011; Boutemy et al., 2011).  

 

 

Advances in elucidating the protein structure of oomycete RXLR-containing effectors 

have provided a novel insight into the basis of effector function. So far, the structure of 

the two P. capsici paralogs Avr3a4 (Yeano et al., 2011) and Avr3a11 as well as the P. 

infestans PEXRD2 (Boutemy et al., 2011) and Hyaloperonospora arabidopsidis ATR1 

effectors (Chou et al., 2011) have been studied. Based on the structure of the effector 

domain of P. capsici Avr3a4 and Avr3a11 (Yeano et al., 2011; Boutemy et al., 2011), it 

is predicted that the effector domain of P. infestans Avr3a, which shares 41% amino 

acid sequence identity with Avr3a11, assumes a four helix bundle fold, which is 

stabilised by a hydrophobic core. Mutational studies of Avr3a have shown correlations 

between protein structure, stability and some of the functional aspects (Bos et al., 

2009). 
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 AIM 3.2

The aims of the studies detailed in this Chapter were: 

a) To identify the most robust, Gateway® compatible, Agrobacterium tumefaciens 

based transient expression system in Nicotiana benthamiana for the functional study 

of Avr3a alleles and paralogs. 

b) To determine the recognition patterns of Avr3a alleles Avr3aKIH, Avr3aKIL, Avr3aEMH, 

Avr3aEMG and paralogs PEX147-2 and PEX147-3 by R3a in comparison to Avr3aKI and 

Avr3aEM.  

c) To elucidate the stability of Avr3a alleles Avr3aKIH, Avr3aKIL, Avr3aEMH, Avr3aEMG and 

paralogs PEX147-2 and PEX147-3 in planta in comparison to Avr3aKI and Avr3aEM. 

d) To determine if Avr3a alleles or paralogs function as dominant/negative targets to 

suppress R3a dependent recognition of Avr3aKI. 

 

 RESULTS 3.3

3.3.1 Establishment of a transient expression system 

The model plant N. benthamiana has been exploited to characterise the Avr3a-R3a 

interaction. Co-infiltration of N. benthamiana leaves with a mixture of recombinant 

Agrobacterium tumefaciens expressing R3a and Avr3aKI results in a rapid cell death 

response that is not observed upon co-infiltration of R3a with Avr3aEM (Armstrong et 

al., 2005; Bos et al., 2006). However, the level of transient expression of P. infestans 

effectors via Agrobacterium tumefaciens is, amongst other conditions, dependent on 

the vector background. 

 

R3a, cloned into the binary vector pGRAB, was co-infiltrated with the HR eliciting allele 

Avr3aKI in different gateway compatible vectors into N. benthamiana to compare the 
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levels of expression. Three different gateway compatible binary vectors were used for 

the experiment and comprised pGRAB[GW] (Whisson et al., 2007), pB7WGC2 

(resulting in an N-terminal fusion of constructs with CFP) (Karimi et al., 2002) and 

pGWB402Ω (Nakagawa et al., 2007).  

 

Expression of recombinant genes in all vectors was driven by a 35S Cauliflower mosaic 

virus promoter including a TMV leader sequence. The relative levels of Avr3aKI gene 

expression from each vector were indirectly determined by assessing the strength of 

R3a dependent cell death at 4 and 5 days post inoculation (dpi) in N. benthamiana. A 

co-infiltration site was only recognised as an HR response when at least 50% of the 

inoculated area yielded a visual cell death phenotype (Figure 3.3 a, b). 

 

Expression of Avr3aKI with the vector pGWB402Ω yielded the slowest and weakest HR 

response whereas expression via pGRAB[GW] and pB7WGC2 resulted in almost similar 

phenotypes although the effect was more pronounced for pGRAB[GW] at 4 dpi. By 5 

dpi, co-expression of R3a with Avr3aKI in pGRAB[GW] resulted in 100% of cell death 

elicitation followed by Avr3aKI in pB7WGC2 which yielded a 78% cell death rate. This 

experiment was repeated three times with five plants per experiment (three leaves per 

plant and two infiltration sites per leaf) and gave reproducible results. 
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Figure 3.3: (a) Hypersensitive response development in N. benthamiana leaves following co-
infiltration and transient expression of R3a with Avr3a alleles and empty vector control in different 
vector backgrounds. (b) Percentages of infiltration sites resulting in R3a-dependent HR. Percentages 
were calculated based on three independent experiments with 30 infiltration sites per experiment. 
Error bars indicate the calculated standard error.  

 

It has been reported that in some cases weak recognition responses to virulent alleles 

can be observed under ultraviolet (UV) light that are not visible to the unaided eye or 

under natural light (Joosten et al., 1997; Westerink et al., 2004). Hypersensitive cell 

death responses are typically associated with the accumulation of autofluorescent 

polyphenolic compounds that can be visualised under UV light (Koga et al., 1988). 

Indeed, Bos et al. (2006) showed that Avr3aEM triggers a weak R3a-specific response 

when the co-inoculated sites are viewed under UV light. To investigate whether Avr3aKI 

 

(a) 

(b) 
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and/or Avr3aEM delivered via the various vectors yield a recognition response by R3a, 

agro-infiltration results obtained after 5 dpi were visualized under UV light (Figure 

3.4a). In line with previous findings (Bos et al., 2006), a weak recognition of Avr3aEM in 

pGRAB[GW] and pB7WGC2 was observed following co-infiltration with R3a in N. 

benthamiana. This recognition appeared significantly weaker if compared to the 

response elicited by Avr3aKI but much more pronounced if compared to the empty 

vector control. However, Avr3a expression from pGWB402Ω yielded only a visible 

response under UV light for co-expression of R3a with Avr3aKI and not for Avr3aEM or 

the empty vector control. 

 

The autofluorescence emitted from polyphenolic compounds at 505nm following 

excitation at 395nm wavelength was quantified using a spectrophotometer (Figure 

3.4b). A statistical analysis was carried out using a t-test method for parametric data to 

examine whether the means between delivery vectors are statistically significantly 

different (Table 3.2). As described above (Figure 3.3), co-expression of Avr3aKI in 

pGRAB[GW] with R3a resulted in 100% HRs and was used as a maximum, relative value 

for comparison. The results show a higher level of relative autofluorescence for Avr3aKI 

and Avr3aEM delivered via pGRAB[GW] if compared to delivery through pB7WGC2. The 

weakest recognition responses were observed for Avr3a alleles expressed via 

pGWB402Ω.  
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Figure 3.4: Quantification of autofluorescence associated with PCD. (a) Cell death symptoms are 
visualized under ultra-violet (UV) light at 5 days post infiltration. (b) Relative values of auto-
fluorescence for R3a-mediated recognition of Avr3a

EM
 and Avr3a

KI
 are plotted following delivery via 

various vectors, in comparison to pGRAB[GW]. Relative values for empty vector control and un-
inoculated sites were also measured using a spectrofluorometer at 505nm after excitation at a 
wavelength of 395nm. The values were calculated based on 3 independent biological replicates, each 
including 30 infiltrations per experiment. Statistically significant differences are denoted by stars 
(***p<0.001)(Table 3.2). 

 

(a) 

(b) 
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Table 3.2: Statistical analysis of autofluorescence emitted from A. tumefaciens co-infiltration sites of 
Avr3a

KI
 and Avr3a

EM
 with R3a in different vector backgrounds. 
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n=90 
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16.483 
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Indeed, the autofluorescence levels observed following the co-infiltration of Avr3aKI 

with R3a in pGWB402Ω were not significantly different if compared to the recognition 

of Avr3aEM in vectors pGRAB[GW] (p=0.959) and pB7WGC2 (p=0.004)(Table 3.2). 

pGRAB[GW] empty control, which represent the effects of A. tumefaciens on N. 

benthamiana, displayed a very weak accumulation of autofluorescent compounds that 

was less than 20% of the amount seen for R3a-dependent recognition of Avr3aKI 

delivered by pGRAB[GW] and similar to the recognition response elicited following 

expression of Avr3aEM via pGWB402Ω. Following this study, we determined that the 

gateway compatible vector pGRAB[GW] gave the most robust expression of P. 

infestans effectors Avr3aKI and Avr3aEM and was subsequently chosen for all down-

stream functional analyses.  

 

3.3.2 Modelling of Avr3a alleles 

Based on the structure of the effector domain of P. capsici Avr3a4 and Avr3a11 (Yeano 

et al., 2011; Boutemy et al., 2011), it is predicted that the effector domain of P. 

infestans Avr3a, which shares 41% sequence identity to Avr3a11 (Figure 3.5), assumes 

a four helix bundle fold, which is stabilised by a hydrophobic core (Boutemy et al., 

2011). Superimposing the P. infestans (Pi) Avr3a amino acid changes onto P. capsici 

(Pc) Avr3a11 suggests that Pi_K80E affects Pc_E71 in α helix 1, Pi_I103M affects 

Pc_Q94 in α helix 2, Pi_R124G resides in the Pc_loop3, Pi_Q133H affects Pc_R120 in α 

helix 4 and Pi_M139L affects Pc_M126 (Figure 3.5). Based on the crystal structure 

analysis of Pc_Avr3a11, all amino acid changes observed in Pi_Avr3a reside in side-

chains that are surface accessible (Figure 3.6). 
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Figure 3.5: Amino acid alignments between the C-terminal region of P. capsici Avr3a11 [position 70-
132], P. infestans Avr3a, Avr3a paralogs and Avr3a variants (position 77-147) (Adapted from Boutemy 
et al., 2011). Amino acid changes in Avr3a are superimposed on to P. capsici Avr3a11. Highlighted are 
the changes Pi_K80E (Pc_E71 [red]), Pi_I103M (Pc_Q94 [green]) Pi_R124G (within loop 3: Pc_K111-
Y118 [yellow]), Pi_Q133H (Pc_R120 [blue]) and Pi_M139L (Pc_M126 [purple]). The secondary 
structure of the Avr3a effector is indicated as previously published (Yaeno et al., 2011). Coloured 
boxes indicate helical bundles, connected by loops. Structurally important and conserved amino acids 
are highlighted in grey (Boutemy et al., 2011). Conserved amino acids are marked with a star. The 
letter B and S indicate buried and surface residues, respectively which were determined based on the 
PcAvr3a11 crystal structure (Boutemy et al., 2011). 

 

 

 

 

  

* * * * * * * * * * * * * * *** * ** * ** ** * * 
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Figure 3.6: Amino acid changes in P. infestans Avr3a are superimposed onto the structure of P. capsici 
Avr3a11. Highlighted are the changes Pi_K80E (Pc_E71 [red]), Pi_I103M (Pc_Q94 [green]) Pi_R124G 
(within loop 3: Pc_K111-Y118 [yellow]), Pi_Q133H (Pc_R120 [blue]) and Pi_M139L (Pc_M126 [purple]). 
The accessibility of the respective amino acids is shown by colouration of the surface area.  

 

3.3.3 Modelling of Pi_PEX147-2 

The alignments between the Avr3a alleles and paralogs have highlighted some amino 

acid changes (Figure 3.5). There are seven amino acids in PEX147-2 which are different 

if compared to Avr3a and PEX147-3 (Table 3.3). Interestingly, amongst them is one 

additional amino acid, C138, which has been inserted in Pex147-2 and is located in the 

α4 domain. This amino acid substitution displaces a critical key residue (Pc_Avr3a11 

Y125) (Boutemy et al., 2011). Based on the crystal structure analysis of Pc_Avr3a11, 

the remaining six amino acid changes with Pi_PEX147-2 reside in site-chain amino 

acids that are surface accessible (Figure 3.7).  
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Table 3.3: Amino acid changes in PEX147-2 compared to Pc_Avr3a11, Pi_Avr3a and Pi_Pex147-3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Amino acid changes in PEX147-2 compared to Pi_Avr3a which is superimposed on the 
structure of PcAvr3a11. Highlighted are the changes G95, K108, L110, A117, S124, R133 and the 
position of the additional amino acid C138. The colour code is according to Table 3.3. 

 

3.3.4 Recognition of Avr3a alleles and paralogs PEX147-2/PEX147-3 by the 

resistance protein R3a 

To determine whether the additional alleles and the Avr3a paralogs are recognised by 

R3a, they were cloned into the vector pGRAB[GW] that gave the highest levels of 

expression (see section 3.3.1 above) and co-expressed with R3a in N. benthamiana. 
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Avr3aKI and Avr3aEM cloned into this vector (see above) were used as a positive and 

negative control, respectively. Furthermore, Avr3aKI/Y147del (Bos et al., 2009) was 

included as a control. The terminal amino acid tyrosine has been removed in this 

mutated form of Avr3aKI and it has been shown previously that Avr3aKI/Y147del maintains 

recognition by R3a but is unable to interact and stabilise the Avr3a virulence target 

CMPG1 (Bos et al, 2009; 2010). The A. tumefaciens strain Agl1, together with the 

helper plasmid pSoup and the virulence enhancer VirG were utilised as previously 

described (Armstrong et al., 2005; Gilroy et al., 2011b).  

 

No visible responses were observed upon expression of these alleles alone in N. 

benthamiana, demonstrating that they do not trigger a cell death response in the 

absence of the cognate resistance gene (Figure 3.8a). However, strong and very 

reproducible HRs were elicited within 4–5 dpi upon co-expression of R3a with Avr3aKI, 

Avr3aKI/Y147del, Avr3aKIL, Avr3aKIH and PEX147-3. However, no visible HRs were elicited 

on the R3a sites co-infiltrated with either Avr3aEM, Avr3aEMG, Avr3aEMH or PEX147-2 

(Figure 3.8a, b). Results from 3 independent replicates were analysed and summarised 

(Figure 3.8c). These results demonstrate that all Avr3aKI derived variants are 

recognised by R3a whereas the variants derived from Avr3aEM evade recognition by 

R3a. In line with previous findings (Bos et al., 2006), the paralog PEX147-3 is 

recognised by R3a whereas PEX147-2 evades recognition. 

 

To investigate whether the variants Avr3aEMH, Avr3aEMG and the paralog, PEX147-2 are 

also weakly recognised by R3a, agro-infiltration results obtained after 5 dpi were 

visualized under UV light. A weak accumulation of polyphenolic compounds was 

detectable on co-infiltrated sites of R3a with Avr3aEM and Avr3aEMG but not with 
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Avr3aEMH or Pex147-2 (Figure 3.9). These results indicate that, similar to Avr3aEM, R3a 

also weakly recognises Avr3aEMG but not Avr3aEMH or PEX147-2. 

 

 

Figure 3.8: Recognition of Avr3a alleles and paralogs by R3a. Expression of Avr3a alleles and paralogs 
does not yield cell death responses in N. benthamiana in the absence of R3a. Alleles and paralogs of 
Avr3a were expressed via A. tumefaciens (left site of the leaves) and co-infiltrated with R3a (right site 
of the leaves) (a). The development of phenotypically distinct cell death responses associated with the 
HR following the recognition of Avr3a alleles and paralogs by R3a was compared to empty vector 
control (b) and recorded visually at 4 and 5 days post inoculation (c). The percentages of sites 
developing HRs were calculated based on 30 infiltrations per experiment and 3 independent biological 
replicates. 

c) 

b) 

a) 
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Figure 3.9: Autofluorescence associated with cell death responses in N. benthamiana. Avr3a alleles 
and paralogs were co-infiltrated with R3a and autofluorescence was recorded under UV at 5 days 
post-infiltration.  

 

As shown above, R3a strongly recognizes Avr3aKIH, Avr3aKIL and PEX147-3 but fails to 

elicit a phenotypically distinct HR following co-infiltration with Avr3aEMH, Avr3aEMG and 

PEX147-2. Previous studies have shown that mutations in Avr3a can affect protein 

stability in planta and thus impact on the recognition by the resistance protein R3a 

(Bos et al., 2009). To address the question whether the differences in recognition of 

these Avr3a alleles and paralogs is attributed to protein instability in planta, N-terminal 

fusion constructs were constructed. In all subsequent sections it has been assumed 

that the stability of the native protein is similar to that of the fusion proteins; similar 

assumptions have been made in previous studies (Bos et al., 2006; 2009; 2010; Oh et 

al., 2009; Gilroy et al., 2011a). 
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 Gateway technology, the Avr3a alleles and paralogs (minus the signal peptide) were 

cloned in frame to an N-terminal CFP epitope in the vector pB7WGC2 which was 

assessed in terms of gene expression above (Section 3.3.1). The constructs CFP-

Avr3aKIH, CFP-Avr3aKIL, CFP-Avr3aEMH, CFP-Avr3aEMG, CFP-PEX147-3 and CFP-PEX147-2 

were generated. The positive controls used in this study were Avr3aKI, Avr3aEM and 

Avr3aKI/Y147del which had already been cloned into pB7WGC2 resulting in the constructs 

CFP-Avr3aKI, CFP-Avr3aEM and CFP-Avr3aKI/Y147del (Bos et al., 2010). All constructs were 

initially infiltrated side-by-side on their own and with R3a in N. benthamiana leaves to 

establish if the N-terminal fusions display identical recognition patterns if compared to 

the un-tagged constructs (Figure 3.10).  

 

 

 

 

 

 

 
 
Figure 3.10: Expression of N-terminal CFP tagged Avr3a alleles and paralogs in N. benthamiana. 
Tagged alleles and paralogs of Avr3a were expressed via A. tumefaciens (left side of the leaves) and 
co-infiltrated with R3a (right side of the leaves). The development of phenotypically distinct cell death 
responses associated with the HR following the recognition of Avr3a alleles/paralogs by R3a was 
recorded visually at 4 and 5 days post inoculation 

As shown in Figure 3.10, expression of CFP-fusions of Avr3a alleles and paralogs in the 

absence of R3a does not elicit a visible plant response. Co-infiltration with R3a triggers 

an HR response for Avr3aKIH, Avr3aKIL and PEX147-3 but not for Avr3aEMH, Avr3aEMG and 

PEX147-2. Thus, the N-terminal fusions displayed identical recognition patterns if 

compared to the non-tagged constructs.  
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A. tumefaciens strains carrying each of the constructs alone were infiltrated in N. 

benthamiana leaves to isolate the corresponding proteins. Following expression for 4–

5 dpi, inoculated areas were excised, collected and subjected to western blot analysis 

using a GFP antibody to detect CFP-fusion products. No cross activity of the GFP 

antibody was found with other proteins and a strong, single signal of about 40 kDA in 

size was detected for Avr3aKIH, Avr3aKIL, Avr3aEMH, Avr3aEMG and PEX147-3. The signal 

strength of these proteins was comparable to the controls Avr3aKI, Avr3aEM and 

Avr3aKI/Y147del (Figure 3.11). The lack of R3a-specific HRs upon co-infiltration with 

Avr3aEM derived alleles is not due to instability of these alleles but consistent with their 

ability to evade recognition by R3a. Interestingly, PEX147-2 yielded no product under 

these conditions. Variations in the protocol and inclusion of the silencing suppressor 

p19 in 5 independent experiments did not produce a detectable signal for PEX147-2 

(data not shown), suggesting that this Avr3a paralog is not stable in planta.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: N-terminal fusions of the Avr3a alleles with CFP were used to demonstrate stability of 
the constructs in planta. Protein extracts from sites that transiently expressed the CFP-Avr3a alleles 
were sampled and, following western blotting, probed with an anti-GFP antibody. Equal loading 
was ensured by visualising protein samples after western blotting with Ponceau staining. Protein 
sizes are shown in kDA and correspond to a protein size marker (M) that was run alongside the 
sample. 
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3.3.5 Inhibition study of R3a-dependent recognition by Avr3a alleles 

As mentioned before, adapted pathogens can use multiple mechanisms to evade 

detection by the host immune system (Vleeshouwers et al., 2011). Recent studies 

(Chen et al., 2012; Wang et al., 2011) have shown that one of these strategies can 

involve suppression of HRs following recognition. To rule out potential inhibitory 

functions of Avr3aEM, Avr3aEMG and Avr3aEM and the paralogs PEX147-2/PEX147-3 on 

the recognition of Avr3aKI by R3a, untagged version of Avr3aEM variants and paralogs 

were co-infiltrated in N. benthamiana with R3a and untagged Avr3aKI. In all cases, a 

clear HR developed by 4–5 dpi (Figure 3.12). Thus, the lack of R3a-specific HRs upon 

co-infiltration with Avr3aEM derived alleles/paralogs is not due to instability of the 

effector variants or suppression of R3a-dependent recognition but consistent with 

their ability to evade recognition by R3a.  
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Figure 3.12: Avr3a alleles and paralogs do not inhibit cell death responses elicited by co-infiltration of 
Avr3a

KI
 and R3a in N. benthamiana. (a) Avr3a alleles and paralogs or an empty vector control were co-

infiltrated with Avr3a
KI

 and R3a. The development of phenotypically distinct cell death responses 
associated with the HR following the recognition of Avr3a

KI
 by R3a was recorded visually at 4 days 

post inoculation. (b) The graph was plotted based on 90 infiltration sites produced from 3 
independent experiments. The HRs were scored at 4 dpi. 

 

 

 DISCUSSION 3.4

The first part of this study focused on establishing a robust, transient Agrobacterium 

tumefaciens based effector expression system that is suitable for Gateway cloning and 

facilitates functional studies of Avr3a alleles and paralogs in N. benthamiana. Many P. 

b) 

a) 
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infestans effectors have been cloned into a Gateway compatible donor vector, 

pDONR201, which utilizes Kanamycin resistance as a selectable marker. The binary 

expression vector pGWB402Ω was the initial destination vector of choice for cloning as 

it contains the selectable antibiotic Spectinomycin and thus allows discrimination 

against non-recombinant pDONR201 plasmids. Unfortunately, expression with this 

vector was weak if compared to alternative vectors pGRAB[GW] and pB7WGC2 

(Figures 3.3 and 3.4). This was an unexpected result as all vectors utilise the same 

promoter (CMV 35S) and were delivered via the same Agrobacterium strain, Agl1. We 

speculate that the expression differences are due to differences in the origin of 

replication or stabilisation of the plasmids as this will impact on plasmid copy-numbers 

in Agrobacterium. The vector pGRAB is based on the vector pGREEN which contains a 

pCo1E1 ori that only functions in E. coli (Hellens et al., 2000). Thus, to replicate in 

Agrobacterium, the helper plasmid pSoup is needed which contains the pSa replication 

locus (Hellens et al., 2000). The pB7WGC2 binary vector is utilising the Co1E1 and pVS1 

origins for replication in E. coli and Agrobacterium respectively (Karimi et al., 2002). 

The vector pGWB402Ω carries the replication origin Co1E1 for E. coli and rep, which is 

described as a broad host range replication origin for Agrobacterium (Nakagawa et al., 

2007). Regardless of the individual molecular properties of the expression vectors, the 

vectors pGRAB[GW] and pB7WGC2 yielded the most robust phenotypes and were used 

for functional studies that require untagged or tagged Avr3a alleles and/or paralogs, 

respectively.  

 

Avr3a is an essential effector for P. infestans (Bos et al., 2010). Previous studies have 

shown that Avr3a is up-regulated during the biotrophic phase of infection and silencing 

of this gene significantly reduces virulence on normally susceptible hosts (Vetukuri et 



72 
 

 

al., 2011). Bos et al., (2010) have shown that Avr3aKI and Avr3aEM are fully functional in 

that both alleles can complement loss of Avr3aEM in the P. infestans isolate 88069 

(please see Chapter 5). Further data provided by Armstrong et al. (unpublished) have 

shown that limited variation of Avr3a exists in the Toluca Valley/Mexico, a region of 

Solanum and P. infestans co-evolution (Gruenwald & Flier, 2005). In addition to 

Avr3aEM and Avr3aKI, the alleles Avr3aKIL, Avr3aKIH, Avr3aEMG and Avr3aEMH were 

discovered. However, as mentioned before, these alleles were only identified in 

conjunction with Avr3aEM and/or Avr3aKI (Table 3.1; Figure 3.1). The low frequency of 

these additional Avr3a alleles in Mexico is consistent with a ‘recent’ selective sweep 

and has also been observed for European and Southern American P. infestans 

populations (Armstrong et al., 2005; Cardenas et al., 2011; Chapter 1).  

 

In terms of the likely origin of the Avr3a alleles and paralogs, the chief driver in nature 

to generate new genes with novel function is through gene duplication followed by 

sequence divergence (Long et al., 2003; Roth et al., 2007). Subsequently, both genetic 

drift and positive selection play a role to fix duplicated genes in the host–pathogen co-

evolution process (Lynch & Conery, 2000). The phenomena is known as gene ‘birth and 

death’ and is common in gene families (Hughes & Nei, 1989). New genes which are 

derived from gene duplications are referred to as paralogous genes. It was proposed 

by Armstrong et al. (2005) that Avr3aEM arose from an Avr allele after gene duplication 

and positive selection. The additional Avr3a alleles which have been studied in this 

thesis are likely to have arisen from mutations within the Avr3aKI or Avr3aEM 

background, respectively. Only one amino acid substitution (Q133H) is shared between 

the additional Avr3aKI and Avr3aEM derived alleles and could be a result of a gene 

conversion event (Chen et al., 2007).  
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As outlined below, it is tempting to speculate that the limited diversity of Avr3a is 

directly related to effector function. The P. infestans effector Avr3a has at least two 

distinct functions which include suppression of the PTI responses triggered by INF1 

perception and inducing a hypersensitive response following recognition by R3a (Bos 

et al., 2005; 2009; 2010). In terms of plant–pathogen co-evolution, it would be 

advantageous for P. infestans to generate Avr3a isoforms that suppress PTI including 

INF1 cell death but evade recognition by R3a. Interestingly, in a mutational study of 

Avr3aKI and Avr3aEM, Bos et al. (2009) failed to identify such forms of Avr3a, despite 

screening in excess of 11,000 mutants. Indeed, only four amino acid substitutions in 

Avr3aKI lead to evasion of R3a recognition but failed subsequently to suppress ICD 

(Figure 3.5). Interestingly, these artificially generated changes in the amino acid 

sequence of Avr3aKI resulted in decreased protein stability in planta which was not 

observed for the naturally occurring Avr3aKI and Avr3aEM variants from the Toluca 

Valley (Figure 3.11). In contrast, upon infiltration of N-terminal, CFP-Avr3a fusions in 

the model Solanaceae  N. benthamiana, the naturally occurring Avr3a alleles displayed 

similar protein accumulation and thus stability if compared to Avr3aKI and Avr3aEM 

(Figure 3.11).  

 

The study by Bos et al. (2009) has also identified 19 mutations in Avr3aEM which 

repeatedly yield a gain of recognition phenotype upon co-infiltration with R3a (Figure 

3.5). This provides evidence that there are limited amino acid positions that can be 

modified by the pathogen to maintain virulence function whilst evading recognition by 

R3a. Indeed, the naturally occurring amino acid substitution in the Avr3aKI background 

retained their recognition by R3a whereas those in the Avr3aEM background do not 

elicit R3a-dependent HRs (Figures 3.8; Figure 3.9). In line with this, the naturally 
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occurring amino acid substitutions do not coincide with changes that resulted in R3a 

gain-of-recognition mutations described by Bos et al. (2009) (Figure 3.5). The finding 

that Avr3aEM appears to be fully functional as a virulence determinant is consistent 

with the population data presented by Armstrong et al. (Table 3.1; Figure 3.1) which 

has revealed a high percentage of P. infestans isolates containing Avr3aEM. 

 

Surprisingly, despite sharing less than 20% sequence similarity, the P. capsici effector 

Avr3a11 (which is homologous to P. infestans Avr3a and P. sojae Avr1b) and P. 

infestans effector PexRD2 (a promoter of plant cell death (Oh et al., 2009)), share a 

similar α-helical fold termed the “WY-domain” (Boutemy et al., 2011). The two motifs 

that make up the WY-domain, W and Y, have been identified in many RXLR effectors 

from Phytophthora species and led to the hypothesis that, in many cases, RXLR 

effectors are derived from common ancestors (Jiang et al., 2008). Mutations in the W 

and Y domain of P. capsici Avr1b impacted to various degrees on the ETS function of 

Avr1b and also the ETI response following perception by the soybean resistance gene 

RPS1b (Dou et al., 2008). It is estimated that approximately 44% of annotated 

Phytophthora RXLR containing effectors share the WY-domain and that in many cases 

important structural as well as polymorphic surface exposed residues are harboured 

within this domain (Boutemy et al., 2011). In this context, it has been shown that 

Avr3a amino acid 80 (E/K) and 103 (M/I) reside as surface exposed amino acids on α 

helix 1 and 2, respectively (Boutemy et al., 2011; Yaeno et al., 2011; Figure 3.6).  

 

The additional C-terminal variations R124G, Q133H and M139L identified in 

Avr3aEMG124 (Avr3aEMG), Avr3aEMH133 (Avr3aEMH) as well as Avr3aKIH133 (Avr3aKIH) and 

Avr3aKIL139 (Avr3aKIL) are, with the exception of Avr3aEMG which resides in loop 3, 



75 
 

 

located in the Y-domain of the α4 helical region and are all surface exposed (Figure 

3.5). Therefore, all naturally occurring variations of Avr3a are within the WY-domain. In 

addition, Bos et al. (2009) have shown that Avr3aEM gain of R3a recognition mutations 

are found throughout Avr3aEM but not within the α4 helical region (Bos et al., 2009; 

Figure 3.5). With the exception of the mutation S123C in loop 3, the majority of gain of 

recognition mutations did not significantly boost INF1-cell death suppression function 

(Bos et al., 2009). This is consistent with dual function for the Avr3a effector (Bos et al., 

2005; 2009) and the subject of the studies in Chapter 4 and 5. Boutemy et al. (2011) 

has proposed a model for the structure/function relationship in Avr3a and has shown 

that the amino acids K/E80 and I/M103 of Avr3a map to E71 and Q94 in Pc_Avr3a11. 

These residues locate to the same face of the four-helix bundle. Interestingly, the 

additional changes (Pi_Q133H equivalent to Pc_R120 and Pi_M139L representing 

Pc_M126) are located on helix 4. The face of helix 4 is distinct from the protein face in 

which K/E80 and I/M103 reside. The amino acid substitution Pi_R124G resides within 

the loop 3 of P. capsici (Pc_K111-Y118) and is also surface exposed (Figure 3.6).  

 

Amino acid replacement in surface residues is one of the proposed models for the 

evolution of RXLR effectors (Boutemy et al., 2011; Win et al., 2012). In this context, 

and in line with a dual function of Avr3a, the amino acid substitutions did not impact 

on R3a recognition. Avr3aKI, Avr3aKIH and Avr3aKIL maintained their recognition by R3a 

whereas Avr3aEM, Avr3aEMH and Avr3aEMG avoided recognition (Figure 3.8). However, 

under UV light Avr3aEM and Avr3aEMG displayed an accumulation of phenolic 

compounds that is typically associated with recognition responses whereas Avr3aEMH 

did not display the same weak recognition phenotype (Figure 3.9). As Avr3aEMH is 

stable in planta (Figure 3.10) it is tempting to speculate that Avr3aEMH has either lost its 
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virulence function, modifies a guarded virulence target in a way that is no longer 

detected by R3a (assuming an indirect interaction) or evades direct interaction with 

R3a.  

 

Gain of additional virulence functions that enables Avr3aEMH to suppress recognition by 

R3a could be ruled out. Using co-infiltration of Avr3aKI and R3a in the presence of the 

additional Avr3a alleles, a strong HR response was detectable in all combinations 

(Figure 3.12) which provides evidence that the Avr3aEM derived alleles do not function 

as dominant/negative repressors or have gained additional virulence function that 

would enable them to suppress R3a specific PCD. However, in other pathogen systems, 

some effectors have been found that can suppress hypersensitive cell death induced 

by another effector even in the presence of its cognate R proteins (Dodds & Rathjen, 

2010). Resistance mediated by the tomato I-2 and I-3 genes can be suppressed by Avr1 

from Fusarium oxysporum f.sp. lycopersici (Houterman et al., 2008). In recent studies, 

IPI-O4 was shown to function as a repressor and perturbs the HR elicited by IPI-O1 

recognition by Rpi-blb1 (Halterman et al., 2010; Chen et al., 2012). In addition, Wang 

et al. (2011) have reported on ‘immediate-early effectors’ from P. sojae that can 

suppress PCD triggered by many ‘early’ effectors as well as PAMPS. The authors 

proposed an interesting model by which the pathogen evades or even pre-empts 

recognition by the host plant (Wang et al., 2011).  

 

When discovered, Avr3aKI was flanked by two paralogous genes, Pex147-2 and Pex147-

3, and one pseudogene (Pex147p) which contained a frameshift within the coding 

sequence (Armstrong et al., 2005). According to Armstrong et al. (2005) Pex147-2 is 

weakly expressed in P. infestans whereas Pex147-3 is not expressed. As shown in this 
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study, PEX147-3 is recognised by R3a whereas PEX147-2 is not. However, Pex147-2 is 

not stable in planta, suggesting that the failure of recognition of Pex147-2 by R3a is 

due to instability of this protein. A similar scenario was reported for Avr3aKI R3a-loss-

of-function mutants (Figure 3.5), whereby these mutants were not recognised by R3a 

due to protein instability in planta (Bos et al., 2009). Alignment between Avr3a and the 

paralogs have identified 7 amino acids in Pex147-2 which are different if compared to 

Avr3a and Pex147-3 which were shown to be stable in planta (Figure 3.5; Figure 3.11; 

Table 3.3).  

 

The involvement of these amino acids on the stability of Pex147-2 in planta has been 

determined by superimposing the Pex147-2 amino acid changes onto Pi_Avr3a and 

Pc_Avr3a11. With the exception of Pi_Pex147-2C138, which represents an insertion of 

an amino acid, the remaining polymorphisms are located on surface residues of the 

protein that are unlikely to contribute to protein stability in planta (Bos et al., 2009; 

Boutemy et al., 2011) (Figure 3.5; Figure 3.7). Interestingly, the amino acid C138 in 

PEX147-2 is a unique insertion and displaces the buried amino acid Y139 

(Pi_Avr3aY139) that has been shown to be important for protein integrity (Boutemy et 

al., 2011)(Figure 3.5; Figure 3.7). Thus, insertion of C138 and the subsequently 

predicted structure disruption is the most likely cause for protein instability of PEX147-

2 in planta.  

 

Based on this result, Pex147-2 represents an additional pseudomolecule in addition to 

Pex147p. Win et al. (2007) suggested that detection of pseudogenes among RXLR 

effectors could be seen as further evidence for host/pathogen co-evolution. However, 

the reason why P. infestans retains PEX147-2 expression remains to be elucidated. 
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Conversely, albeit amino acid substitutions also occur in PEX147-3, the stability of this 

protein is retained in planta. However, PEX147-3 has been shown to be recognised by 

R3a, suggesting that the expression of PEX147-3 might be lost in P. infestans as a 

consequence of this recognition (Armstrong et al., 2005). This strategy by the 

pathogen is not unprecedented as, for example, the expression of P. infestans effector 

Avr4 can also be lost to most likely evade recognition by the potato resistance protein 

R4 (Van Poppel et al., 2008).   

 

 



 
 

 

CHAPTER 4 

4 SUPPRESSION STUDY OF CMPG1-MEDIATED CELL DEATH RESPONSES BY 

Avr3a ALLELES AND THE PARALOGS PEX147-2 and PEX147-3 

 

 INTRODUCTION 4.1

Suppression of host PTI responses upon infection is a prerequisite for adapted 

pathogens to successfully establish disease. Some of the utilised mechanisms are 

emerging for bacterial pathogens and have been determined as a primary function of 

T3SS effectors from plant pathogenic bacteria (Abramovich et al., 2006; Block & 

Alfano, 2008; Chisholm et al., 2006; Jones & Dangl, 2006; Zhou & Chai, 2008).  

 

As alluded to in Chapter 1, it has been shown that effectors from fungal and 

oomycete pathogens also actively suppress plant innate immunity (Dodds et al., 

2009; Hein et al., 2009). For example, delivery of H. arabidopsidis (Hpa) ATR1 and 

ATR13 proteins via the Pseudomonas syringae T3SS yields enhanced growth of 

bacteria on susceptible Arabidopsis plants (Sohn et al., 2007). This is linked to the 

ability of ATR13 to suppress callose deposition and the production of reactive oxygen 

species in an allele dependent manner following bacterial PAMP recognition (Sohn et 

al., 2007). A similar activity was observed for the Hpa effector RXLR 29 (Cabral et al., 

2011). Effectors utilise diverse modes of action and some prevent PTI initiation, 

function downstream of PAMP perception or prevent ETI responses. For example, the 

Cladosporium fulvum effector ECP6 contains LysM domain and prevents PTI by 

sequestering chitin oligosaccharides that are released from the fungal hyphae (de 

Jong et al., 2010). The P. sojae effector AVR1b is able to suppress PCD mediated by 

the proapoptotic protein BAX, a function that has also been shown for many bacterial 
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effectors (Dou et al., 2008a; Jamir et al., 2004). P. infestans AvrBlb2, on the other 

hand, prevents secretion of the host defence associated papain-like cysteine 

protease C14 into the host apoplast and thus promotes virulence (Bozkurt et al., 

2011). As mentioned before, P. infestans AvrBlb1 allele IPI-04 prevents ETI following 

recognition of IPI-01 and IPI-02 by the cognate potato resistance gene Rpi_BLB1 (also 

known as RB) (Chen et al., 2012; Champouret et al., 2009). A similar suppression of 

ETI responses has also been shown for a number of P. sojae effectors that prevent 

HRs following expression of Avh241 and Avh238 (Wang et al., 2011). 

 

P. infestans Avr3a is an essential effector and has been shown to interact with 13 host 

proteins in yeast-2-hybrid assays including the host U-box E3 ligase CMPG1 (Bos et al., 

2010). An important function of Avr3aKI and Avr3aEM is to interact with and stabilize 

CMPG1 to suppress CMPG1-dependant cell death responses including ICD and CF-

4/AVR4 mediated cell death (Bos et al., 2010; Gilroy et al., 2011a; Chapter 1). 

 

 AIM 4.2

The aims of the studies presented in this Chapter were to: 

a) determine the ability of the Avr3a alleles and paralogs to suppress INF1 and CF-

4/Avr4 mediated cell death. 

b) assess the ability of the Avr3a alleles and paralogs to interact with and stabilise 

CMPG1 in planta. 

c) identify common virulence targets for Avr3a alleles and paralogs via yeast-2-hybrid 

analysis.  
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 RESULTS 4.3

4.3.1 Suppression study of INF1 and CF-4/Avr4 mediated cell death by Avr3a alleles 

and paralogs 

The ability of the Avr3a alleles Avr3aEMG, Avr3aEMH, Avr3aKIH, Avr3aKIL and paralogs 

PEX147-2 and PEX147-3 to suppress CMPG1-dependent cell death responses in N. 

benthamiana following transient, A. tumefaciens based expression of Inf1 and C. 

fulvum Avr4 co-infiltration with the cognate tomato receptor CF-4, was assessed as 

shown by Gilroy et al. (2011a). Co-infiltration of INF1 or CF-4/Avr4 with Avr3aKI/Y147del 

was used as a negative control as previous data have shown that the tyrosine in 

position 147 is required for ICD and CF-4/Avr4 suppression (Bos et al., 2009; 2010; 

Gilroy et al., 2011a). The results from three independent experiments, totalling 90 

individual inoculations per variant and elicitor, are shown in Figures 4.1 and 4.2. 

Statistical analysis was carried out using a Mann-Whitney U test method for non-

parametric data (Tables 4.1; Table 4.2).  

 

Consistent with previous results, compared to Avr3aKI/Y147del, Avr3aEM and Avr3aKI very 

highly significantly (p<0.001) suppress ICD responses with Avr3aKI displaying the 

strongest ICD suppression ability. Similarly, Avr3aKIH, Avr3aKIL and Avr3aEMG very highly 

significantly (p<0.001) suppress ICD whereas Avr3aEMH displays limited suppression 

function that is comparable and statistically not significantly different (p=0.455) to 

Avr3aKI/Y147del (Figure 4.1; Table 4.1). Interestingly, the Avr3a paralog PEX147-3 could 

very highly significantly (p<0.001) suppress ICD if compared to Avr3aKI/Y147del whereas 

the unstable paralog PEX147-2 was unable to suppress ICD and yielded a slightly 

higher, statistically significant (p=0.037) rate of ICD if compared to Avr3aKI/Y147del (Figure 

4.1; Table 4.1).  



82 
 

 

 

 

 

 

Figure 4.1: Effects of the co-expression of Avr3a alleles and paralogs on CMPG1-dependent cell death 
responses triggered by transient expression of INF1 in N. benthamiana. A) INF1 was co-infiltrated with 
un-tagged Avr3a alleles and paralogs. Development of phenotypically distinct INF1-mediated cell 
death responses was recorded visually at 6 and 7 days post inoculation. B) The percentages of cell 
death responses were calculated based on three independent experiments with 30 infiltrations per 
experiment. Statistically significant differences at 7 dpi are denoted by stars (***p-value of <0.001, 
*p-value of <0.05). 

 

 

 

EM 
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Table 4.1: Statistical analysis (Mann-Whitney U-test method) of INF1 cell death suppression activity of 
Avr3a alleles and paralogs. 

 
Avr3aKI 

n=90 
Mean; 
4.44444 
Stdev; 
7.24355 
Stderror; 
0.76353 

 
Avr3aEM 

n=90 
Mean; 
16.66666 
Stdev; 
11.78511 
Stderror; 
1.24226 

 
Avr3aKIH 

n=90 
Mean; 
5.55555 
Stdev; 
5.55555 
Stderror; 
0.58560 

 
Avr3aKIL 

n=90 
Mean; 
6.66666 
Stdev; 
4.64811 
Stderror; 
0.48995 

 
Avr3aEMH 

n=90 
Mean; 
47.77777 
Stdev; 
17.39164 
Stderror; 
1.83324 

 
Avr3aEMG 

n=90 
Mean; 
13.33333 
Stdev; 
7.45356 
Stderror; 
0.78567 

 
PEX147-2 
n=90 
Mean; 
57.77777 
Stdev; 
11.52026 
Stderror; 
1.21434 

 
PEX147-3 
n=90 
Mean; 
15.55555 
Stdev; 
7.24355 
Stderror; 
0.76353 

 
Avr3aKI/∆Y 

n=90 
Mean; 
42.22222 
Stdev; 
16.0054 
Stderror; 
1.68711 

 
Avr3aKI 
n=90 

 
U = 3555 
p=0.008 

 
U = 3960 
p=0.516 

 
U = 3960 
p=0.516 

 
U = 2295 
p<0.001 

 
U = 3690 
p =0.037 

 
U=1890 
p<0.001 

 
U=3645 
p=0.022 

 
U=2520 
p<0.001 
 

  
Avr3aEM 

n=90 

 

 
U=3645 
p=0.037 

 
U=3645 
p=0.037 

 
U=2790 
p< 0.001 

 
U=3915 
p=0.532 

 
U=2385 
p<0.001 

 
U=3960 
p=0.682 

 
U=3015 
p<0.001 

   
Avr3aKIH 

n=90 

 

 
U=4050 
p=1.000 

 
U=2385 
p<0.001 

 
U=3780 
p=0.137 

 
U=1980 
p<0.001 

 
U=3735 
p=0.090 

 
U=2610 
p<0.001 

    
Avr3aKIL 

n=90 

 

 
U=2385 
p<0.001 

 
U=3780 
p=0.137 

 
U=1980 
p<0.001 

 
U=3735 
p=0.090 

 
U=2610 
p<0.001 

     
Avr3aEMH 

n=90 

 

 
U=2655 
p<0.001 

 
U=3645 
p=0.180 

 
U=2700 
p<0.001 

 
U=3825 
p=0.455 

      
Avr3aEMG 

n=90 

 

 
U=2250 
p<0.001 

 
U=4005 
p=0.830 

 
U=2880 
p<0.001 

       
PEX147-2 
n=90 

 

 
U=2295 
p<0.001 

 
U=3420 
p=0.037 

        
PEX147-3 
n=90 

 
U=2925 
p<0.001 
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In agreement with ICD suppression function, the Avr3a variants displayed a somewhat 

similar ability to perturb CF-4/Avr4 elicited PCD (Figure 4.2; Table 4.2). Compared to 

Avr3aKI/Y147del, the alleles Avr3aKI, Avr3aEM, Avr3aKIH, Avr3aKIL and Avr3aEMG all very 

highly significantly (p<0.001) suppressed the HR induced by CF-4/Avr4. In contrast, 

Avr3aEMH failed to statistically significantly (p=1.000) impact on this HR development 

(Figure 4.2).  

 

Interestingly, compared to Avr3aKI/Y147del, PEX147-3 could (p<0.001) suppress INF1 

mediated cell death (Figure 4.1; Table 4.1) but could not significantly suppress CF-

4/Avr4 mediated cell death (p=0.448) (Figure 4.2; Table 4.2). Similarly, the unstable 

PEX147-2 failed to significantly suppress the PCD response elicited by CF-4/Avr4 

(p=0.682) (Figure 4.2; Table 4.2). 
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Figure 4.2: Effects of Avr3a alleles and paralogs on CMPG1-dependent cell death responses 
triggered by transient expression of CF-4/Avr4 in N. benthamiana. A) CF-4 and Avr4 were co-
infiltrated with un-tagged Avr3a alleles and paralogs. Development of phenotypically distinct cell 
death responses was recorded visually at 6 and 7 days post inoculation. B) The percentages of cell 
death responses were calculated based on three independent experiments with 30 infiltrations 
per experiment. Statistically significant differences at 8 dpi are denoted by stars (***p-value of 
<0.001). 
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Table 4.2: Statistical analysis (Mann-Whitney U-test method) of CF-4/Avr4 cell death suppression 
activity of Avr3a alleles and paralogs. 

 

 
Avr3aKI 

n=90 
Mean; 
1.66666 
Stdev; 
2.28217 
Stderror; 
0.20833 

 
Avr3aEM 

n=90 
Mean; 
6.66666 
Stdev; 
4.75073 
Stderror; 
0.43368 

 
Avr3aKIH 

n=90 
Mean; 
11.66666 
Stdev; 
3.48608 
Stderror; 
0,.31823 

 
Avr3aKIL 

n=90 
Mean; 
9.16666 
Stdev; 
7.45355 
Stderror; 
0.68041 

 
Avr3aEMH 

n=90 
Mean; 
72.4 
Stdev; 
9.12870 
Stderror; 
0.83333 

 
Avr3aEMG 

n=90 
Mean; 
12.49999 
Stdev; 
8.33333 
Stderror; 
0.76072 

 
PEX147-2 
n=90 
Mean; 
85 
Stdev; 
4.75073 
Stderror; 
0.43368 

 
PEX147-3 
n=90 
Mean; 
65 
Stdev; 
6.97216 
Stderror; 
0.63646 

 
Avr3aKI/∆Y 

n=90 
Mean; 
84.16666 
Stdev; 
10.78515 
Stderror; 
0.98454 

 
Avr3aKI 
n=90 

 
U = 3780 
p=0.052 

 
U =3645 
p=0.010 

 
U =3735 
p=0.030 

 
U =765 
p<0.001 

 
U = 3600 
p=0.006 

 
U=675 
p<0.001 

 
U=945 
p<0.001 

 
U=765 
p<0.001 
 

  
Avr3aEM 

n=90 

 

 
U=3915 
p=0.468 

 
U=4005 
p=0.799 

 
U=1035 
p<0.001 

 
U=3870 
p=0.344 

 
U=945 
p<0.001 

 
U=1215 
p<0.001 

 
U=1035 
p <0.001 

   
Avr3aKIH 

n=90 

 

 
U=3960 
p=0.636 

 
U=1170 
p<0.001 

 
U=4005 
p=0.824 

 
U=1080 
p<0.001 

 
U=1350 
p<0.001 

 
U=1170 
p<0.001 

    
Avr3aKIL 

n=90 

 

 
U=1080 
p<0.001 

 
U=3915 
p=0.487 

 
U=990 
p<0.001 

 
U=1260 
p<0.001 

 
U=1080 
p<0.001 

     
Avr3aEMH 

n=90 

 

 
U=1215 
p<0.001 

 
U=3960 
p=0.682 

 
U=3870 
p=0.448 

 
U=4050 
p=1.000 

      
Avr3aEMG 

n=90 

 

 
U=1125 
p<0.001 

 
U=1395 
p<0.001 

 
U=1215 
p<0.001 

       
PEX147-2 
n=90 

 

 
U=3780 
p=0.243 

 
U=3960 
p=0.682 

        
PEX147-3 
n=90 

 

U=3870 
p=0.448 
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4.3.2 In planta stabilisation of CMPG1 by Avr3a alleles and paralogs 

The ability of the Avr3a alleles and paralogs to stabilise CMPG1 in planta was assessed 

using both Western blot analysis and confocal microscopy (Bos et al., 2010). To 

observe the stabilisation of CMPG1 by Westerns, N-terminal myc tagged CMPG1 (4x-

myc-ΔN-STCMPG1) was co-infiltrated with the Avr3a alleles and paralogs as well as 

with Avr3aKI/Y147del and empty vector as negative controls in N. benthamiana.  

 

In planta stabilisation of CMPG1 was assessed at three days post inoculation by 

extracting total protein samples from the co-infiltrated areas and probing the resulting 

western blots with an anti-myc antibody as shown by Bos et al. (2010). No product was 

detected in lanes representing co-expression of myc tagged CMPG1 with Avr3aKI/Y147del 

or empty vector. This is consistent with CMPG1 being degraded in planta as described 

previously (Bos et al., 2010). All untagged Avr3a alleles stabilised CMPG1 by 3 dpi 

albeit AVR3EMH produced the faintest CMPG1 product (Figure 4.3A). However, all Avr3a 

paralogs co-expressed with myc tagged CMPG1 produced no signals, indicating that 

PEX147-2 and PEX147-3 are unable to stabilize CMPG1 in planta (Figure 4.3A). 

 

C-terminal fusions of CMPG1 with YFP (StCMPG1-YFP) were used to corroborate the 

western data and to quantify the levels of CMPG1 stabilisation in planta using confocal 

microscopy. Avr3a alleles and paralogs were co-infiltrated with StCMPG1b-YFP (Bos et 

al., 2010) in N. benthamiana and imaged at 2 dpi with the help of Dr Petra Boevink. 

Accumulation of YFP fluorescence in the plant nuclei, as evidence for CMPG1 

stabilisation (Bos et al., 2010), was readily observed for Avr3aKI, Avr3aKIH, Avr3aKIL, 

Avr3aEM, Avr3aEMGand Avr3aEMH. Consistent with the western blot analysis (Figure 

4.3A), faint YFP fluorescence was also observed for Avr3aEMH but not for PEX147-2, 
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PEX147-3, AVR3KI/Y147del and empty vector control (Figure 4.3B). The YFP fluorescence 

intensity was measured and compared from independent experiments (Figure 4.3C). 

All Avr3a alleles yielded YFP fluorescence levels that were very significantly higher 

(p<0.001; Avr3aKI, Avr3aKIH, Avr3aKIL, Avr3aEMG, Avr3aEMH and Avr3aEM) if compared to 

AVR3KI/Y147del and empty vector controls. Both PEX147-2 and PEX147-3 did not yield any 

measurable YFP fluorescence which is in accordance with their western data and also 

the instability observed for PEX147-2 in planta (Figure 3.11). Statistically, the latter two 

were not significantly different if compared to the empty vector control (p=0.704 

[Pex147-2]; p=0.215 [Pex147-3]). 
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Figure 4.3: The ability of Avr3a alleles and paralogs to stabilise CMPG1 in planta. (A) Avr3a alleles and 
paralogs were co-infiltrated with 4x-myc-ΔN-StCMPG1 in N. benthamiana. The presence/absence of 
stabilised CMPG1 was assessed at 3 dpi by probing protein blots with an anti-myc antibody. Equal 
loading was ensured by visualising protein samples after Western blotting with Ponceau staining. 
Protein sizes are indicated. (B) C-terminal fusions of CMPG1 with YFP (StCMPG1b::YFP) were co-
infiltrated with Avr3a alleles and paralogs in N. benthamiana to quantify the levels of CMPG1 
stabilisation in planta using confocal microscopy at 2 days post infiltration. With the help of Dr. Petra 
Boevink, representative images were taken with the same gain and magnification. The scale bar 
measures 20 µm. (C) The YFP fluorescence intensity from independent experiments was measured 
and is represented graphically. Statistically significant differences are denoted by stars (***p<0.001). 

 
 
 
 
Table 4.3: Statistical analysis (t-Test) of the recorded levels of YFP fluorescence following co-
expression of C-terminal fusions of CMPG1 to YFP (StCMPG1b::YFP) with Avr3a alleles and paralogs in 
N. benthamiana 

 
Avr3aKI 

n;17 
Mean; 
139.18 
Stdev; 
89.57 
Stderror; 
21.72 

 
Avr3aEM 

n=16 
Mean; 
60.71 
Stdev; 
73.07 
Stderror; 
18.27 

 
Avr3aKIH 

n=19 
Mean; 
85.6 
Stdev; 
79.40 
Stderror; 
18.21 

 
Avr3aKIL 

n=12 
Mean; 
115.8 
Stdev; 
68.95 
Stderror; 
19.91 

 
Avr3aEMH 

n=17 
Mean; 
16.93 
Stdev; 
13.57 
Stderror; 
3.29 

 
Avr3aEMG 

n=23 
Mean; 
107.0 
Stdev; 
152.9 
Stderror; 
31.89 

 
PEX147-2 
n=31 
Mean; 
3.33 
Stdev; 
0.11 
Stderror; 
0.02 

 
PEX147-3 
n=18 
Mean; 
5.40 
Stdev; 
2.06 
Stderror; 
0.48 

 
Avr3aKI/∆Y 

n=21 
Mean; 
6.40 
Stdev; 
3.73 
Stderror; 
0.81 

 
Vector 
n= 24 
Mean; 
3.38 
Stdev; 
0.13 
Stderror; 
0.03 

Avr3aKI 
n=17 

 
p<0.001 

 
p=0.067 

 
p=0.454 

 
p<0.001 

 
p=0.410 

 
p<0.001 

 
p<0.001 

 
p<0.001 

 
p<0.001 
 

 Avr3aEM 

n=34 

 
p=0.032 

 
p=0.005 

 
p=0.089 

 
p=0.055 

 
p<0.001 

 
p<0.001 

 
p<0.001 

 
p<0.001 
 

  Avr3aKIH 

n=19 

 
p=0.289 

 
p=0.002 

 
p=0.577 

 
p<0.001 

 
p<0.001 

 
p<0.001 

 
p<0.001 
 

   Avr3aKIL 

n=12 

 
p<0.001 

 
p=0.840 

 
p<0.001 

 
p<0.001 

 
p<0.001 

 
p<0.001 
 

    Avr3aEMH 

n=11 

 
p<0.001 

 
p<0.001 

 
p<0.001 

 
p<0.001 

 
p<0.001 
 

     Avr3aEMG 

n=23 

 
p<0.001 

 
p<0.001 

 
p<0.001 

 
p<0.001 
 

      PEX147-2 
n=31 

 
p=0.010 

 
p=0.033 

 
p=0.704 
 

       PEX147-3 
n=14 

 
p=0.793 

 
p=0.215 
 

        Avr3aKI/∆Y 

n=34 

 

p=0.191 
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4.3.3  Identification of common virulence targets for Avr3a alleles and paralogs 

using yeast-2-hybrid assays 

Through a yeast two-hybrid assay, CMPG1 has been identified, alongside 12 further 

host proteins, as potential targets that interact with Avr3aKI and/or Avr3aEM (Bos et 

al., 2010). Interacting proteins that had initially been identified in Y2H screens 

involving AVR3KI as a bait have been denoted KIPI (Avr3aKI from P. infestans) and 

comprise: KIPI-2 (Acyl-ACP thioesterase [FatA]), KIPI-5 (unknown protein), KIPI-7 

(Sec3), KIPI-25 (unknown protein), KIPI-26 (TPR containing protein), KIPI-29 (putative 

DEAD box helicase), KIPI-30 (pyruvate kinase family protein), KIPI-34 (unknown 

protein) and KIPI-43 (PH domain containing). Similarly, interacting proteins that have 

been initially identified with AVR3EM are referred to as EMPI and comprise: EMPI-1 

(unknown protein), EMPI-2 (CMPG1), EMPI-9 (Sec5/ExoC2) and EMPI-32 (3-methyl-

2-oxobutanoate hydroxyl transferase) (Bos et al., 2010). The Avr3a alleles and 

paralogs were cloned into the Y2H compatible bait vector pDEST and used in a 

targeted Y2H screen to assess their interaction with KIPI and EMPI host proteins. The 

afore mentioned host targets had already been cloned into a suitable Y2H vector 

(Bos et al., 2010) and were used in this study as preys. Recombinant yeast cells that 

had been transformed with the baits and all possible combination of preys were 

grown on plates lacking the reporter gene histidine and compared to the controls to 

assess potential interactions. Furthermore, recombinant yeast cells that indicated 

protein–protein interactions were confirmed in triplicates with a β-galactosidase 

assay to visualise the strength of the interactions.  
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Interestingly, in the yeast system, all recombinants involving PEX147-2 did not 

interact with any of the host virulence targets identified for Avr3aKI or Avr3aEM 

(Figure 4.4). In contrast to PEX147-2, PEX147-3 interacted with four previously 

identified host targets which were KIPI-25, KIPI-30, EMPI-1 and EMPI-9 but not with 

CMPG1 (EMPI-2) (Figure 4.4). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: Yeast-two-hybrid based protein-protein interaction study involving 13 potential Avr3a host 
virulence targets and PEX147-2 and PEX147-3. The β-galactosidase assay (LacZ) (right) and a Histidine-
based reporter assay (-HIS) (left) were used to show the strength of the interactions. Results for the 
Avr3a paralogs PEX147-2 (A) and PEX147-3 (B) are shown. The control interactions are indicated in the 
bottom panel. 

 

PEX147-3 PEX147-2 

 

PEX147-2 PEX147-3 

 Strong Weak Negative 
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In yeast, Avr3aKIH interacted with 11 of the previously described Avr3aKI and Avr3aEM 

host targets including CMPG1 (Figure 4.5A). Avr3aKIH did not interact with KIPI-5 or 

KIPI-34, both of which interacted with Avr3aKI, but interacted with EMPI-32 which did 

not elicit reporter gene activation upon co-infiltration with Avr3aKI (Table 4.4). 

 

Avr3aKIL interacted with 10 of the Avr3aKI and Avr3aEM targets but not with CMPG1, 

KIPI-5, or KIPI-26. Thus, compared to Avr3aKIH, the interaction with CMPG1 and KIPI-26 

was lost whilst the interaction with KIPI-34 was gained (Figure 4.5B). 

  

Intriguingly, in general, alleles derived from Avr3aEM interacted with fewer of the 

Avr3aKI and Avr3aEM host targets in yeast (Figure 4.5C; Figure 4.5D). Avr3aEMH 

interacted with seven proteins and Avr3aEMG with two, EMPI-1 and KIPI-25, which were 

shared with Avr3aEMH. Only EMPI-1 was a common host target for Avr3aEM derived 

alleles in the yeast system. Surprisingly, the Y2H analysis supported a strong 

interaction between CMPG1 and Avr3aEMH, which failed to suppress ICD and CF-4/Avr4 

mediated PCD and resulted in the weakest stabilisation of CMPG1 in planta (Figure 4.1; 

Figure 4.2; Figure 4.3). No such interaction was observed in yeast for Avr3aEMG which 

suppressed CMPG1-dependent cell death responses and stabilised CMPG1 in planta 

(Figure 4.1; Figure 4.2; Figure 4.3).  
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Figure 4.5: Yeast-two-hybrid based protein–protein interaction study involving 13 potential Avr3a 
host virulence targets and Avr3a

KI
 and Avr3a

EM
 derived alleles. The β-galactosidase assay (LacZ) (right) 

and a Histidine-based reporter assay (-HIS) (left) were used to show the strength of the interactions. 
Results for the Avr3a alleles Avr3a

KIH 
(A), Avr3a

KIL 
(B), Avr3a

EMG 
(C) and Avr3a

EMH 
(D) are shown. Control 

interactions are indicated in the bottom panel. 

 

To rule out effects of protein instability in yeast, the stability of Avr3a alleles and 

paralogs were determined by western blot analysis as described by Bos et al. (2010). 

Yeast recombinants carrying Avr3a alleles and paralogs were grown overnight, the 

total protein was extracted and separated by gel electrophoresis and blotted onto 

suitable membranes. An antibody that was raised against the DNA binding domain 

C; Avr3aEMG D; Avr3aEMH 
A; Avr3aKIH B; Avr3aKIL 

  

 Strong Weak Negative 
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fused to the Avr3a alleles and paralogs in the respective bait vectors was used to probe 

the membranes (Bos et al., 2010). All Avr3a alleles yielded a band of somewhat equal 

intensity and of the expected size of 37kD (Figure 4.6). A similar band was observed for 

the Avr3a paralogs PEX147-3 but not for PEX147-2, which suggest that the latter is not 

stable in yeast (Figure 4.6). 

 

 

Figure 4.6: N-terminal fusions of the Avr3a alleles and paralogs with the DNA-binding domain were 
used to demonstrate stability of the constructs in yeast. Protein extracts from recombinant yeast cells 
were sampled and, following western blotting, probed with an anti-DNA-binding domain antibody. 
Equal loading was ensured by visualising protein samples after Western blotting with Ponceau 
staining. Protein sizes are shown in kDA and correspond to a protein size marker (M) that was run 
alongside the samples. Empty yeast cells, MaV203, were used as a negative control. 
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The results of the Y2H screening and the complementary CMPG1 stabilisation data 

obtained following the western and confocal microscopy studies (Figure 4.3), have 

summarised in Table 4.4. 

Table 4.4: Summary of observed interactions of the Avr3a alleles and paralogs in Y2H, Western and 
Confocal imaging analysis. Y2H data for Avr3a

KI
 and Avr3a

EM
 were published in Bos et al. (2010) and 

Avr3a interactors and their predicted gene ontology are shown as Avr3aPI-x. The denotations are as 
follows: (+++) strong interaction yielding histidine and strong x-gal activation; (++) the interaction was 
strong enough to activate histidine reporter and x-gal weakly; (+) weak interaction – only the histidine 
reporter was activated; (-) no reporter gene activation. 

 

 

 

 DISCUSSION 4.4

The identification of pathogen effectors, in particular those delivered via the bacterial 

T3SS and oomycete effectors carrying the canonical RXLR or LFLAK domains, has given 

an unprecedented insight into the mechanisms employed by pathogens to manipulate 

host defences (Deslandes & Rivas, 2012, Oh et al., 2009, van Damme et al., 2012). 

Many research groups have evaluated candidate effectors by transient expression in 

planta and by measuring the impact on disease resistance/susceptible (e.g. Sohn et al., 

2007) or their ability to suppress PTI responses including cell death development or 
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callose deposition (Anderson et al., 2012; Cabral et al., 2011; Fabro et al., 2011,; Wang 

et al., 2011).  

 

In agreement with previous data (Bos et al., 2010; Gilroy et al., 2011a), in comparison 

to Avr3aKI/Y147del, both Avr3aKI and Avr3aEM highly significantly suppressed CMPG1-

dependent INF1 and CF-4/Avr4 mediated cell death responses (Figure 4.1; Figure 4.2). 

The same observation was recorded for Avr3aKIL, Avr3aKIH and Avr3aEMG but not for 

Avr3aEMH or PEX147-2 which has shown to be unstable in planta (Figure 3.11). 

Interestingly, PEX147-3 highly significantly suppressed ICD but not CF-4/Avr4 mediated 

PCD.  

 

The ICD suppression activity of Avr3aEM and PEX147-3 contradicts earlier studies 

conducted by Bos et al. (2006; 2009) and Oh et al. (2009) which suggested that 

Avr3aEM (then referred to as PexRD7) and PEX147-3 are unable to suppress ICD and 

that, in addition to Avr3aKI, only PexRD8 and PexRD36 could suppress ICD. In this 

context, it should however, be pointed out that the ICD experiments described by Bos 

et al. (2006; 2009) and Oh et al. (2009) are different in their setup if compared to the 

studies described here and by Gilroy et al. (2011a) as well as Bos et al. (2010). In Bos et 

al. (2006; 2009) and Oh et al. (2009), effector expression and INF1 delivery were 

conducted sequentially (INF1 was delivered 24 hours after effector delivery) whereas 

in Gilroy et al. (2011a), Bos et al. (2010) and in this study, the effectors were 

simultaneously co-infiltrated with INF1.  

 

A recent study in which P. sojae effectors were tested in their ability to suppress BAX-

triggered cell death (Wang et al., 2011) demonstrated that the timing of effector 
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delivery can, indeed, influence the effectiveness of suppressing PCD responses. 

Interestingly, the strongest PCD suppression responses have been recorded in samples 

were the effectors were expressed prior to BAX delivery and not upon co-infiltration 

(Wang et al., 2011). However, it is conceivable that Agrobacterium mediated delivery 

of effectors triggers a PTI response which impacts negatively on the subsequent 

delivery of PCD triggers. Thus, the observed potential of effectors to perturb PCDs 

could be overestimated in experiments that use sequential delivery.  

 

Avr3aEMH and Avr3aKIH share the same amino acid substitution (Q133H) which locates 

to the helix 4 of the Avr3a protein (Figure 3.5). This amino acid resides in a different 

surface plane if compared to the K80E and I103M changes which are found in helix 1 

and 2, respectively (Figures 3.5 and 3.6). Although Avr3aEMH and Avr3aKIH are equally 

stable in planta (Figure 3.11), the ICD and CF-4/Avr4 PCD suppression capability of 

these two proteins differ significantly and Avr3aEMH is unable to perturb responses that 

Avr3aKIH suppresses. It is conceivable that the Q133H change impacts negatively on 

Avr3a function but that the effect manifests itself stronger in the AVR3EM background if 

compared to the AVR3KI background. Indeed, in line with observations from Bos et al. 

(2010) and Gilroy et al. (2011a), if compared to Avr3aEM, Avr3aKI appears to be able to 

suppress ICD and CF-4/Avr4 PCD more strongly and highly significantly so for INF1 cell 

death responses (Table 4.1). Similarly, Avr3aKI suppresses CF-4/Avr4 responses more 

strongly and are statistically significant if compared to Avr3aKIH and Avr3aKIL (Figure 4.2; 

Table 4.2). The same trend was observed for ICD suppression but the data did not 

support a significant effect. A model that could be drawn from these observations is 

that Avr3aKI is the most effective suppressor of the PCD responses studied so far and 
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that subsequent changes reduce the functionality. Beyond a certain activity threshold, 

effector function is significantly impaired.  

 

Recent studies by Bos et al. (2010) and Gilroy et al. (2011a) have shown that Avr3a is 

essential for P. infestans virulence and suppresses PCD responses by stabilising the 

host E3-ligase CMPG1. In terms of their function, E3-ligases ensure specificity within 

the ubiquitination of proteins which subsequently target proteins for proteasomal 

degradation or alter their localisation and/or activity (Schnell & Hicke, 2003). The 

attachment of Ubiquitin, a 76-amino acid peptide, to the target proteins involves an 

ubiquitin-activating enzyme (E1), a conjugating enzyme (E2) and a ubiquitin ligase (E3) 

(Glickman & Ciechanover, 2002; Chapter 1). 

 

CMPG1 was initially identified in parsley suspension cultures following treatment with 

the P. sojae oligopeptide elicitor Pep25 derived from a 42-kDA cell wall protein (Kirsch 

et al., 2001). A Solanaceae homolog was identified as an Avr9/CF-9 rapidly elicited 

(ACRE) gene in CF-9-expressing tobacco cells (Durrant et al., 2000; Rowland et al., 

2005). Out of three ACRE genes required for Avr9/CF-9 cell death, two encoded for E3 

ligases including ACRE74, a U-box protein with homology to parsley CMPG1 and 

Arabidopsis PUB (Plant U-Box) 20 and PUB21 (Gonzáles-Lamothe et al., 2006). ACRE74, 

also known as Nicotiana tobacum (Nt) CMPG1, was subsequently shown to be involved 

in cell death responses triggered by the perception of diverse molecules such as 

Cladosporium fulvum Avr9, P. infestans INF1 and Pst, AvrPto (Gonzáles-Lamothe et al., 

2006).  
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In accordance with previous data, Avr3aKI and Avr3aEM both successfully stabilize 

CMPG1 whereas a deletion of the last amino acid at position 147 (tyrosine [y]) in 

Avr3aKI/Y147del is impaired in this activity (Figure 4.3; Bos et al., 2009). However, deletion 

of the terminal tyrosine in Avr3aKI does not impact on the recognition by R3a, which is 

in line with previous findings suggesting that the avirulence and cell-death suppression 

activity of Avr3a are uncoupled (Figure 3.8; Bos et al., 2009).  

 

To determine if the functional diversity of the Avr3a alleles and paralogs is linked to 

their respective ability to stabilise CMPG1, two complementary assays, western blot 

analysis and confocal microscopy, were utilised (Bos et al., 2010). Both systems take 

advantage of the instability of CMPG1 which is normally rapidly degraded by the 26s 

proteasome (Bos et al., 2010). The western blot analysis was used to determine the 

accumulation of 4xmyc tagged StCMPG1 upon co-expression of Avr3a alleles and 

paralogs in N. benthamiana (Figure 4.3A). The complementary approach utilised 

CMPG1 C-terminally fused to YFP (CMPG1-YFP) to demonstrate accumulation of YFP 

fluorescence in the plant nucleus (Figure 4.3B) and quantified the fluorescence 

intensity using confocal microscopy fluorescence (Figure 4.3C). The data obtained are 

very consistent between the different assays and tied in with previous data for the 

controls Avr3aKI/Y147del and empty vector as well as for Avr3aKI and Avr3aEM (Bos et al., 

2010). Consistent with their ability to suppress ICD and CF-4/Avr4 PCD, the Avr3a 

alleles Avr3aKI, Avr3aEM, Avr3aKIH, Avr3aKIL and Avr3aEMG all stabilised CMPG1. Avr3aEMH, 

which failed to suppress ICD and CF-4/Avr4 PCD (Figures 4.1; Figure 4.2), very weakly 

stabilised CMPG1, albeit statistically very highly significantly if compared to the 

negative controls. This finding further supports the hypothesis from above that Avr3a 

effector function decreases with certain, deleterious, mutations. In the interaction 
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with CMPG1 this effect could be quantitative. According to this hypothesis, an Avr3a 

allele has to maintain a certain threshold of CMPG1 perturbation to compromise 

CMPG1-dependent cell death responses. Beyond the required level of CMPG1 

interference (e.g. stabilisation), the functionality of CMPG1 is maintained and 

subsequent cell death responses are executed. 

  

The fact that the Avr3a paralogs PEX147-3 could not suppress all CMPG1-dependent 

PCDs analysed in this study could suggest that PEX147-3 acts downstream of CMPG1 in 

a pathway that is specific for ICD suppression but not required for CF-4/Avr4 mediated 

PCD. Alternatively, it is conceivable that PEX147-3 impacts differently on CMPG1 and 

does not bring about stabilisation but modifies CMPG1 in a way that is specific to ICD. 

Future biochemical and proteomics studies are required to elucidate the exact 

mechanisms of perturbation by these molecules.  

 

Despite the good correlation between the CMPG1 western analysis and the confocal 

microscopy study to observe stabilisation of CMPG1 in the nucleus (Figure 4.3), the 

Y2H study did not produce coherent data to support a direct link between CMPG1 

interaction and stabilisation. However, the Y2H screen failed to detect interactions 

between CMPG1 and Avr3aKIL as well as Avr3aEMG whilst suggesting a strong interaction 

between CMPG1 and Avr3aEMH. As all products, with the exception of PEX147-2, were 

stable in the yeast strain used (Figure 4.6).  

 

These problems, which have been reported as some of the limitations of the 

technology, can occur as a consequence of a) protein misfolding or (lack of) post-

translational modification, b) fusion with the transcription factor domains, which could 
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potentially impact to the binding affinity and c) protein toxicity (Coates & Hall, 2003; 

Causier & Davies, 2002). 

 

However, the Y2H system has been described as the most sensitive method to study 

protein–protein interaction in vivo (Causier & Davies, 2002). Consequently, most of the 

identified protein–protein interactions thus far have been detected using this system 

(Bruckner et al., 2009). In the case of oomycete effector studies, this system has, for 

example, been used by Chen et al. (2012) to determine the function of IPI-O4 in 

suppressing R gene mediated cell death. 

  

It is therefore possible that Y2H systems other than the one used in this study would 

have picked up some of the expected interactions. Furthermore, alternative 

approaches such as bimolecular fluorescence complementation (BiFC), or Split-YFP, 

which is a widely used and established approach to analyse and localise protein–

protein interactions in plant cells (Walter et al., 2004; Bos et al., 2010), could be used 

to demonstrate a direct interaction between the Avr3a alleles or paralogs and CMPG1 

(or other potential host virulence targets) in planta. However, it is also conceivable 

that the stabilisation of CMPG1 can occur by a mechanism that does not require a 

direct interaction between the Avr3a alleles and CMPG1 which is reminiscent of the 

ability of PEX147-3 to suppress ICD whilst not stabilising CMPG1. Vice versa, it is 

apparent that a strong interaction in Y2H, as for example observed for Avr3EMH and 

CMPG1, does not necessarily yield a strong CMPG1 stabilisation in planta.  



 
 

 

CHAPTER 5 

5 IN PLANTA COMPLEMENTATION STUDY 

 

 INTRODUCTION 5.1

To enable parasitic colonization and reproduction, plant pathogenic bacteria, fungi, 

oomycetes and nematodes deliver a repertoire of effectors into the host apoplast 

(Song et al., 2009) and inside the cells where they localise to various internal 

compartments (Boevink et al., 2011; Caillaud et al., 2012; Chapter 1). Amongst other 

functions, these effectors suppress host defence responses via diverse mechanisms 

(Chisholm et al., 2006; Jones & Dangl, 2006; Mukhtar et al., 2011). To date, seven 

protein secretion systems have been described for Gram positive and negative bacteria 

(reviewed by Tseng et al., 2009) although often mainly the type II and III secretion 

systems (T2SS, T3SS) are associated with effector delivery (McCann & Guttman, 2008; 

Zhou & Chai, 2008; Collmer et al., 2009). In contrast, biotrophic fungi and oomycetes 

utilise specialized structures known as haustoria (Panstruga, 2003; Whisson et al., 

2007) for effector delivery albeit the mechanism of RXLR effector delivery remains 

controversial (Ellis & Dodds, 2011).  

 

Bacterial effectors that are secreted via the T3SS have given us an unprecedented 

insight into the diversity and redundancy of effector complements. For example, the 

tomato and Arabidopsis pathogen Pseudomonas syringae pv. tomato (Pst) causes 

bacterial speck disease. Two strains of Pst, DC3000 that infects both tomato and 

Arabidopsis and T1, which only effects tomato, have been compared. The study 

revealed that of the 30+ currently known T3SS effectors from DC3000 about 50% are 
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missing in T1 (Almeida et al., 2009). A recent review on bacterial T3SS effectors 

concluded that effector repertoires are not only very variable but also highly 

redundant and employ various mechanisms to compromise the plant’s defences 

(Collmer et al., 2009). Indeed, bacterial mutagenesis screens combined with plant 

infection assays for Ralstonia solanacearum GMI1000 in tomato and Pst DC3000 in 

Arabidopsis have shown that only two of the over 70 R. solanacearum effectors, when 

mutated, produced a slight loss of virulence phenotype in tomato (Cunnac et al., 2004; 

Poueymiro & Genin, 2009) and only one affected lesion formation for Pst DC3000 in 

tomato (Badel et al., 2006). 

 

This is in stark contrast to P. infestans where sequencing of the genome has identified 

in excess of 500 RXLR encoding effectors and almost 200 Crinklers (Haas et al., 2009). 

Reverse genetic tools, including gene silencing, have shown that multiple effectors are 

indeed essential for pathogenicity (Vetukuri et al., 2011; Bos et al., 2010). Amongst 

these effectors is Avr3a which was shown to be highly up-regulated during infection in 

diverse isolates including T30-4, 88069 and 3928A (Genotype A2-Blue13) at 2–3 days 

post infection (dpi) (Bos et al., 2010; Cooke et al., 2012).  

 

Avr3a contains a signal peptide to facilitate transport from P. infestans haustoria into 

the extracellular matrix. From there, Avr3a is translocated into the host cytoplasm in a 

process that requires the canonical RXLR and EER amino acid motifs (Armstrong et al., 

2005; Whisson et al., 2007). Stable silencing of Avr3a in the P. infestans isolate 88069 

significantly reduces virulence in planta compared to wild type levels (Bos et al., 2010; 

Vetukuri et al., 2011), which suggests that Avr3a effector function is non-redundant 

and essential for pathogenicity in the isolate 88069 (Figure 5.1). The isolate 88069 is 
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homozygous for Avr3aEM and the corresponding silenced line, CS12, has shown similar 

growth and sporulation in vitro (Bos et al., 2010; Vetukuri et al., 2011) compared to 

wild type 88069. The cytoplasmic localization of Avr3a in host cells has enabled 

complementation assays for the loss of virulence in CS12 by transiently expressing 

Avr3aKI and Avr3aEM via A. tumefaciens in N. benthamiana prior to pathogen infection. 

However, the Avr3a mutation, Avr3aKI/Y147del, failed to exhibit the same 

complementation ability (Bos et al., 2010).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Avr3a-silenced line CS12 has lost its ability to infect the plants (A) Infection of potato 
cultivar Bintje by wild-type P. infestans isolate 88069 and (B) Avr3a-silenced line CS12 at 4 dpi. (C) 
Infection of N. benthamiana by wild-type P. infestans isolate 88069 at 6 dpi. (D) Infection of N. 
benthamiana by Avr3a-silenced line CS12 at 6 dpi. (E) Measurements of lesion sizes at 6 dpi (mm) 
upon infection of isolate 88069 or silenced line CS12 on leaves that were uninfiltrated, infiltrated 
with agromix, agroinfiltrated to express AVR3a

KI
, Avr3a

EM
, or empty pGRAB vector (Bos et al., 

2010). 

 

A B 

C D 

E
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 AIM 5.2

The aim of this study was to determine the capability of the Avr3a alleles and paralogs 

PEX147-2 and PEX14-7 to complement the Avr3aEM silenced line, CS12. The underlying 

question being asked was whether these additional P. infestans alleles and paralogs 

are fully functional in restoring virulence or if their virulence function is stronger or 

weaker if compared to Avr3aEM and Avr3aKI. 

 

 RESULTS 5.3

The ability of Avr3a alleles and paralogs to restore CS12 virulence in N. benthamiana 

was determined by transient, in planta effector expression prior to P. infestans 

infection. Recombinant A. tumefaciens containing empty vector and Avr3aKI/Y147del 

were used as negative controls while Avr3aKI and Avr3aEM functioned as positive 

controls. The growth of CS12 on the pre-inoculated areas was assessed and Trypan 

blue staining was performed for representative leaves to visualize the observed 

phenotypes (Figure 5.1). In total, four independent experiments were carried out and 

the growth of CS12 was assessed based on 72 inoculation sites per construct. Data 

were recorded and subjected to a Mann-Whitney U test to determine statistical 

differences between the samples (Figure 5.2; Table 5.1). The Mann-Whitney U test 

(also known as Mann–Whitney–Wilcoxon test) was the most suitable statistical 

analysis for the comparison of the non-parametric sample data.  

 

Compared to the empty vector control, which was duplicated on every leaf, expression 

of Avr3aKI/Y147del yielded only a moderate, but statistically significant (p= 0.026) gain in 

virulence for the Avr3a silenced line CS12. Growth of CS12 was observed on 

approximately 28% of the Avr3aKI/Y147del inoculated sites (Figure 5.1). Similarly, CS12 
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growth on sites expressing PEX147-2 and PEX147-3 was not statistically different to 

Avr3aKI/Y147del (PEX147-2; p= 0.443; PEX147-3; p= 0.115) although PEX147-3 expression 

prior to CS12 inoculation yielded statistically highly significant levels of increased 

virulence if compared to the empty vector control (p≤0.005). A somewhat comparable 

trend was also observed for the expression of Avr3aEMH and Avr3aEMG which yielded 

low levels of complementation that were not statistically significant (Avr3aEMH; p= 

0.215; Avr3aEMG; p=0.159) if compared to Avr3aKI/Y147del, but were nevertheless 

significant compared to the empty vector control (Avr3aEMH; p≤ 0.005; Avr3aEMG; p≤ 

0.005).  

 

Intriguingly, the only allele that could restore P. infestans infectivity to the same level 

as the avirulent form Avr3aKI whilst evading recognition by R3a was Avr3aEM. Indeed, 

there were no statistically significant differences between Avr3aEM, Avr3aKI, Avr3aKIH 

and Avr3aKIL in restoring virulence for CS12 (Table 5.1). The average lesion 

development in the areas transiently expressing these alleles ranged from 60–70 

inoculated sites and were significantly (p≤ 0.005) different to Avr3aEMH, Avr3aEMG as 

well as PEX147-2, PEX147-3, Avr3aKI/Y147 and empty vector controls which restored 

pathogenicity in only 14% of the inoculated and infected areas.  
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Figure 5.2: Complementation study of Avr3a
EM

 silenced P. infestans line, CS12. P. infestans disease 
development in N. benthamiana is shown at 6 days post CS12 infection (5.1A). Leaves were infiltrated 
with recombinant Agrobacterium tumefaciens carrying empty vector control (left) and Avr3a alleles 
and paralogs (right) 2 days prior to pathogen challenge. Images on the left show P. infestans ingress 
and images on the right display the same leaves after Trypan blue staining to visualise more clearly 
dead plant tissue and pathogen mycelium. 
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Figure 5.3: Complementation study of Avr3a
EM

 silenced P. infestans line, CS12. Data from four 
independent experiments are represented graphically (5.1B). Statistical significant differences of the 
samples and vector control compared to Avr3a

KI
/

Δ147Y
 are denoted by stars (***p<0.005, **p<0.05). 
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Table 5.1: Statistical analysis (Mann-Whitney U-test method) of Avr3a
EM

 silenced P. infestans line, 
CS12, complementation study by the Avr3a alleles and paralogs. Mann-Whitney U tests were used to 
determine statistical differences between the samples. The value n represents the total number of 
inoculated sites.  

 
Avr3aKI 

n;72 
Mean; 
65.27778 
Stdev; 
10.48588 
Stderror; 
1.235773 

 
Avr3aEM 

n=72 
 Mean; 
68.05555 
Stdev; 
16.83938 
Stderror; 
1.984541 

 
Avr3aKIH 

n=72 
Mean; 
69.44444 
Stdev; 
2.405628 
Stderror; 
0.283506 

 
Avr3aKIL 

n=72 
Mean; 
62.5 
Stdev; 
22.04792 
Stderror; 
2.598373 

 
Avr3aEMH 

n=72 
Mean; 
37.5 
Stdev; 
11.02397 
Stderror; 
1.299187 

 
Avr3aEMG 

n=72 
Mean; 
38.88889 
Stdev; 
14.63285 
Stderror; 
1.724498 

 
PEX147-2 

n=72 
Mean; 
23.61111 
Stdev; 
9.622501 
Stderror; 
1.134023 

 
PEX147-3 

n=72 
Mean; 
40.27777 
Stdev; 
10.48588 
Stderror; 
1.235773 

 
Avr3aKI/∆Y 

n=72 
Mean; 
27.77778 
Stdev; 
13.39396 
Stderror; 
1.578493 

 
Vector 
n=648 
Mean; 
14.0432 
Stdev; 
3.474796 
Stderror; 
0.136503 

 
Avr3aKI 

 

 
U = 2520 
p=0.725 

 
U = 2484 
p=0.595 

 
U = 2520 
p=0.730  

 
U = 1872 
p <0.005 

 
U = 1908 
p< 0.005 

 
U=1476 
p<0.005 

 
U=1944 
p< 0.005 

 
U=1620 
p<0.005 

 
U=12096 
p<0.005 
 

  
Avr3aEM 

 
 

 
U=2556 
p=0.858 

 
U=2448 
p=0.485 

 
U=1800 
p< 0.005 

 
U=1836 
p<0.005 

 
U=1404 
p<0.005 

 
U=1872 
p<0.005 

 
U=1548 
p <0.005 

 
U=11448 
p<0.005 

   
Avr3aKIH 

 
 

 
U=2412 
p=0.381 

 
U=1764 
p<0.005 

 
U=1800 
p< 0.005 

 
U=1368 
p<0.005 

 
U=1836 
p< 0.005 

 
U=1512 
p<0.005 

 
U=11124 
p<0.005 

    
Avr3aKIL 

 
 

 
U=1944 
p <0.005 

 
U=1980 
p<0.005 

 
U=1548 
p<0.005 

 
U=2016 
p<0.005 

 
U=1692 
p<0.005 

 
U=12774 
p<0.005 

     
Avr3aEMH 

 
 

 
U=2556 
p=0.864 

 
U=2196 
p=0.046 

 
U=2520 
p=0.733 

 
U=2340 
p=0.215 

 
U=18576 
p<0.005 

      
Avr3aEMG 

 
 

U=2160 
p= 0.031 

U=2556 
p=0.865 

U=2304 
p=0.159 

U=18252 
p<0.005 

     

 

 
PEX147-2 

 
 

U=2124 
p=0.020 

U=2448 
p=0.443 

U=22140 
p=0.282 

     

  

 
PEX147-3 

 
 

U=2268 
p=0.115 

U=17928 
p<0.005 

     

   

 
Avr3aKI/∆Y 

 
 

U=20844 
p=0.026 
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 DISCUSSION 5.4

To date, four Phytophthora genomes have been sequenced and annotated and include 

P. sojae, P. ramorum (Tyler et al., 2006), P. infestans (Haas et al., 2009) and P. capsici 

(Lamour et al., 2011). Furthermore, the closely related species to P. infestans, P. 

ipomoeae, P. mirabilis and P. phaseoli, have also been studied (Raffaele et al., 2010). 

Effectors of the RXLR class are highly abundant in these Phytophthora genomes and 

current predictions estimate over 350 such genes in these various genomes (Jiang et 

al., 2008; Haas et al., 2009; Lamour et al., 2011). The RXLR motif is also found in 

effectors from the oomycete Hyaloperonospora arabidopsidis (Baxter et al., 2010) 

which belongs, like P. infestans, P. ramorum and P. sojae, to the Peronosporales. In 

addition, RXLR-like effectors have been found in Saprolegnia parasitica (Wawra et al., 

2012b) but not in the oomycetes Pythium ultimum (Levesque et al., 2010) or Albugo 

labachii (Kemen et al., 2011). 

 

In addition to RXLR-containing effectors, a second group of effectors termed crinklers 

(CRNs) has been described in Phytophthora species (Haas et al., 2009; Schornack et al., 

2010). The name crinkler describes the leaf crinkling and cell death phenotype 

associated with the expression of some CRNs in planta. Approximately 196 CRNs have 

been identified in P. infestans, 100 in P. sojae and 19 in P. ramorum (Haas et al., 2009). 

Like RXLR effectors, CRNs are bi-modular and contain a canonical N-terminal domain 

which harbours the conserved LXLFLAK motif that is required for translocation into the 

host plant (Schornack et al., 2010) and diverse C-terminal sequences that are thought 

to promote virulence (Haas et al., 2009). Interestingly, CRNs have also been found in 

the oomycete pathogens P. ultimum and Aphanomyces euteiches which form no 

haustoria (Jiang et al., 2008; Gaulin et al., 2008; Schornack et al., 2010). Considering 
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the large number of RXLR and CRN effectors in P. infestans, it is surprising that single 

effectors such as Avr3a appear to be essential for pathogenicity in oomycete 

pathogens. Indeed, as mentioned before, this finding is in stark contrast to bacterial 

T3SS effectors which are less abundant yet highly redundant (Collmer et al., 2009). 

Nevertheless, Avr3a is not the only essential P. infestans effector for which silencing 

yields a significant reduced virulence phenotype (Bos et al., 2010; Ventukuri et al., 

2011) and about 20 additional RXLRs have generated similar phenotypes (Whisson et 

al., unpublished). Similarly, two CRN effectors from P. sojae have shown to be essential 

for pathogenesis by suppressing host defence responses including suppression of host-

cell death responses and callose deposition (Liu et al., 2011). 

 

Bos et al. (2010) has shown that both P. infestans Avr3aKI and Avr3aEM can complement 

CS12 and are essential for P. infestans pathogenicity whereas Avr3aKI/Y147del fails to 

restore pathogenicity. The data presented in this study are in good agreement with the 

previous findings (Figure 5.1). Furthermore, the data presented here demonstrate that 

Avr3aKIH and Avr3aKIL also restore virulence of CS12, whereas Avr3aEMH and AVR3EMG as 

well as PEX147-2 and PEX147-3 do not complement CS12 to statistically significant 

levels (Figure 5.2).  

 

The inability of PEX147-2 to complement CS12 is not surprising considering that the 

protein product is unstable in planta (Figure 3.11). Therefore, PEX147-2 could be seen 

as a control alongside empty vector and Avr3aKI/Y147del. Indeed, expression of Pex147-2 

did not yield a statistically significant growth rate for CS12 if compared to empty vector 

control (p= 0.282) and Avr3aKI/147del (p= 0.443).  
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It is, however, surprising that whilst Avr3aKIH could restore virulence of CS12, Avr3aEMH 

could not, despite sharing the same amino acid substitution. Based on the low 

frequency of the change Q133H in the Avr3aKI and Avr3aEM background (Table 3.1; 

Figure 3.1), it is tempting to speculate that this change is slightly detrimental to Avr3a 

function. In previous functional studies, Avr3aKI appeared to be slightly superior 

(statistically significant in some cases) if compared to Avr3aEM in suppressing CMPG1-

dependent cell death responses including ICD, CF-9/Avr9, CF-4/Avr4, cellulose-binding 

elicitor lectin (CBEL) recognition, Pto/AvrPto interaction and Erwinia amylovora (Eam) 

nonhost response in N. benthamiana (Bos et al., 2006; 2009; 2010; Gilroy et al., 

2011a). The same observation was made in this study (Chapter 4) where Avr3aKI had a 

stronger, yet not statistically significant cell death suppression activity if compared to 

Avr3aEM (Figure 4.1). Thus, if the Q133H has a slightly negative impact on functionality, 

Avr3aKIH remains potentially above the required activity threshold for functionality 

whereas Avr3aEMH is below the required threshold. Indeed, unlike Avr3aKIH, Avr3aEMH 

did not suppress ICD or the recognition response following co-infiltration of CF-4 with 

Avr4 and only weakly stabilized CMPG1 in planta (Figure 4.1; Figure 4.2; Figure 4.3) 

which is in line with the compromised functionality hypothesis presented here.  

 

In this context, it is also feasible that the function of Avr3aEMG has been compromised 

and is below the threshold required for restoring full virulence of CS12, whereas 

Avr3aKIH and Avr3aKIL remain above this boundary. It is interesting to note that 

nevertheless, Avr3aEMG suppresses CMPG1-dependent cell death responses including 

ICD and CF-4/Avr4 (Figure 4.1; Figure 4.2). Albeit that a lack of concrete evidence exists 

at this stage to support the molecular basis of the phenotype, the outcome could be 

explained in at least two ways: A) the mode of action by which Avr3aEMG (and 



114 
 

 

potentially also Avr3aEMH) interacts with and stabilizes CMPG1 is different to Avr3aEM 

or quantitatively not as efficient or as effective. B) CMPG1 is an important virulence 

target for Avr3a but not the only essential target and Avr3aEMH is compromised in 

effectively modifying the additional (unknown) host target(s). In support of these 

hypotheses is the fact that, in yeast-2-hybrid assays, Avr3aEMG interacts only with three 

of the eight interactors identified for Avr3aEM. However, CMPG1 was not amongst the 

Y2H interactors of Avr3aEMG which is in contrast to the western and confocal analyses 

(Figures 4.3; Figure 4.5C) and could potentially point towards a false-negative result.  

 

The low frequency by which the additional alleles are found in nature and the fact that 

Pex147-3 is not expressed in P. infestans is in good agreement with the mutation 

studies conducted by Bos et al. (2009). It appears that Avr3a tolerates relatively few 

mutations to retain functionality and, in the case of Avr3aEM, to continue to evade 

recognition by R3a. Pex147-3, which is more closely related to Avr3a than Pex147-2 

(Armstrong et al., 2005), can be distinguished from Avr3a by 8 synonymous and 20 

nonsynonymous polymorphisms (Armstrong et al., 2005). It appears that Pex147-3 can 

suppress ICD independently of stabilizing CMPG1 (Figure 4.1) but that Avr3a has 

acquired additional functions that are required to restore virulence in CS12 that are 

missing in Pex147-3. 

 

The data presented here provide clear evidence that ICD suppression alone is not the 

only (essential) virulence function for Avr3a. Albeit Bos et al. (2009; 2010) 

demonstrated that the C-terminal tyrosine in position 147 in Avr3aKI is crucial for 

suppressing ICD and deletion of this amino acid fails to restore virulence of C12, 

Avr3aEMG and PEX147-3 could suppress ICD but were unable to restore virulence of 
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CS12. Indeed, ICD suppression appears to be redundant in P. infestans as at least two 

additional RXLR effectors, PexRD8 and PexRD3645-1, also suppress ICD (Oh et al., 

2009).  



 
 

 

CHAPTER 6 

6 GENERAL DISSCUSSION AND FUTURE WORK 

 

 GENERAL DISCUSSION 6.1

Due to the socioeconomic importance of potato as a crop and the impact of late blight 

disease on food security, there is a need to secure potato production worldwide. 

Approaches that are currently being implemented to reduce losses to pathogens whilst 

increasing yield include integrated disease management which aims to provide the 

most suitable growing and storing conditions for pathogen free production. However, 

the use of environmentally harmful fungicides (up to 20 applications per growing 

season) remains an integral part of current potato production methods (Hansen et al., 

2007). The identification and deployment into cultivars of broad spectrum disease 

resistance genes offer an opportunity to substantially reduce the amount of pesticide 

applications.  

 

However, traditional breeding methods have not taken advantage of the emerging 

knowledge of pathogen infection mechanisms and the role of effectors to identify 

and/or engineer durable R genes (Vleeshouwers et al., 2011). In a paradigm shift from 

conventional breeding, the use of universally expressed and essential pathogen 

effectors (also known as core effectors) as the chief drivers to identify more durable 

resistances provides a unique opportunity to realize durability (Birch et al., 2008). This 

approach relies, however, on a detailed knowledge of effector diversity and their 

mode of action and functional redundancy (Vleeshouwers et al., 2008). 
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The focus of this study was the P. infestans effector Avr3a and the recently discovered 

limited naturally occurring diversity. Importantly, I have shown that this restriction of 

Avr3a diversity is most likely a result of the pathogen’s need to maintain Avr3a 

function to promote virulence.  

 

Chapter Three of this thesis expands on the findings of Armstrong et al. (2005) who 

demonstrated that two major haplotypes, Avr3aKI and Avr3aEM, explain avirulence and 

virulence, respectively in potato plants carrying the cognate R3a gene. Sequence 

diversity of Avr3a was established in the Toluca Valley in Mexico, a centre for 

Solanum/P. infestans co-evolution (Gruenwald & Flier, 2005) by Armstrong et al 

(unpublished). Additional alleles, Avr3aKIL, Avr3aKIH, Avr3aEMG and Avr3aEMH, were 

identified. These allelic variations were found within the C-terminal domain of the 

effector. Win et al. (2007) demonstrated that typically this part of effectors exhibits 

increased levels of polymorphism compared to the N-terminal domain which contains 

the signal peptide and RXLR (EER) domain(s) which are associated with effector 

secretion and translocation, respectively. This trend seems to be true for Avr3a. In 

addition to the here described amino acid substitutions, further C-terminal amino acid 

polymorphisms N77T, N74D, R81K, C95G have been reported alongside K80E and 

I103M in P. infestans isolates collected in the Northern Andean region (Cardenas et al., 

2011). N-terminal amino acid changes in Avr3a include N15Y and S19C, the latter 

which was also found in the Toluca Valley (Cardenas et al., 2011; Armstrong et al., 

unpublished) but not the subject of this study. It was proposed by Armstrong et al. 

(2005) that Avr3aEM arose from an avirulent allele (e.g. Avr3aKI) in a process that 

involved gene duplication and was driven by positive selection. The additional Avr3a 

alleles which have been studied in this thesis are likely to have arisen from mutations 
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within the Avr3aKI or Avr3aEM background, respectively. Only one amino acid 

substitution is shared between Avr3aKI and Avr3aEM (Q133H) and could be a result of a 

gene conversion event (Chen et al., 2007). 

 

The frequency of these newer alleles is, however, very low (Table 3.1; Figure 3.1) and 

Avr3aKIL, Avr3aKIH, Avr3aEMG and Avr3aEMH exist only in conjunction with either Avr3aKI 

and/or Avr3aEM. The limited diversity found for Avr3a in naturally occurring isolates is 

in line with laboratory studies described by Bos et al. (2009) where mutagenesis of 

Avr3a often yielded unstable proteins, gain of recognition by R3a or loss of virulence 

function. By threading the amino acid substitutions onto the established protein 

structure of P. capsici effector Avr3a11, a homolog of P. infestans Avr3a, it was 

demonstrated that the polymorphic amino acids locate to surface exposed residues 

(Boutemy et al., 2011). Using the same approach for PEX147-2, it was shown that an 

amino acid insertion displaces a buried tyrosine that is key to the protein structure. 

Subsequently, it was shown that, indeed, PEX147-2 is unstable in planta and upon 

expression in yeast. 

 

It is often thought that effector proteins and their cognate host resistance genes 

rapidly co-evolve (Ma & Guttman, 2008; McCann & Gutmann, 2008). Therefore, it was 

initially predicted that Avr3a should be highly mutable and diverse in P. infestans 

populations as isolates that could overcome R3a emerged quickly following the 

deployment of this resistance into potato cultivars in the 1950s (Fry 2008; 

Vleeshouwers et al., 2011). However, the conservation of Avr3a is in stark contrast to 

the diversity of the R genes within the locus of the cognate potato resistance gene 

R3a. The R3 locus is the second largest NB-LRR gene cluster in potato and contains 24 
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members on chromosome 11 (Jupe et al., 2012). Nevertheless, Avr3a is not the only 

effector recognised by genes from the R3 locus and, in addition to R3a (Huang et al., 

2005), the functionally validated potato and tomato R genes R3b which recognised the 

P. infestans effector AVR3b (Li et al., 2011b), and the Fusarium oxysporum resistance 

gene I2, reside in this group (Ori et al., 1997). Unlike the H. arabidopsidis effector 

ATR13 and the cognate Arabidopsis resistance gene RPP13, which show very close co-

evolution and an almost matching diversity (Allen et al., 2004), Avr3a and R3a appear 

to display contrasting evolution. Indeed, ATR13 and RPP13 display balancing selection, 

(also known as trench warfare) where long-lived R genes and effector variants are 

stably maintained within populations (Bakker et al., 2006). R3 genes display a 

somewhat similar balancing selection whereas Avr3a shows hallmarks associated with 

an ‘arms race’ where selective sweeps result in rapid turnover of Avr alleles and yield 

loci with few, relatively young alleles (Bakker et al., 2006). 

 

In addition to the low diversity, the naturally occurring alleles that were tested in this 

study were recognised by R3a if they contained the amino acids K80 and I103. The 

paralog PEX147-3, which shares the amino acid K80 but displays an I103V substitution, 

is also recognised by R3a whereas PEX147-2 was found to be unstable in planta. These 

results are in line with the analysis conducted by Bos et al. (2006; 2009), which showed 

that regardless of the polymorphism at position 103, the amino acid residue K80 is 

critical for R3a recognition. Importantly, this also suggests that the naturally occurring 

Avr3aKI derived variants do not offer an advantage over Avr3aKI in plants that contain 

R3a. A role as dominant-negative effectors that suppress Avr3a-R3a recognition could 

be ruled out for all alleles and paralogs (Figure 3.12). To elucidate the functionality of 

the naturally occurring Avr3a alleles and the paralogs PEX147-3 and PEX147-2, their 
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ability to suppress host immunity, an activity typically associated with pathogen 

effectors (Block & Alfano, 2008), was assessed.  

 

In Chapter Four, the focus was initially on the well established virulence role of Avr3a, 

to interact with and perturb CMPG1-dependent cell death responses (Bos et al., 2010; 

Gilroy et al., 2011b). Both Avr3aKI and Avr3aEM have been shown to suppress host 

immunity induced by INF1 by interacting with and stabilizing CMPG1 (Bos et al., 2010). 

Naturally occurring variants derived from Avr3aKI are functionally similar to Avr3aKI in 

that they interact with and stabilise CMPG1 in planta and suppress ICD and CF-4/Avr4 

cell death responses. In contrast, only Avr3aEMG stabilises CMPG1 in planta to a level 

that is comparable with Avr3aEM albeit not as efficiently as Avr3aKI (summarised in 

Figure 6.1). Upon co-infiltration with CMPG1 in planta, Avr3aEMH produced the weakest 

CMPG1 stabilisation product in western and confocal microscopy analysis. In line with 

this, Avr3aEMH is unable to perturb ICD or CF-4/Avr4 cell death elicitation in the model 

plant N. benthamiana (Figure 4.3A). Intriguingly, PEX147-3, which did also not interact 

with or stabilise CMPG1 in planta, suppresses INF1 but not CF-4/Avr4 mediated cell 

death. This suggests that PEX147-3 functions either downstream or independently of 

CMPG1. Interestingly, the P. infestans effector RD8 also suppresses ICD (Oh et al., 

2009) and interacts, like PEX147-3, with KIPI-25 but not with CMPG1 (Armstrong et al., 

unpublished). Armstrong et al. (unpublished) have further shown that in Y2H assays, 

KIPI-25 weakly interacts with CMPG1 and it is therefore tempting to speculate that this 

interaction could indirectly perturb CMPG1. 

 

In Chapter Five the Avr3a silenced line CS12 was used to assess if CMPG1 stabilisation 

is the only essential virulence function of Avr3a. Using the mutant Avr3aKI/Y147del, which 
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is recognised by R3a yet unable to interact with and stabilise CMPG1 in planta and 

does not restore virulence of CS12 upon transient expression in N. benthamiana, Bos 

et al. (2010) have shown that CMPG1 modification is an important virulence function. 

However, in addition to CMPG1, a further 12 host proteins interact with Avr3aKI and/or 

Avr3EM in the Y2H system (Bos et al., 2010). Albeit the Y2H analysis for the naturally 

occurring Avr3a alleles in Chapter 4 was somewhat inconclusive due to the presence of 

false negatives and false positive interactions (e.g. the failure of Avr3aKIL and Avr3aEMG 

to interact with CMPG1 whereas Avr3aEMH did interact; Table 4.4), with the exception 

of KIPI-5, these interactions were confirmed in various combinations.  

 

The complementation assay is one of the most informative functional assessment 

tools. Standard virulence tests often focus on simple readouts such as perturbation of 

callose deposition, ICD suppression or other forms of PCD suppression (e.g. Wang et 

al., 2011; Anderson et al., 2012) whereas the in planta complementation assay allows 

study of effector function in a holistic approach. It is thus remarkable that only Avr3aKI, 

Avr3aKIL, Avr3aKIH and Avr3aEM restore virulence of CS12 whereas Avr3aEMH and 

Avr3aEMG, the latter two which interacted and stabilised CMPG1, do not. It should, 

however, be pointed out that we know very little about the exact molecular 

modifications of CMPG1 in planta and it is conceivable that Avr3a not only stabilises 

CMPG1 but also modifies it in an hitherto unknown way. The latter function could, for 

example, be compromised in Avr3aEMH and Avr3aEMG. Alternatively, in the case of 

Avr3aEMH where CMPG1 stabilisation was weakest, sufficient endogenous CMPG1 

could escape stabilisation and thus yield a resistance response that is sufficient to stop 

development of CS12. Nevertheless, Avr3aEMH and Avr3aEMG restore virulence to levels 

that are only comparable to Avr3aKI/Y147del, PEX147-2 and PEX147-3. There is thus 
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evidence, that CMPG1 stabilisation is unlikely the only essential virulence function of 

Avr3a (Figure 6.1).  

 

 

Figure 6.1: Activity of Avr3a
KI

 and Avr3a
EM

 (both in bold) together with their allelic variants (blue for 
Avr3a

KI
 and red for AVR3

EM
 -derived alleles) and paralogs, PEX147-2 and PEX147-3. Recognition by R3a 

is shown alongside their ability to interact with and stabilise CMPG1, suppression of INF1 and CF-
4/Avr4 cell death as well as restoring pathogenicity of CS12. Tightly grouped effectors were shown not 
to be statistically different if compared to the appropriate experimental control. The order of 
effectors within tightly linked groups is indicative of their relative activity in the individual assays but 
does not necessary reflect statistically significant differences. The Figure summarises the following 
data: R3a recognition – Figures 3.8 and 3.9; CMPG1 stabilisation – Figure 4.3; INF1 cell death 
suppression – Figure 4.1; AVR4/CF-4 cell death suppression – Figure 4.2; CS12 complementation – 
Figure 5.2. 

 

An interesting concept in evolutionary biology is the idea of a cost-of-virulence. This 

cost is typically associated with adaptation of pathogens following a gene-for-gene 

model and suggests that adaptations to e.g. host resistances incur a cost for the 

pathogen (Vanderplank, 1984). The cost of virulence is often associated with a 

decrease in fitness which could be defined as the ability of an organism to survive and 

reproduce (Frank, 1993). In Vanderplank’s model (Vanderplank, 1984) it is assumed 

that, in the absence of the resistance gene, isolates that would otherwise be avirulent 
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have higher fitness than those that are virulent. Bahri et al. (2009) showed that, in the 

absence of the cognate resistance genes, near isogenic genotypes of the fungal wheat 

pathogen Puccinia striiformis f.sp. tritici, that differed in the expression of single 

virulence factors, vir4 and vir6, suffered significant fitness costs on wheat. However, in 

the same study, the authors demonstrated that expression of vir9 provided an 

advantage to the yellow rust fungus P. striiformis f.sp. tritici. Unfortunately, however, 

the near-isogenic lines were determined based on AFLP markers, and variations in 

multiple genes (and effectors) could not be ruled out. Furthermore, the virulence 

genes were inferred based on infection assays on differential wheat cultivars and not 

by a detailed knowledge of the effectors (Bahri et al., 2009).  

 

With the knowledge of effectors in mind, the cost of virulence model suggests that 

diversity (sequence or expression) within effector genes that determine the change 

from avirulence to virulence is often associated with a decrease in fitness. If thought 

through for Avr3aKI (Avirulent) and Avr3aEM (Virulent) this hypothesis has two 

implications:  

a) if accepting this hypothesis, one would predict a widespread recognition of Avr3aKI 

in wild Solanaceae hosts of P. infestans either through R3a or other, not yet identified 

R genes. Indeed, R3a is predicted to be an ancient gene that originates from central 

Mexico, is widely deployed in potato cultivars and functional homologs have been 

identified within wild species such as S. stoloniferum (Rpi-sto2) (Vleeshouwers et al., 

2011). Taking the dominance of Avr3aEM in P. infestans populations into consideration, 

this would also rule out that other P. infestans effectors could perturb the recognition 

of Avr3aKI or at least that these inhibiting effectors are not frequently found which 

could again be associated with pathogen virulence costs.  
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b) if the above hypothesis is dismissed, then there is no cost of virulence associated 

with Avr3aEM. Support for this comes from a recent P. infestans sequencing project. 

Cooke et al. (2012) sequenced one of the most aggressive contemporary P. infestans 

isolates of cultivated potato. If compared to the reference genome of T30-4 (Haas et 

al., 2009), the isolate 06_3928A of the lineage 13_A2 displays extensive sequence and 

expression polymorphisms throughout the genome and within effector genes. The 

isolate expresses Avrblb1, Avrblb2 and Avrvnt1 that are recognised by Rpi_blb1, Rpi_ 

blb2 and Rpi_vnt1, respectively (Hein et al., 2009). However, 06_3928A is homozygous 

for Avr3aEM and, by expressing Avr2-like instead of Avr2 (Gilroy et al., 2011a) and not 

expressing Avr4 (Van Poppel et al., 2008) evades recognition by R3a, R2 and R4 

respectively. A transgenic line of 06_3928A that stably expresses Avr2 to demonstrate 

that Avr2 is specifically recognised by R2 (Gilroy et al., 2011a) did not yield a growth 

advantage on susceptible potato cultivar Craigs Royal. Subjectively, the wild type 

isolate grew more vigorously although effects from the transformation procedure 

cannot be ruled out. As already mentioned for Avr4, mutations, deletion or lack of 

expression in other P. infestans isolates does not interfere with pathogen fitness, 

which explains why virulent races have evolved rapidly and are found at high 

frequencies (Vleeshouwers et al., 2011). It is highly likely that in such cases functional 

redundancy in the effector complement can compensate for the loss of an effector 

gene to maintain the pathogen’s fitness (Birch et al., 2008).  

 

Avr3a is, however, an essential effector and, at least in the silenced P. infestans isolate 

88069, not functionally redundant. In the conducted complementation assays shown 

in Figures 5.1, Figure 5.2 and Table 5.1, there was no statistically significant difference 

in restoring virulence between Avr3aEM, Avr3aKI, Avr3aKIL and Avr3aKIH and thus no 
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obvious cost of virulence in the traditional sense. However, a new definition of the cost 

of virulence is conceivable that could be termed ‘cost of dependency’. In order to 

maintain virulence, P. infestans requires Avr3a and to evade recognition by R3a, the 

pathogen relies on Avr3aEM. Naturally occurring diversity of Avr3aKI remains recognised 

by R3a whereas diversification of Avr3aEM yields a loss of virulence. Thus, P. infestans 

might be vulnerable to resistances that recognise Avra3EM unless hitherto unknown 

suppressers have been co-evolved that prevent events downstream of recognition.  

 

The concept of multiple effectors acting together to protect effector function is not 

unprecedented (e.g. Hogenhout et al., 2009; Wang et al., 2011). For example, recent 

studies on the P. infestans effector IPI-O, supports this synergy concept (Chen et al., 

2012). The alleles IPI-O1 and IPI-O2 elicit Rpi_blb1 (RB) dependent resistance in potato 

(Champouret et al., 2009). However, isolates that in addition to IPI-01 contain IPI-O4 

variants can infect plants containing Rpi_blb1 by suppressing R gene activity 

(Halterman et al., 2010). 

 

Without evidence of effectors that could interfere with Avr3aKI and Avr3aEM 

recognition, Avr3a fulfils all the criteria required to find more durable resistance. 

Indeed, following the research outlined in this thesis, concerted efforts are underway 

to identify NB-LRRs that recognise all functional Avr3a forms or Avr3aEM specifically 

and which could then be deployed together with R3a. Approaches include searches for 

naturally occurring resistances (Bryan & Hein, 2008) and engineering R3a based gain of 

recognition forms (Stevens et al., unpublished; Vleeshouwers et al., 2011). 
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The main conclusions of this study can be summarised as follows: 

 Limited Avr3a diversity is associated with the need for the effector to promote 

virulence whilst retaining protein stability in planta.  

 Only Avr3aEM evades recognition by R3a whilst providing full virulence function 

 CMPG1 stabilisation is not necessarily the only essential function of Avr3a 

 There is potentially a cost associated with effector dependency as all studied 

isolates of P. infestans contain Avr3aKI and/or Avr3aEM. Loss of Avr3a yields 

significantly reduced pathogenicity and only limited amino acid changes are 

permitted to retain functionality  

 Identification or engineering of a resistance gene(s) that recognises Avr3aEM or 

Avr3aEM and Avr3aKI could provide more durable resistance. 

 

 FUTURE WORK 6.2

As is typical for scientific studies, by answering the question if the naturally occurring 

Avr3 variants are functional, additional questions have been raised: 

 

1. What is the role of KIPI-25? 

Pex147-3 suppresses ICD but fails to suppress cell death mediated by CF-4/Avr4. 

Similarly, RD8 also suppresses ICD (Oh et al., 2009) and, like PEX147-3, does not 

interact with CMPG1 in yeast. However, both PEX147-3 and RD8 have been shown to 

interact with KIPI-25 in Y2H assays. In turn, KIPI-25 interacts with CMPG1 in yeast 

(Armstrong et al., unpublished). It is conceivable that this host virulence target 

functions down-stream of CMPG1 or, alternatively, functions independently of CMPG1 

to suppress INF1 mediated cell death. Thus, follow up experiments could involve the 
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generation of VIGS construct to silence KIPI-25 transiently in N. benthamiana and to 

then study the effects on ICD, CMPG1 stabilisation and pathogen virulence.  

 

2. Do effectors from other oomycetes also target KIPI-25 or CMPG1 and do they 

suppress ICD? 

The importance of KIPI-25 in suppressing ICD could be further investigated by using the 

H. parasitica effector ATR1Emoy3 that has been shown to interact with KIPI-25 but not 

with CMPG1 (Armstrong, unpublished). ATR1 variants ATR1Noks1, which does not 

interact with either KIPI-25 or CMPG1, could be used as a control to establish if 

ATR1Emoy3 but not ATR1Noks1 suppresses ICD. 

 

3. What is the nature of the CMPG1 stabilisation? 

CMPG1 has been shown to be an essential virulence target for Avr3a and is stabilised 

by Avr3aKI and Avr3aEM (Bos et al., 2010). Interestingly, Avr3aEMG also interacts with 

CMPG1 to suppress CMPG1-mediated cell deaths including ICD and CF-4/Avr4 but fails 

to restore pathogenicity of CS12. Similarly, Avr3aEMH stabilises CMPG1 somewhat in 

planta but does not suppress ICD and CF-4/Avr4 mediated cell death. Thus, future 

studies to elucidate the molecular mechanisms of CMPG1 perturbation could be 

conducted.  

 

4. Is Avr3a a promiscuous effector with many essential host virulence functions? 

In addition to CMPG1, Avr3a interacts with numerous host virulence targets (Bos et al., 

2010). Their role remains yet to be discovered and could involve VIGS studies to assess 

their impact on pathogenicity.  
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5. Is Avr3a function conserved across oomycetes? 

Avr3a homologs have been identified in P. capsici (Yeano et al., 2011; Boutemy et al., 

2011). The P. infestans Avr3aEM silenced line CS12 could be used to assess if the P. 

capsici effectors are true orthologues and if, as such, they can reconstitute virulence of 

CS12 in N. benthamiana. 

 

6. Can we find durable host resistance? 

Avr3aEM has been identified in this study as a strong candidate for more durable potato 

resistance breeding. Thus, the next step is to generate potato plants with an enhanced 

resistance spectrum and durability by incorporating naturally occurring NB-LRRs or 

engineered, synthetic R genes with expanded pathogen recognition specificities that 

includes recognition of Avr3aEM. Gain-of-function variants of R3a (R3a*) have already 

been engineered by an iterative process of random mutagenesis and shuffling of the 

leucine rich repeat (LRR)-encoding region of R3a which is associated with Avr3a 

recognition (Stevens et al., unpublished).  

 

7. Does Avr3a play a role in non-host resistance in closely related Solanaceae species? 

Non-host resistance is a form of defence found in plants outside the pathogen’s host 

range. Non-host resistance provides protection to all isolates of a given pathogen and 

is thought to be more durable (Schulze-Lefert & Panstruga, 2011). It has been 

speculated that the contribution of PTI and ETI to non-host resistance is relative to the 

phylogenetic distance between host and non-host species (Schulze-Lefert & Panstruga, 

2011). According to this hypothesis, for a given pathogen, if the phylogenetic distance 

between host and non-host plants increases, the non-host resistance to this pathogen 

is more likely based on PTI. On the other hand, if the phylogenetic distance between 
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host and non-host plants decreases, ETI is expected to be the main constituent of the 

non-host resistance. As an essential effector from P. infestans, it is conceivable that 

recognition of Avr3a triggers a non-host HR in other Solanaceae plants such as pepper 

or Nicotiana species (e.g. Nicotiana sylvestris). This could be assessed by expressing 

Avr3 alleles transiently via A. tumefaciens in non-host species and assessing 

recognition specificities.  
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