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Abstract  

The late blight pathogen, Phytophthora infestans, is the most destructive pathogen of its 

solanaceous hosts potato and tomato. It is a threat to global food security and it is therefore 

important to understand the cellular and molecular dynamics underlying colonisation of 

its host plants. This greater understanding will inform strategies to improve host plant 

resistance. In addition to studying the cell biology of the interaction, it is important to 

understand the temporal changes in gene expression and regulation during host-pathogen 

interactions at the earliest infection time points. Previously published transcriptomic 

studies of P. infestans used two days post infection (dpi) as the earliest sampling time 

point. Expression of a marker gene (Hmp1) for biotrophy and a selection of effector 

coding genes has been reported as early as 12 hours post inoculation (hpi), suggesting 

that infection was initiated before then. Transcriptomic studies of P. infestans have 

focussed mostly on leaf tissue, and there is still a lack of research on the transcriptome of 

P. infestans grown in alternative plant tissues such as tubers, or in host cell-free apoplastic 

fluid. This thesis explores transcriptomic studies of the early, biotrophic stages of potato 

infection by Phytophthora infestans, which is critical for understanding which genes are 

involved at what stages of infection development. 

By using the latest sensitive microarray technology to study the P. infestans transcriptome 

in an infection time course that remained biotrophic for its duration, a list of 1,707 

transcripts of P. infestans were discovered to be differentially expressed. This list 

included 114 transcripts for RxLR effectors, out of which 26 were detected from 12 hours 

post infection, including: Avr2, Avr3a, Avrblb1 (ipi01), Avrblb2, and the recently 

characterised RD2. Also of interest was that transcripts encoding a PAMP (CBEL) 

detected at 12 hours, were suppressed in the pathogen by 24 hours. Transcripts encoding 

55 RxLR effectors were co-expressed (with >95 % correlation coefficient) with the 
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biotrophy marker gene Hmp1, suggesting that these effectors are important throughout 

the biotrophic stages of infection. QRT-PCR and cell biology data supported the 

expression of the biotrophy marker gene Hmp1 as early as 12 hours after infection and 

this was further supported by the co-expression of avirulence genes such as Avr2 and 

Avr3a. A set of 17 transcripts, including six cytoplasmic effectors (RxLR effectors), as 

well as a transcript encoding an apoplastic effector (glucanase inhibitor), was found to be 

infection-specific, supporting the hypothesis that these genes might have roles in 

establishing biotrophy. 

By examining pathogen behaviour in tuber tissue, clear cell biology evidence of 

functional haustoria was found. Gene expression analysis of a selection of leaf infection-

related genes suggested that effectors are used to promote infection also in host tuber 

tissue. However, some cytoplasmic RXLR effector proteins such as PITG_05146 and 

PITG_15128, which were up-regulated during biotrophic infection of leaf tissue, were 

not detected during tuber infection, indicating potential differences in pathogenic 

requirements. 

A microarray experiment was conducted on in vitro stages of zoospores, and mycelium 

grown in apoplastic fluid of N. benthamiana, nutrient rich pea broth, and sterile water. 

This revealed 13,819 transcripts that were differentially expressed between any two 

conditions. This list included transcripts encoding 322 RxLR effectors, of which 

avirulence effectors such as Avr2, Avr3a, and RD2 were highly up-regulated during 

hyphal growth in apoplastic fluid compared to other in vitro stages. This provides 

evidence that the apoplast contains chemical signals that induce expression of infection-

related genes in P. infestans. Curiously, the leaf infection-specific genes identified in 

Chapter 3 were not expressed when P. infestans was grown in apoplastic fluid, revealing 
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that additional stimuli are required for induction of all necessary pathogen genes during 

infection.  

Future research, building upon the findings from this project, should be focused on the 

following areas: 1) Explore whether haustoria are produced only in order to deliver 

effectors or if there are other purposes as well, such as nutrient uptake; 2) The continued 

exploration of differences between genes co-expressed with Hmp1 during leaf infection, 

tuber infection, and in apoplastic fluid to further dissect the transcriptional regulation of 

these genes; 3) Identify whether Hmp1-co-expressed genes of unknown function may 

play a role in haustorium formation; 4) Investigate, using molecular transformation and 

cell biology, whether secreted proteins co-expressed with Hmp1 are secreted from 

haustoria; 5) Investigate the role(s) of infection-specific genes in establishing disease. 6) 

Transcriptomic studies of P. infestans biotrophic infection of tuber tissue to determine 

the differences in pathogenic adaptation in this tissue type, compared to leaf infection. 
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1.3 Phylogenetic position of oomycetes 

Oomycetes are not fungi, and belong to the stramenopiles super group (Birch and 

Whisson 2001; Burki et al., 2007). Also called heterokonts (kingdom Chromista), they 

are most closely related to brown algae and diatoms (Baldauf et al., 2000; Cavalier-Smith 

and Chao, 2006; Thines & Kamoun, 2010; Beakes et al., 2012). Sequencing of conserved 

genes from different organisms has helped to set the phylogenetic placement of 

oomycetes. Evidence from expressed sequence tag (EST) data from Burki et al. (2007) 

and Baldauf (2008) suggest the existence of the super-group SAR (stramenopiles, 

alveolates, rhizaria) forming the largest and most diverse division within eukaryotes. 

Stramenopiles are characterised by flagella consisting of rows of stiff and tripartite hairs, 

which enable swimming in water by dragging the cell forward. Cavalier-Smith and Chao 

(2006) suggested the evolutionary phylogenetic relationships of oomycetes and their 

relatives are within the super-kingdom chromalveolata. The kingdoms alveolata and 

chromista belong to this super-kingdom. Within the alveolata there are three groups; 

dinoflagellates, apicomplexans, and ciliates. Kingdom chromista contains the heterokonta 

(stramenopila), comprising five phyla: bigyra (labyrinthulids thraustochytrids, becoicids 

and opalinids), ochrophyta (ochrophytes), pseudofungi (hypochitrids, pirsonia, 

developayella, and oomycetes), haptophyta, and cryptophyta. According to Cavalier-

Smith and Chao (2006), there are eight different groups within ancestral photosynthetic 

heterokonts: apicomplexan and ciliates in alveolata; labyrinthulids, thraustochytrids, 

becoicids and opalinids in bigyra; hypochitrids, pirsonia, developayella, and oomycetes 

in pseudofungi. In oomycetes, the plastid has been lost to become non-photosynethetic 

organisms (Figure 1.3). Baldauf (2008) described that stramenopila can either be 

photosynthetic, such as algae, diatoms, or xanthophytes, or non-photosynthetic, such as 

oomycetes, bicosoecids, or opalinids. The non-photosynthetic oomycetes are 
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Aphanomyces euteiches; turf-grass blight caused by Pythium ultimum; the fresh water fish 

pathogen, Saprolegnia parasitica; and pythiosis in mammals (including human) caused 

by Pythium insidiosum (Vanittanakom et al., 2004; Beakes and Sekimoto, 2009). Among 

these diverse genera of oomycetes, Phytophthora is one genus that has maintained interest 

within the research community due to the devastating impact of member species as plant 

pathogens. However, several other oomycetes such as Bremia lactucae (Hulbert et al., 

1988), Plasmopara viticola (Dai et al., 1995), and Peronospora tabacina (Ye et al., 1989) 

are equally virulent to their plant hosts. Until recently more than 80 Phytophthora species 

were characterized (Kamoun, 2003; Hein et al., 2009). Since then another 37 species have 

been defined, totalling 117 Phytophthora species (del Castillo-Munera et al., 2013). 

Additional species of Phytophthora continue to be described (Martin et al., 2013; 2014). 

1.5 Oomycete genomes  

ESTs are short sub-sequences of complimentary DNA (cDNA), synthesized from 

messenger RNA, and provide a sampling of the active gene content of an organism. EST 

datasets of different oomycetes such as P. infestans (Kamoun et al., 1999), P. sojae 

(Qutob et al., 2000), S. parasitica (Torto-Alalibo et al., 2005), H. arabidopsidis (Casimiro 

et al., 2006), A. euteiches (Gaulin et al., 2008), P. ultimum (Cheung et al., 2008), and P. 

capsici (Lamour et al., 2012) have been generated from different developmental stages 

of these pathogens. These datasets were developed to achieve valuable information of 

genes that are expressed at different lifecycle stages and during infection (Kamoun et al., 

1999). P. infestans is the best characterized oomycete by ESTs. According to the 

Phytophthora GeneBank database (http://www.ncbi.nlm.nih.gov/nucest/?term= 

phytophthora) at the National Centre for Biotechnology Information (NCBI), P. infestans 

has the largest number of EST entries at 111,106, followed by P. capsici with 56,495, and 
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P. sojae with 28,467, as the next best characterized oomycetes. Large insert DNA 

libraries, which are beneficial for genetic analysis, have also been established for some 

oomycete species (Randall and Judelson, 1999). Several studies have used bacterial 

artificial chromosome or cosmid libraries, in conjunction with genetic linkage maps, to 

identify, clone and analyse oomycete genes (e.g. Randall and Judelson 1999; Whisson et 

al., 2001; Rehmany et al., 2003; Whisson et al., 2004).  

The genome size of P. infestans is 240 megabases (Mb), which is considerably larger than 

other oomycetes, and the most complex oomycete genome sequenced (Haas et al., 2009). 

The sister taxa to P. infestans, such as P. phaseoli, P. ipomeae and P. mirabilis also have 

similar sized genomes (Raffaele et al., 2010). The next largest sequenced genomes are H. 

arabidopsidis (100 Mb; Baxter et al., 2010), P. sojae (95 Mb; Levesque et al., 2010), P. 

ramorum (65 Mb; Tyler et al., 2006), P. capsici (64 Mb; Lamour et al., 2012), 

Saprolegnia parasitica (63 Mb; Jiang et al., 2013), Albugo candida (45 Mb; Links et al., 

2011), Py. ultimum (42.8 Mb; Levesque et al., 2010) and Albugo laibachii (up to 37 Mb; 

Kemen et al., 2011). Although P. infestans has the largest genome size, interestingly it 

shares similar gene content, after the exclusion of transposable elements and other 

repeats, with P. capsici, P. sojae and P. ramorum (Lamour et al., 2012). However, there 

is a higher proportion of non-repetitive genes in P. capsici compared to other well-

characterized Phytophthora species (Tyler et al., 2006; Haas et al., 2009; both cited in 

Lamour et al., 2012). 

1.6 Genomic comparisons between oomycetes and fungi  

Due to the morphological similarities of oomycetes with fungi, interest has been drawn 

to gene comparisons between these groups. For example, according to expressed gene 

contents of oomycete and fungal pathogens, both have common conserved pectate lyases 
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Figure 1.4 These figures (sourced from David Cooke, James Hutton Institute) show P. infestans 
disease symptoms in Solanaceae such as potato (a and b) and tomato (c and d). Potato field (e) 
showing disease epidemic within a week from the start of the initial infection.  
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The late blight pathogen Phytophthora infestans (de Bary, 1876) is an economically 

important pathogen. There are several epidemics of plant diseases which have impacted 

on human health, food and nutrition, and also the environment. One of the most disastrous 

epidemics was the Irish potato famine during the 1840s, resulting in the death of 

approximately one million people from starvation, as well as the immigration of two 

million of the Irish population to Great Britain and North America (Bartoletti, 2001) due 

to the disastrous potato crop losses. Even today potato late blight remains a problem, 

especially during wet summers. In these conditions, farmers have little choice but to apply 

more control chemicals to crops and/or plant new resistant potato varieties such as Sarpo 

Axona or Sarpo Mira. Metalaxyl/Mefenoxam is an early oomycete-specific control 

chemical and has been used as an effective chemical agent to control disease caused by a 

wide range of oomycetes. Resistance of some of the P. infestans population to Metalaxyl 

was reported early after its initial use (Davidse et al., 1981). Since then this trait has been 

used as a phenotypic marker to differentiate pathogen populations (Fry et al., 2009). 

Despite the large amounts of chemical control agents applied to potato and tomato crops, 

naturally occurring P. infestans strains resistant to other oomycete control chemicals have 

not been reported in the literature. 

1.8 Population diversity of Phytophthora infestans 

Initially, phenotypic markers such as mating type (A1 and A2), virulence spectrum, and 

Metalaxyl sensitivity determined the diversity of P. infestans. Phenotypic markers such 

as mating type are considered as robust markers, although this is controversial as other 

variable factors can lead to the unintentional production of gametangia, which could result 

in a change of mating type (Groves and Ristaino, 2000). Eleven specific R genes, 

originating from Solanum demissum, were used to define virulence characteristics of 
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pathogen populations (Fry, 2008). The combination of specific R genes overcome by 

isolates of P. infestans provided an overview of pathogen population diversity.   

In recent years, research innovations in molecular technologies have led to development 

of genotyping methods which are more precise for identifying population diversity. 

Molecular markers have been used for genotyping P. infestans populations such as 

allozymes, mitochondrial haplotypes, simple sequence repeats (SSRs or microsatellites), 

restriction fragment length polymorphisms (RFLPs), and amplified fragment length 

polymorhisms (AFLPs) (Cooke and Lees, 2004).  

The origin of P. infestans is considered to be the Toluca Valley, located in Central Mexico 

(Grunwald and Flier, 2005), where both A1 and A2 mating types were discovered before 

the 1970s. However, there is also an opinion that P. infestans originated in South America 

(Gomez-Alpizar et al., 2007). With the exception of central Mexico, the P. infestans 

populations were only A1 mating type. The migration of the A2 mating type of P. 

infestans to Europe is thought to have occurred in 1976 (Hohl and Iselin, 1984). Current 

populations of P. infestans in central Mexico, believed to be the origin of this pathogen, 

have a 1:1 ratio between A1 and A2 mating types, whereas northern Mexico is still 

dominated by clonal lineages (Goodwin et al., 1992). Until 1980, only the A1 mating type 

was found in all tested P. infestans isolates in Europe. Since 1981, A2 mating types were 

reported outside Mexico, subsequently influencing the diversity of the global population 

(Fry et al., 2009). According to Nattrass and Ryan (1951), P. infestans was first reported 

in Africa in 1941. Although initially only the A1 mating type of P. infestans was identified 

in 1958 in South Africa (Smooth et al., 1958), in Northern Africa both A1 and A2 mating 

types were reported in the late 1990s (Shaat, 2002). The P. infestans populations in South 

America are differently distributed. Southern parts of South America such as Argentina, 
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and southern Brazil were dominated by A2 mating types and the northern parts such as 

Peru and Colombia were dominated by A1 mating types until the late 1990s (Forbes et 

al., 1998). So far the pathogen population circumstances in South America remain 

unchanged (Fry et al., 2009). Current P. infestans populations in Asia are diverse. 

Although in many Asian countries the existence of the old clonal US-1 lineage has been 

reported as the dominant population until the 1980s (Goodwin et al., 1994), new and 

diverse populations have replaced the old lineage since then (Fry et al., 1993). According 

to Ghimire et al. (2003), 11 isolates amongst 280 tested from South-Asia (Nepal) had 

diverse multi-locus genotypes, based on RG57 fingerprinting (DNA RFLP probe) 

analysis. Similarly, the United States and Canada were dominated by the US-1 P. 

infestans lineage until the first report of the A2 mating type in the USA (Deahl et al., 

1991). Both mating types, A1 and A2, are now common in the USA and Canada (Fry et 

al., 2009). 

1.9 Disease impact 

Solanaceous species such as potatoes and tomatoes are important global crops. According 

to the FAO data (2012), potato was ranked as the third commodity in terms of global 

production (more than 324 million metric tonnes) (Birch et al., 2012), whilst ranked 12th 

according to its value (more than 50.27 billion USD). At present, more than 800 million 

people, out of the global population of nearly seven billion, are suffering from chronic 

hunger and malnutrition (Can and Notes, 2011). Major crops such as potatoes and 

tomatoes have an important food security role. On the other hand, farmers are having 

difficulties in maintaining a high level of productivity owing to the destructive pathogen 

P. infestans. For example, because P. infestans is highly pathogenic and can spread 

rapidly, it can annihilate an entire crop within a few weeks unless it is controlled well in 
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formed within two hours of zoospore encystment and germination. The appressorium 

produces an infection peg that penetrates the host cells (Figure 1.5). Gees and Hohl (1988) 

state that most spores penetrate host tissue via stomata, although infection also occurs 

through direct penetration of epidermal cells. After host penetration, an infection vesicle 

is formed in the first infected cell which then develops into secondary hyphae which 

spread into surrounding plant tissue. Inside host tissue, hyphae spread intercellularly 

throughout the growing lesion, regularly producing haustoria to establish a biotrophic 

interaction. P. infestans can form biotrophic interactions in infected plant tissue through 

formation of primary infection vesicles and haustoria that are formed within host cells 

and are encased by the host cell plasma membrane. Depending on the pathogen species, 

for example P. infestans, after 3-5 days sporangiophores emerge through stomata to the 

outside of the leaf  (Birch and Whisson, 2001; Avrova et al., 2008).  

Figure 1.5 This figure is adapted from Paul Birch (University of Dundee). The figure explains 
the asexual infection lifecycle of hemibiotrophic P. infestans. In the presence of water and cool 
temperature, the cytoplasm of the sporangium on the leaf surface cleaves and produces 
biflagellate, motile zoospores that encyst and stick to the leaf cuticle. The appressorium, along 
with the infection peg penetrates the plant cell, developing an infection vesicle. Colonization 
occurs, forming intercellular hyphae along with haustoria in contacted host cells. Completion of 
the infection lifecycle occurs when the hyphae emerge out of the stomata, forming aerial 
sporangiophores. 
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1.11 Plant - pathogen interactions as an inter-molecular battle 

Many authors (Ingle et al., 2006; Thines and Kamoun, 2010; Cournoyer and Dinesh-

Kumar, 2011; van Damme et al., 2012) write about plant pathogen interactions using 

military terminology to describe and frame the interplay between plants and pathogens, 

which is similar to a war being played out at the molecular level. Both plants and 

pathogens have evolved defensive and offensive strategies to protect and conquer, 

respectively. 

1.12 Plant immunity and disease resistance  

Disease is a relatively rare phenomenon in any living organism, including plants. Plants 

alter their responses to multiple aggressors by activating defense signalling according to 

the nature of the pathogen. It is necessary to investigate and uncover the key mechanisms 

by which plants respond to their attackers (Pieterse and Dicke, 2007) in order to identify 

the molecules required by plants to protect themselves against potential microbial 

pathogens. Plants do not have mobile, adaptive defender cells and have to rely upon their 

innate immune system which can be classified into two branches. These include pattern 

recognition receptors (PRRs), which initiate the first line of defense, and specific 

resistance proteins which characterize the second line of defense (Cournoyer and Dinesh-

Kumar, 2011; Jones and Dangl, 2006). Disease resistance can be classified into two 

different classes: as host-specific, or non-host specific. According to Ingle et al. (2006), 

non-host plant species can resist infection from many pathogen species due to pre-formed 

barriers such as antimicrobial compounds, a thick waxy cuticle, or are unsuitable as a 

source of nutrients. However, assuming that non-host resistance does not rely mostly on 

pre-formed barriers, other active perception and response mechanisms are used by plants 

to prevent infection.  



Chapter 1 

18 
 

PRRs at the plant cell surface are able to recognize foreign molecules that have conserved 

features, allowing the plants to distinguish them as non-self or modified-self. According 

to Segonzac and Zipfel (2011), plant PRR proteins are modular proteins that have an 

extracellular domain comprising leucine rich repeats (LRR) or chitin binding LysM 

domains in plants. These transmembrane PRRs respond to slowly evolving microbial- or 

pathogen-associated molecular patterns (MAMPs/PAMPs) that are characteristic of 

broad groups of microbes (Jones and Dangl, 2006; Boller and Felix, 2009). Non-self-

molecules are PAMPs/MAMPs, while modified-self molecules include damage-

associated molecular patterns (DAMPs). Upon recognition of these molecules by PRRs, 

the plant innate immune system responds to initiate defense responses, resulting in 

immunity to a non-pathogen. This is termed PAMP-triggered immunity (PTI) (Jones and 

Dangl, 2006). Interestingly, PRRs in both plant and animal cells consist of LRR domain 

proteins, which enable recognition of foreign molecules at the cell surface in both 

kingdoms (Postel and Kemmerling, 2009). PTI requires a range of defence responses such 

as activation of mitogen-activated protein kinases (MAPKs), production of reactive 

oxygen species (ROS), callose deposition, transcriptional reprogramming, and 

biosynthesis of hormones and secondary metabolites (Belkhadir et al., 2012). 

The prevailing model of molecular plant-microbe interactions is the zig-zag model (Jones 

and Dangl, 2006; Hein et al., 2009) (Figure 1.6) which is believed to work in four phases. 

In the first phase, PTI that halts further colonization by potential pathogens. For example, 

the cell surface PRRs of the LRR-RK group in plants, such as FLS2 and EF-Tu, are 

activated in response to bacterial flagellin and elongation factor Tu, respectively, which 

triggers immune responses against microbes displaying these foreign molecules 

(Belkhadir et al., 2012). 
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The second phase is evolution and deployment of effectors to interfere with PTI, resulting 

in effector triggered susceptibility (ETS). In the third phase, plants evolve resistance (R) 

proteins to recognize specific effectors deployed by the pathogen, resulting in effector 

triggered immunity (ETI). This is often termed host-specific resistance, where genotypes 

of the plant host are susceptible to pathogens, but specific host genotypes recognize 

specific pathogen effectors to initiate resistance responses. Recognized effectors are 

termed avirulence (Avr) proteins. ETI often includes the hypersensitive response (HR), a 

form of programmed cell death (PCD) which restricts further pathogen growth by 

biotrophic or hemibiotrophic pathogens. In the fourth phase, the pathogen evolves to 

avoid ETI either by shedding or diversifying the effector genes recognized by the plant 

proteins, or by evolving new effectors that suppress ETI.  

Pathogen-induced HR is often associated with activation of salicylic acid (SA)-regulated 

defense mechanisms in both local and distal parts of the plants, leading to systemic 

acquired resistance (SAR). Arabidopsis plants resist infection by pathogens including the 

bacterial pathogen Pseudomonas syringae, the eukaryotic oomycete Hyaloperonospora 

arabidopsidis (syn. Peronospora parasistica) and the obligate biotrophic fungal pathogen 

Erysiphe orontii via a combination of SAR, ETI (race-specific) and PTI (basal resistance) 

(Ausubel et al., 1995; Cao et al., 1997; Dewdney et al., 2000; Glazebrook, 2005; Reuber 

et al., 1998). Race specific resistance (ETI) in plants, characterized by the interactions 

between (typically) dominant resistance (R) genes and corresponding avirulence (Avr) 

genes, is explained in part by the gene-for-gene hypothesis (Flor, 1971).  
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2011; Jupe et al., 2012). It might be possible that NB-LRRs are able to travel throughout 

cell compartments either continuously or when triggered (Cournoyer and Dinesh-Kumar, 

2011). Analyses of oomycete pathogen Avr genes with host R genes show that many genes 

conferring resistance to these pathogens have been discovered (Table 1.1). Analysis of 

these resistance genes shows that they belong to the NB-LRR class of resistance genes 

located in the plant cytoplasm, which implicates the translocation of oomycete Avr 

proteins into the host cell cytoplasm (Gururani et al., 2012).  

Table 1.1 This table is adapted from Gururani et al. (2012), which gives examples of four 
different species of oomycetes and their avirulence (Avr) genes interacting with corresponding 
resistance (R) genes from their hosts. Effectors that are recognized by the hosts are categorized 
as Avr genes, and host resistances that recognize effector proteins are referred as R genes. 

Pathogen  Host  Avr gene  R gene   Reference 

P. infestans 
 

S. tuberosum 

Avr1  R1 Ballvora et al., 2002 

Avr2  R2  Lokossou et al., 2009; Thomas et al., 
1997  

Avr3a R3a  Armstrong et al., 2005 

S. bulbocastanum 
Ipi-O1   Rpi-blb1 Champouret et al., 2009  

Avr-blb1  Rpi-blb1 Vleeshouwers et al., 2008  

P. sojae G. max Avr1a, Avr3a 
Avr3c,   

Rps1a, Rps3a, 
Rps3c 

Dong et al., 2009; Mao et al., 1996; 
Qutob et al., 2009 

B. lactucae L. sativa Avr3 Dm3 Meyers et al., 1998; Michelmore et al., 
2008 

H. arabidopsidis A. thaliana 

ATR1 RPP1-Nd/WsB, Rehmany et al., 2005 
AvrB, 
AvrRPP1A, RPP1, Botella et al., 1998  

ATR13 RPP13-Nd Allen et al., 2004; Bittner-Eddy et al., 
2000  

AvrRPP1B, 
AvrRPP1C, 
AvrRPP2 

RPP2, Parker et al., 1996 

AvrRPP4, 
AvrRPP5, 
AvrRPP8 

RPP4, RPP5, 
RPP8 

van der Biezen et al., 2002; Parker et al., 
1997; McDowell et al., 1998 

Due to the continuing threat to food security posed by plant diseases caused by fungi and 

oomycetes, it has become essential to develop new strategies for developing resistant 

varieties of valuable crops. Breeding strategies that have focused on using R genes are 

now thought to be less durable, compared with adopting a strategy that entails the use of 

mutated susceptibility (S) genes (Cooke et al., 2012; Andrivon et al., 2013). However, in 
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a plant breeding programme, identifying the S genes is difficult as they are genetically 

recessive. The hypothesis behind the use of mutated S genes in a breeding strategy is to 

destroy the probable connection between pathogen effectors and their virulence targets. 

Effector proteins are thought to interact directly with the target proteins, and therefore the 

target proteins are implicated in resistance/susceptibility in plants. By mutation of the 

susceptibility genes that are targeted by the effector genes, such that the effectors cannot 

interact, can lead to inhibition of disease development (Gawehns et al., 2013). However, 

some S genes that are involved in susceptibility are also important for plant growth and 

development. For example, S gene Xa13 in rice is necessary for pollen development (Chu 

et al., 2006). Mutation analyses of these S genes with dual functions is a challenge in this 

strategy for resistance development. 

One of the most widely studies S genes is the mlo gene in a variety of hosts, which 

provides resistance to fungal pathogen Oidium neolycopersici targeting SlMlo1 in S. 

lycopersicum (Bai et al., 2008), bacterial pathogen Pseudomonas syringae targeting 

MLO2 in A. thaliana (Lewis et al., 2012), and oomycete pathogen H. arabidopsidis 

targeting the pepper (Capsicum annuum) MLO gene CaMLO2 when expressed in A. 

thaliana (Kim and Hwang, 2012). In these cases it is obvious these pathogens target MLO 

that serves as a negative regulator in disease resistance. However, there are other fungal, 

bacterial, and oomycete effector targets such as MPK4 (Wang et al., 2009), RIN4 

(Mackey et al., 2002), and CMPG1 (Bos et al., 2010; Gilroy et al., 2011) respectively, 

that could provide enhanced resistance to each pathogen if mutated to avoid binding to 

effectors. The more effector targets that are discovered, the more candidate S genes will 

be available for breeding to reduce susceptibility, to provide durable immunity in plants 

(Gawehns et al., 2013). Alternatively, it may be possible to identify non-host resistance 

genes that will confer broad spectrum resistance to multiple pathogens. For example, the 
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reports that Pep-13 triggers defence responses by generating ROS in potato plants, and 

also triggering SA and JA -dependant defence responses. 

The cellulose binding elicitor lectin (CBEL) is another PAMP from Phytophthora (Gaulin 

et al., 2002) which elicits plant defence. This glycoprotein was initially characterized 

from P. parasitica and its involvement in Phytophthora cell wall deposition and adhesion 

to cellulose substrates was reported (Gaulin et al., 2002). A later study (Gaulin et al., 

2006) revealed that CBEL contains two cellulose-binding domains (CBDs) in 

Carbohydrate Binding Module1 (CBM1), which are responsible for inducing defence 

responses in plants. One of the CBM1 proteins is embedded in the hyphal cell wall of P. 

infestans (Jones and Ospina-Giraldo, 2011). Besides plant hosts, the purification of CBEL 

in methylotrophic yeast Pichia pastoris, followed by treatment of plants with purified 

protein, has also confirmed that this protein is a powerful elicitor of immune responses 

(Larroque et al., 2011).  

Infestin 1 (INF1) is the major secreted sterol carrier elicitin protein from P. infestans, 

which is involved in scavenging sterols from the environment (Phytophthora spp. are 

sterol auxotrophs) and triggers PTI in different species of solanaceous plants (Boissy et 

al., 1999; Huitema et al., 2005). Gene expression analysis shows that INF1 is highly 

expressed in mycelium grown in different culture media, but expression in 

sporangiophores, zoospores, cysts, and germinating cysts was not observed. INF1 does 

not seem to enhance or mediate disease response in plants during P. infestans infection 

(Kamoun et al., 1997). However, the brassinosteroid insensitive 1-associated receptor 

kinase 1 (BAK1) gene in plant hosts, which contributes to intracellular signal transduction, 

seems to respond to PAMPs, supporting that the absence of BAK1 reduces the INF1 

mediated response in N. benthamiana (Heese et al., 2007). Recent research (Chaparro-
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Garcia et al., 2011) also found that an LRR-RLK protein related to BAK1, called SERK3 

(somatic embryogenesis receptor kinase 3), which when silenced in N. benthamiana 

enhanced disease susceptibility to P. infestans. NbSERK3 significantly contributed to 

regulation of immune responses triggered by the P. infestans PAMP, INF1.  

1.14 Secreted effector proteins  

Phytopathogenic bacteria can inject type III effector proteins (T3Es) direct into the plant 

cell cytoplasm via the type-III secretion system (T3SS) to suppress host defence (Block 

et al., 2008). Nonetheless, plant resistance proteins are able to recognize T3Es and cause 

ETI. In this process, R proteins are matched with the T3Es, leading to HR (Hueck, 1998).  

All pathogenic oomycetes, including Phytophthora, manipulate their hosts by secreting 

an arsenal of effector proteins which target plant molecules and alter host plant processes. 

The predominant localization of the effector genes to dynamic regions of the genome 

probably contributes to rapid evolutionary changes resulting in evasion of plant 

resistance, and accounts for the considerable expansion in numbers of effector genes 

(Haas et al., 2009; Thines and Kamoun, 2010). 

1.14.1 Apoplastic effectors 

The intercellular space of plant tissue is called the apoplast. Most microbial pathogens, 

when trying to access plant cells, have to make their way through the plant apoplast. The 

plant immune system produces defense molecules to create a biochemical barrier within 

the apoplast, making it difficult for the pathogen to spread within the plant tissue. When 

a pathogen does enter the apoplast, it is recognized by the plant immune system, 

activating PTI, which launches defense responses comprising strengthened cell walls and 

releasing a range of antimicrobial proteins and other compounds. Plant pathogens secrete 
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different classes of effectors into the apoplast and cytoplasm of plants so that they can 

suppress host defense mechanisms and facilitate successful infection (Jones and Dangl, 

2006; Chisholm et al., 2006). The extra haustorial matrix (EHM) can also be considered 

as part of the plant apoplast. The effectors that are secreted into the plant apoplast or EHM 

are called apoplastic effectors. According to Stassen and Van den Ackervecken (2011), 

during interaction with the host, oomycete pathogens secrete at least three types of 

apoplastic effectors which interfere with host defence processes and promote pathogen 

colonization: host enzyme inhibitors, RGD (Arginine-Glycine-Aspartic acid) containing 

proteins, and toxins. Kamoun (2006) has listed the identification of several oomycete 

apoplastic effectors based on biochemical purification as well as bioinformatic 

predictions, including glucanase inhibitors GP1 and GP2, serine protease inhibitors EPI1 

and EPI10, cysteine protease inhibitors EPIC1 and EPIC2, and small cysteine-rich 

proteins (PcF, PcF-like SCR74, SCR91, Ppat12, Ppat14, Ppat23, Ppat24). In addition, a 

class of secreted proteins of unknown function, the Nep1-like (NLP) family (PaNie, 

NPP1, PsojNIP, PiNPP1) are also secreted into the apoplast, where they can cause host 

cell cytotoxocity. The model is that apoplastic effectors such as glucanase and protease 

inhibitors are secreted into the plant extracellular space where they interact with their 

plant targets and inhibit enzymatic activities of plant PR proteins. There are several 

apoplastic effectors that have been identified (Table 1.2) in different fungal and oomycete 

plant pathogens (Doehlemann and Hemetsberger, 2013). 
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1.14.2 Cytoplasmic effectors 

Besides apoplastic effectors, there are also cytoplasmic effectors which are secreted by 

the pathogen for plant colonization. The difference is that cytoplasmic effectors are 

delivered or translocated inside the plant cell cytoplasm where they may be associated 

with different subcellular compartments (Kamoun, 2006; Whisson et al., 2007). In 

oomycetes, cytoplasmic effectors include all the race-specific Avr proteins that have the 

conserved amino (N) terminal motif Arginine-any amino acid-Leucine-Arginine (RxLR). 

This peptide sequence is similar to a signal required for the delivery of proteins from 

malaria parasites to their host cell cytoplasm (Birch et al., 2006; Kamoun, 2006). The 

RxLR motif is frequently followed by a less conserved motif Glutamic acid-Glutamic 

acid-Arginine (EER) (Birch et al., 2006). Together the motifs mediate delivery of these 

effectors inside host plant cells (Whisson et al., 2007). An additional class of oomycete 

effectors, called Crinkle and Necrosis proteins (Crinklers; CRN) possess a conserved 

LFLAK domain (Haas et al., 2009), which is proposed to direct translocation into host 

cells (Schornack et al., 2010). From genome sequence analysis, the predicted RxLR genes 

in P. infestans genome total 563 genes, compared to P. sojae (335 genes) and P. ramorum 

(309 genes). The predicted crinkler effectors are very diverse, with 196 genes detected in 

P. infestans, compared to 100 genes in P. sojae, and 19 genes in P. ramorum. The modular 

crinkler proteins have a highly conserved N-terminal domain and 60% of them possess a 

predicted signal peptide (Haas et al., 2009).  

Support for the hypothesis that oomycetes deliver RxLR effector proteins into plant cells 

was initially based upon the detection of AVR3a by cognate R3a protein within the plant 

cytoplasm. R3a is a predicted cytoplasmic protein which only detected Avr3a when paired 

within the plant cytoplasm (Armstrong et al., 2005). Further support for effector 
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translocation came from the identification of the virulence target of Avr3a as CMPG1, a 

plant cytoplasmic ubiquitin E3 ligase (Bos et al., 2010). Furthermore, recognition of P. 

infestans effector protein Avr3a in the endosomal compartment by plant resistance 

protein R3a (Engelhardt et al., 2012), the association of BSL1 with P. infestans Avr2 and 

host R2 (Saunders et al., 2012) provide more evidence on the effector localisation into 

the host cell. Similarly, the recognition of H. arabidopsidis effectors in the host cell 

cytoplasm provides further evidence of translocation of oomycete effectors inside plant 

cells (Caillaud et al., 2012).  

Unlike bacterial pathogens, which secrete effectors via the T3SS directly into the plant 

cell cytoplasm (Hueck, 1998; Cornelis, 2006; Coburn et al., 2007; Abramovitch et al., 

2006; Segonzac and Zipfel, 2011) oomycete plant pathogens secrete their effectors 

through haustoria (Whisson et al., 2007; van Poppel et al., 2008; Gilroy et al., 2011), 

from where they are translocated into host cells. The haustorium is a biotrophic pathogen 

structure, thought to be necessary in effector translocation mechanisms. There is strong 

evidence that avirulence proteins AvrL567 from the fungal pathogen Melampsora lini 

(M. lini) are induced during infection and are highly expressed in haustoria (Dodds et al., 

2004). Apart from oomycete pathogens, several known effectors from fungi such as 

AvrL567 (Dodds et al., 2004), and Uf-RTP1 (Kemen et al., 2005) from the Faba-bean 

rust pathogen (Uromyces fabae) are also secreted and delivered through haustoria (Birch 

et al., 2006).  

1.15 Transcription factors and regulation of gene expression 

Although bacteria (prokaryotic) and oomycetes (eukaryotic) share many similar 

principles of gene regulation, gene regulation in oomycetes and fungi is comparatively 

more complex as these eukaryotic organisms have longer stretches of DNA between co-
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regulated genes and have many more proteins involved in gene regulation. RNA 

polymerases are needed by all genes to initiate transcription. Eukaryotic cells have three 

types of RNA polymerases in their nuclei: RNA polymerase I, RNA polymerase II, and 

RNA polymerase III. Genes encoding transfer RNA, ribosomal RNA, and several other 

small RNAs are transcribed by RNA polymerases I and III, whereas RNAs encoding 

proteins are transcribed by RNA polymerase II. General transcription factors (GTFs) are 

needed in transcription initiation by RNA polymerase II, where all single transcription 

factors have their independent role in promoters (Alberts et al., 2008). Many transcription 

factors are categorized according to their function, as they are the part of regulatory 

networks that bind to the promotor regions of target genes in order to regulate 

transcription (Ye et al., 2013). For example, the TATA box (double helix of DNA 

sequence composed of T and A) which is located 25 nucleotides upstream from the 

transcription start site, is recognized by TBP (TATA-binding protein) in TFIID 

(transcription factor for polymerase II D) (Alberts et al., 2008).  

The role of transcription factors is as variable as the profiles of gene expression during 

infection and metabolism. Transcription factors such as WRKY in plants respond to 

abiotic and biotic stresses (Chen et al., 2012) and play vital roles in plant immunity 

(Pandey and Somssich, 2009). The WRKY1 gene induced by a fungus-derived elicitor was 

regulated by WRKY transcription factors during early defence responses and found to 

accumulate in and around the infection site (Eulgem et al., 1999). Similarly, NAC 

transcription factors in plants are also equally important in responding to abiotic stresses 

(Nakashima et al., 2012) as well as oomycete pathogens (McLellan et al., 2013).  

Although there has been recent research on oomycete transcription factors (Ye et al., 

2013; Xiang and Judelson, 2014), in general, the role of transcription factors in regulating 
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and/or asexual stages of the lifecycle of  oomycete pathogens were previously recorded 

in the form of ESTs (Randall et al., 2005; Torto-Alalibo et al, 2005, 2007; Le Berre et 

al., 2008; Gaulin et al., 2008), providing a platform for investigating oomycete biology. 

In recent years, several reports were published on oomycete gene expression. Judelson et 

al. (2008) used an Affymetrix GeneChip microarray to find differentially expressed genes 

in different in vitro life stages of P. infestans. The first transcriptome profile of an obligate 

biotrophic oomycete, cucurbit pathogen Pseudoperonospora cubensis (Ps. cubensis) used 

mRNA-Seq analysis to reveal 2,383 differentially expressed transcripts, including 271 

RxLR-type effectors, in sporangia and during cucumber infection (Savory et al., 2012). 

Similarly, transcriptome sequencing analysis of the lettuce downy mildew pathogen B. 

lactucae conducted by Stassen et al. (2012) found 16,372 protein coding sequences, 

including 1,023 encoding secreted proteins. Another RNA-Seq analysis was performed 

to reveal the global transcriptome of the lima bean pathogen P. phaseoli (Kunjeti et al., 

2012). Out of 10,427 P. phaseoli genes, 318 were homologous to P. infestans genes, 

including INF1, INF4, and RxLR effectors such as PITG_04074. Similarly, EST analysis 

of the oomycete sunflower pathogen Plasmopara halstedii revealed five RxLR effectors 

(As-sadi et al., 2011). Transcriptomic studies of 19,027 predicted genes (Tyler et al., 

2006) have provided a platform for digital gene-expression analysis of the soybean 

pathogen P. sojae (Ye et al., 2011). Gene expression results showed 396 RxLR effectors 

highly up-regulated in germinating cysts (GC) compared to early infection time points 

from 1.5 hours to 2 days. NimbleGen based microarray analysis of the P. infestans 

transcriptome has facilitated broader insights into the large repertoire of conserved and 

secreted proteins involved in vitro and in the interaction with the host. A diverse set of 

genes encoding PAMPs, RxLRs, CRNs, NLPs, SCR proteins, as well as metabolic 

enzymes, were up-regulated during infection (Haas et al., 2009).  However, the first 
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2.7 Sampling of P. infestans in vitro lifecycle stages for RNA extraction 

Four different stages of P. infestans were prepared in vitro for RNA extraction: sporangia, 

motile zoospores, germinating cysts, and cultured non-sporulating mycelium. 

2.7.1 Sampling of sporangia for RNA extraction 

P. infestans 88069tdT10 was grown on 20 plates of rye agar medium for 13 days in 

darkness at 19 °C. Cultures were flooded with 10 ml of room temperature SDW and 

sporangia rubbed off with a sterile glass spreader. The sporangial suspension was poured 

onto another plate and the process repeated for a total of five plates. The concentrated 

suspension was filtered through 60 µm nylon mesh (Millipore) in a sterile filter unit 

(Nalgene reusable plastic filter unit). This process was repeated until all 20 plates were 

harvested. The sporangia filtered through the mesh were pelleted by centrifugation in 50 

ml centrifuge tubes at 1610 × g. The supernatant was discarded and pelleted sporangia 

were re-suspended in 200 µl of SDW per tube. The sporangial suspension was distributed 

as 100 µl aliquots in 1.5 ml micro-centrifuge tubes and frozen in liquid nitrogen prior to 

storage at -70 °C. This experiment was repeated twice to provide three biological 

replicates. 

2.7.2 Sampling zoospores for RNA extraction 

Twenty plates of P. infestans 88069tdT10 were used to prepare zoospores. Zoospores 

were prepared as described for plant inoculation. Gentle centrifugation at 1118 × g was 

carried out and supernatants were gently decanted, leaving approximately 100 µl in each 

tube. Pellets were re-suspended and transferred to 1.5 ml micro-centrifuge tubes. Five 

samples were prepared and frozen using liquid nitrogen prior to storage at -70 °C. This 

experiment was repeated twice to provide three biological replicates. 
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2.7.3 Sampling germinating cysts for RNA extraction 

Zoospores were prepared as described in the preceding section. Re-suspended zoospores 

were transferred to one 50 ml centrifuge tube and induced to encyst using mechanical 

agitation on a vortex mixer for two minutes. Encysted zoospores were then incubated at 

4 °C in a refrigerator overnight to allow cyst germination. The following morning, 

germinating cysts were observed under the microscope, to confirm that germination had 

occurred. The suspension was divided in 100 µl aliquots in 1.5 ml micro-centrifuge tubes, 

and frozen in liquid nitrogen prior to storage at -70°C. The experiment was repeated twice 

to provide biological replication. 

2.7.4 Sampling vegetative mycelia for RNA extraction 

Sporangia were collected from 20 rye agar plate cultures of P. infestans 88069tdT10 as 

described. The concentrated sporangial suspension was distributed as 100 µl aliquots in 

300 ml bottles containing 250 ml sterile pea broth media (Whisson et al., 2005) and 

incubated at room temperature (19°C) for 60 hours. The mycelia were then filtered 

through 100 µm nylon mesh, washed with 5 ml SDW and immediately transferred to a 

1.5 ml micro-centrifuge tube and frozen in liquid nitrogen prior to storage at -70°C. The 

process was repeated for five bottles. This experiment was repeated twice to provide 

biological replicates.  

2.8 Live cell imaging - Confocal microscopy 

A Leica TSC-SP2 AOBS confocal microscope was used to image pathogen infection 

progression in host tissues. P. infestans 88069tdT10 inoculated potato leaves and tubers 

from 12 hpi to 60 hpi were used for confocal microscopy. The pieces of leaf containing 

inoculation sites of each leaf were fixed to glass slides using adhesive tape to steady the 
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tissue while imaging, and mounted on the confocal microscope. Imaging of red 

fluorescent protein (tdTomato) was conducted using a lime laser that allowed a laser line 

of 561 nm excitation, and 570 to 610 nm emission (Shaner et al., 2004, 2008). Auto-

fluorescence from chlorophyll was imaged with 488 nm excitation and 650 to 680 nm 

emission. GFP and mRFP imaging conditions were as described in Whisson et al. (2007) 

and Avrova et al. (2008). SDW was used for the water dipping lenses. Tuber tissues were 

sliced thinly before mounting on the slides and were covered with cover slips after adding 

a few drops of SDW directly onto the tuber slice. While imaging tuber infection with 

water dipping lenses, water was dropped on the cover glass to connect with it. tdTomato, 

mRFP, and GFP imaging were conducted on the tuber infection. HCX APO L U-V-I 

40X0.8 and HCX APO L U-V-I 20X0.5 water dipping lenses were used in all imaging.  

2.9 Apoplastic fluid isolation 

Leaves of six week old glasshouse-grown N. benthamiana plants were collected 

(approximately four leaves per plant). A plastic vacuum chamber was three-quarter filled 

with ice-cold, sterile water and 20 leaves were submerged in water. A Millipore vacuum/ 

pressure pump with the maximum vacuum of 635 mm Hg was used to infiltrate the water 

into the apoplastic spaces of the leaves. The vacuum was applied for two minutes and 

then the infiltrated leaves were removed from the water. Excess water was removed by 

gentle blotting of the leaf surfaces with tissue paper. Six leaves were gently wrapped in 

muslin cloth, without damaging the leaves, and inserted into 20 ml syringes with the 

petiole facing downwards. The syringes were inserted into 50 ml centrifuge tubes and a 

gentle centrifugation at 280 × g was applied for 10 minutes to collect apoplastic fluid. 

Extracted apoplastic fluid was sterilised using a 0.2 µm syringe filter to avoid any 

bacterial contamination. Sterile apoplastic fluid was stored at -20°C until required. 
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full-spectrum ultraviolet and visible light (UV-Vis) absorbance of the RNA. Integrity of 

the RNA was assessed by 1% agarose gel electrophoresis of a 2 µl sample, staining with 

SYBR safe gel stain (Invitrogen), and image capture on a UV transilluminator. 

2.11.2 In vitro P. infestans stages 

Approximately 100 µl of frozen samples from all conditions (apoplastic fluid, pea-broth, 

and SDW inoculations; in vitro samples of sporangia, zoospores, germinating cysts, and 

cultured hyphae [60hpi]) were ground to a fine powder separately in liquid nitrogen using 

sterile pestles and mortars. Total RNA was extracted as described for infected leaf 

samples, except that total RNA was eluted in 35µl of RNase free water. Quantity, quality, 

and integrity of total RNA was assessed as described. 

2.11.3 Tuber samples 

Before RNA isolation, tuber discs collected in 5 ml bijous for RNA extraction were 

lyophilised using an Edwards freeze dryer (Edwards High Vacuum Pump, Crawley, 

Sussex, England) according to the online protocol provided by the manufacturer 

(http://www.edwardsvacuum.com/Support/Reference.aspx). RNA of high starch 

containing tuber tissues was extracted using the Tris Hydrochloride (Tris HCl) - sodium 

dodecyl sulfate (SDS) method (Stushnoff et al., 2010; Li and Trick, 2005). Prior to RNA 

extraction, RNA extraction buffer was prepared from the stock solution (Table 2.1). 

Approximately 600 mg of freeze-dried tuber tissue was used for RNA extraction for each 

sample. 7 ml of 50% (v/v) pH equilibrated liquid phenol was added to 7 ml of extraction 

buffer containing 50 mM Tris-HCl (pH 8.0), 50 mM LiCl, 5 mM EDTA (pH 7.0), 0.5% 

SDS, and 10 ml SDW and heated in a water bath (80°C) for 15 minutes. Concurrently, 16 

ml of 4 M LiCl per sample was prepared and stored in a -20°C freezer. Lyophilised tuber 

discs were ground to a fine powder in liquid nitrogen using sterile pestles and mortars. 
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For each sample, 14 ml of hot phenol/extraction buffer was added to the mortar and 

ground further. The suspension was poured into a 50 ml phenol and chloroform-resistant 

centrifuge tube and mixed again using a vortex mixer. 10ml of SDW was added to it and 

it was mixed again. 15ml of chloroform: isoamyl alcohol (24:1) was then added and 

mixed for 2 minutes. The mixture was then centrifuged at 4°C at 14000 × g for 20 minutes 

and 16 ml of the aqueous layer was transferred into a 50 ml centrifuge tube containing an 

equal volume (16 ml) of 4 M LiCl. The mixture was incubated overnight at -80°C. The 

following morning, the mixture was centrifuged at 4°C at 14000 × g for 40 minutes and 

the supernatant was discarded. The pellet was re-suspended in a mixture of 5 ml of SDW 

and one-tenth volume (500 µl) of 3 M sodium acetate (NaOAc; pH 5.2) and three volumes 

(15 ml) of 100% ethanol were added to it. This mixture was incubated for 1 hour at -80°C, 

and centrifuged as described above for 40 minutes. The supernatant was discarded, the 

pellet was washed with 10 ml of ice-cold 70% (v/v) ethanol and centrifuged again. The 

ethanol was removed and the RNA pellet was air-dried before re-suspension in 500 µl of 

RNase free water. The quality, quantity, and integrity of the total RNA was assessed as 

described. 

Table 2.1 Reagents for RNA extraction buffer used for freeze-dried tuber RNA extraction. 

Reagents Per sample (ml)- 7ml Quantity prepared 
each time (ml)- 25ml 

Tris-HCl (1M, pH 8.0) 0.7 2.5 
LiCl (4M) 0.168 0.6 
EDTA (0.5M) pH 7.0 0.14 0.5 
SDS 20 % (w/v) 0.35 1.25 
SDW 5.642 20.15 

2.12 DNase treatment 

DNase treatments for all extracted RNA samples from leaves, tubers, and in vitro 

samples; sporangia, zoospores, germinating cysts, and mycelia (20 µl of RNA per sample) 
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Table 2.2 Control genes used in microarray data normalization. These genes were selected 
according to their constitutive expression in various in vitro life stages of P. infestans published 
in Judelson et al. (2008).  

Description Primary 
accession 

3-hydroxyisobutyrate dehydrogenase, putative PITG_17998 
cytochrome oxidase biogenesis (Oxa1) family PITG_13344 
DEAD/DEAH box RNA helicase, putative PITG_02856 
folylpolyglutamate synthase, putative PITG_01065 
folylpolyglutamate synthase, putative PITG_16937 
geranylgeranyl transferase, putative PITG_19200 
H/ACA ribonucleoprotein complex subunit 3 PITG_18717 
HSF-type DNA-binding protein, putative PITG_03306 
HSF-type DNA-binding protein, putative PITG_05353 
mannosyl-oligosaccharide alpha-1,2-mannosidase, putative PITG_07365 
mediator of RNA polymerase II transcription subunit, putative PITG_14623 
methylenetetrahydrofolate reductase, putative PITG_05377 
methyltransferase PITG_05300 
molybdenum cofactor sulfurase, putative PITG_04515 
notchless family protein PITG_04722 
nucleolar complex protein 3 PITG_12225 
phosphoserine phosphatase PITG_00166 
polycomb protein EZH2, putative PITG_13838 
pre-mRNA-splicing factor ISY1 PITG_19064 
ribosomal protein S6 kinase, putative PITG_07055 
transmembrane protein, putative PITG_07279 
ubiquitin family protein, putative PITG_03160 
conserved hypothetical protein PITG_00025 
conserved hypothetical protein PITG_00456 
conserved hypothetical protein PITG_00723 
conserved hypothetical protein PITG_00995 
conserved hypothetical protein PITG_01119 
conserved hypothetical protein PITG_01740 
conserved hypothetical protein PITG_02193 
conserved hypothetical protein PITG_02244 
conserved hypothetical protein PITG_02790 
conserved hypothetical protein PITG_03932 
conserved hypothetical protein PITG_04699 
conserved hypothetical protein PITG_05128 
conserved hypothetical protein PITG_08084 
conserved hypothetical protein PITG_08183 
conserved hypothetical protein PITG_08307 
conserved hypothetical protein PITG_08673 
conserved hypothetical protein PITG_09522 



http://bioinfo.genotoul/
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(NN), for identifying candidate secreted proteins (Petersen et al., 2011; Dyrløv et al., 

2004). TMHMM (version 2; http://www.cbs.dtu.dk/services/TMHMM/) was used to 

identify predicted transmembrane helices in proteins (Krogh et al., 2001). These 

transmembrane proteins were separated out from the secreted protein set and previously 

identified effector proteins such as RxLRs and CRNs were added in order to confirm the 

existence of secreted effector proteins.   

2.16 cDNA synthesis 

First strand cDNA was synthesized from 20 µl of DNase-treated total RNA (250 ng/µl) 

using SuperScriptTM II Reverse Transcriptase and Oligo dT priming, following the 

protocol provided by the manufacturer (Invitrogen Corp., Carlsbad, CA, USA).  

2.1  Microarray validation: quantitative real-time reverse transcribed polymerase 

chain reaction (QRT-PCR). 

A set of P. infestans genes were selected from the microarray experiment according to 

their expression profile and/or the type of protein they encode. DNA sequences for 

selected genes (table 2.3) were retrieved from the Phytophthora genome sequence 

database 

(http://www.broadinstitute.org/annotation/genome/phytophthora_infestans/MultiHome.

html). Primer sequences (forward and reverse) for quantitative real-time reverse 

transcribed polymerase chain reaction (QRT-PCR) (see table 11.1) were designed using 

Primer3 software (Primer3web, version 4.0; http://primer3.ut.ee/).  
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Table 2.3 List of QRT-PCR primers for microarray validation and gene expression analysis.  

Primary 
accession 

Description Oligo name Primer sequence 

PITG_00058 EpiC4 qRT_00058_F ACCAACTACCGCTTCCACAT 

qRT_00058_R AAAATCTGCACCACGAAGCC 

PITG_00513 TF-Myb qRT_00513_F CCACGCACAAAAATATCAGG 

qRT_00513_R CGTCAATACGATGCTCAGGA 

PITG_00366 RxLR qRT_00366_F GACTGAACACGCTGCTTCTC 

qRT_00366_R GAATAGGTCAGCTGCTCCGT 

PITG_00623 4-aminobutyrate aminotransferase PITG_00623F GTGTCCTTCGTGCCATATCC 

PITG_00623R CTGCTTCAATGCGGTGTCTA 

PITG_02860 RxLR qRT_02860_F ACTTGCTTTCCTCCTGCTTG 

qRT_02860_R ATTAGACCAGGCGACACCAC 

PITG_03616 CHP qRT_03616_F AACTACCCAACTGTCGCTACA 

qRT_03616_R GCTGTTGGCGTATGAGTCG 

PITG_03637 CBEL qRT_03637_F GCTATCTGAAGAGCGGAACC 

qRT_03637_R CCGTCAAGATACCCGAGACT 

PITG_03978 TF-TFIID For_TF-03978_qRT CAGTGCTTCGTCGTCGTTAT 

Rev_TF-03978_qRT GTAAGAGGCTCTCGCCAAAC 

PITG_04097 RxLR For_04097_qRT CTGGAAAGCCATAGCCCATA 

Rev_04097_qRT CGTCTATCTCCGGCTTCTTG 

PITG_04145 RxLR For_04145_qRT  GCCGTCTTAGCTCGCTGTAG 

Rev_04145_qRT AGCTGAGAGTCATCGGCATT 

PITG_04272 glycoside hydrolase For_04272_qRT CAGTGGACCAGGACATGAAG 

Rev_04272_qRT CTGCGTGTACTCCGTAGCAT 

PITG_04339 RxLR qRT_04339_F AGGGCGTGTACTGGGAATAC 

qRT_04339_R CGGGCAGGGGTTTATTTGAC 

PITG_05000 MtN3-like qRT_05000_F GCATTCTTCCAGTGGTGATG 

qRT_05000_R CGCAGAGAAGGTGACTGTTG 

PITG_05146 RxLR For_05146_qRT ACCCAGCACGAGAAGAGATT 

Rev_05146_qRT CGAACAGATTCAGCAGCACT 

PITG_05225 4-aminobutyrate aminotransferase PITG_05225F TCGAGAACGACAGCTTGCTA 

PITG_05225R CCTTGACCACGCACATTAGA 

PITG_05339 transglutaminase M81-like For_05339_qRT CTGGATCGTCGAGTCTGGTA 

Rev_05339_qRT TGTCTACAAGCCCTGTGCTC 

PITG_05387 ABC transporter qRT_05387_F  TACACGACGTACAGCGGTCT 

qRT_05387_R CAGCCATAGCCATGAACAAA 

PITG_05440 Epi6 qRT_05440_F AGCAGAACATCGTGGAGGAA 

qRT_05440_R TTACACGACAGGCAGGATGT 

PITG_05989 TF-Myb For_TF-05989_qRT AATGACAATGCCACCTCAAA 

Rev_TF-05989_qRT GCCTTCACCTCATCACTCAG 

PITG_06087 RxLR For_06087- qRT ACGATGAACAACAACCAGGA 

Rev_06087- qRT GCACGATAATTGATCCTCCA 

PITG_06201 TF-TATA-box DNA binding For_TF-06201_qRT GGAGCTGTTCCCAGGACTTA 

Rev_TF-06201_qRT CGGAAGACTCACACCCAGTA 
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Table 2.3 (continued)   

Primary 
accession 

Description Oligo name Primer sequence 

PITG_06432 RxLR qRT_06432_F CGTTAGCCCTGTTGTGTACG 

qRT_06432_R GACAGTCCTTGGAACCTTGG 

PITG_06748 TF-Myb For_TF-06748_qRT ATCACTACGACAACCCACGA 

Rev_TF-06748_qRT CTTGTGGCACTCGAAGATGA 

PITG_07059 TF-MADS-box For_TF-07059_qRT CTCTCAGGTCACCACATGCT 

Rev_TF-07059_qRT GTTGTTGGAGACGGGAGAAT 

PITG_07134 ABC transporter qRT_07134_F CGAGCTACCAGGGACTCAAC 

qRT_07134_R CTCCTCCGACGTAATGGGTA 

PITG_07283 threonine dehydratase catabolic qRT_07283_F AGATGGAAAAGGTCGTGGTG 

qRT_07283_R CTTGTCGTCGATCAGAGCAG 

PITG_07345 transmembrane protein QRT_07345_F CTAGTGGCAACCCAAGACCT 

QRT_07345_R CACGTCCGTTAATGATCTCG 

PITG_07387 Avr4 qRT_07387_F ACAGCTCCTTAGGTGGGTTG 

qRT_07387_R GGCGAGCAGCAACAGTATTA 

PITG_08912 pectinesterase qRT_08912_F ACACCAACGCTTCCATGAAC 

qRT_08912_R CGTCACCAAGCTCACTGTTC 

PITG_09088 POT For_09088_qRT TTCAATCAAGCCCACAAGAG 

Rev_09088_qRT TACAGAACCGTCCCGAGAA 

PITG_09160 RxLR qRT_09160_F CGAAGGTGACAACGAAGAGA 

qRT_09160_R TCGTCTTGAATACTTGGTCCAG 

PITG_09279 bZIP transcription factor For_TF-09279_qRT AGGAGGTAAGCCCCTCAAAT 

Rev_TF-09279_qRT TGCGTGAATGGAAAAGTGTT 

PITG_09280 bZIP transcription factor For_TF-09280_qRT GAAGACAAAGACGACGGTGA 

Rev_TF-09280_qRT GGTTCTTCTCGTTCCAAAGC 

PITG_09503 RxLR qRT_09503_F GCGTCTCACTGTCGTGCTAC 

qRT_09503_R ACTGGTGGGAGAACCTTGAC 

PITG_09526 TF-BTF3-like For_TF-09526_qRT GCATCATTTTTGCCTGGTC 

Rev_TF-09526_qRT TGATTGCGTCAGCCATATTT 

PITG_09585 RxLR For_09585_qRT TACACGACCGAGTGTTTGGT 

Rev_09585_qRT  GAGGATCTGGGCGTAGAGAG 

PITG_09680 CHP For_09680_qRT  GCATCATCACACTTGGAACC 

Rev_09680_qRT  GATGGCGGAGAGAAGAAGAC 

PITG_09716 NPP1 qRT_09716_F TGACATTAGCAGCGGTCTCA 

qRT_09716_R CAGCCCACTTGTCCTTGAAC 

PITG_09757 RxLR For_09757_qRT TGACGACAGCACAGAGTTCA 

Rev_09757_qRT GCAAATATGGCGTCTGAGAA 

PITG_10396 RxLR qRT_10396_F TCGACAAAACCTGAATCCAA 

qRT_10396_R CGGGACAGCCTTGATAGACT 

PITG_10654 RxLR qRT_10654_F GAAGTCCGTCATTGCCAAGG 

qRT_10654_R GCTCTTCAAGACCAACCAGC 

PITG_10767 CHP qRT_10767_F TCCGAGACCTTCCTACAACC 

qRT_10767_R GACAAAGAGGCAATCAAGCA 

   





Chapter 2 

55 
 

   

Table 2.3 (continued)   

Primary 
accession 

Description Oligo name Primer sequence 

PITG_15679 RxLR For_15679_qRT CCACGAAGAACATGGACAAG 

Rev_15679_qRT CCGACAGACTCAGCTTTTCA 

PITG_16866 NPP1-like qRT_16866_F ATCCTTCAGCTCTTCGCATC 

qRT_16866_R TGGGGCTTGAACTTGATACC 

PITG_17552 TF-Myb-like For_TF-17552_qRT TCAGCCTTCTCAAACCAATG 

Rev_TF-17552_qRT GACCATAACCCTCGCTCAAT 

PITG_17567 TF-Myb-like For_TF-17567_qRT GTGCTCACATTTTGCGAGTT 

Rev_TF-17567_qRT GCTCACCATGACTTTGTTGC 

PITG_18215 RxLR For_18215_qRT  ATGCGAGCCTACTTTGTCCT 

Rev_18215_qRT CAACACGAAGAGAGCGAGTC 

PITG_18428 cleavage induced qRT_18428_F GAAGCATCCTGATCCAACCT 

qRT_18428_R TCGGAGTCAATGTTGTCGTT 

PITG_21410 INF4 For_21410_qRT TATCCGAAGCCTCATTCTCC 

Rev_21410_qRT ATCATCGAGTAGCCCGAATC 

PITG_22375 RxLR qRT_22375_F TCGACAAAACCTGAATCCAA 

qRT_22375_R CGGGACAGCCTTGATAGACT 

PITG_22675 RxLR qRT_22675_F CGGCAAACCCTTCCAAAGAC 

qRT_22675_R CGGGCCATTCAAGAAAACCA 

PITG_22760 CHP For_22760_qRT AACTGTTGCTGCTATGTCTGC 

Rev_22760_qRT CCACCACAAGAACCTCCAT 

PITG_22916 NPP1-like qRT_22916_F AAGGAAAAGGCTGCTGTCAA 

qRT_22916_R ATCCGTCCTCGATGTAAAGC 

PITG_23077 SCR91 qRT_23077_F GGTATGCCGTGACGAAGGTA 

qRT_23077_R CCGCACTTATTGATGCAGCA 

PITG_23094 NPP1-like For_23094_qRT TTGCTCTAAGCTGCTTGGTC 

Rev_23094_qRT GAGAACCTCAGGGAATGGAA 

tdTomato tdTomato tdTomato_QRT1_for GACACCAAGCTGGACATCAC 

tdTomato_QRT1_Rev  CCATGCCGTACAGGAACA 
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When using Primer3, the primer melting temperature was set from a minimum of 58°C 

to a maximum of 60°C, and product size ranges were set between 50 and 150 bp. 

Candidate nucleotide primer sequences were analysed for primer secondary structure 

using NetPrimer software (http://www.premierbiosoft.com/netprimer) to identify 

hairpins, self-dimers, cross-dimers, and palindromes in primer pairs, to minimise the 

formation of primer dimers. All selected primer pairs were used as query sequences for 

BLASTn search against NCBI Genbank (http://blast.ncbi.nlm.nih.gov) to confirm that the 

primer sequences were unique to P. infestans and would not cross-react with potato 

sequences. Primers which were already in existence in the laboratory (Table 2.4) were 

also used. 
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Table 2.4 Additional QRT-PCR primers; these primers were already in the primer collection in 
the P. infestans laboratory at the James Hutton Institute. 

Oligo name/ 
Specificity 

Primary 
accession 

Primer 
direction 

Primer sequence Reference 

SSHac2C5/ Hmp1 PITG_00375 Forward GCCAGCGGTCAAGGTAAAGA Avrova et al., 2008 

Reverse GCCTGCTAACGGCAACGT 

E7.6199.C1/ RxLR PITG_03192 Forward CCTGCTCGTCGTCAGTGTGA Whisson et al., 2007 

Reverse TCGAAATTCCGGTTATTCATGA 

rpvb_12884.y1.abd/ 
RxLR 

PITG_04314 Forward GGTTGCCCTATCTACGAGCAAA Whisson et al., 2007 

Reverse GGGACCTGACGATGCTGTTTT 

rpch_15494.y1.abd/ 
RXLR 

PITG_04388 Forward CGATCATTCGACGCCCATAT Whisson et al., 2007 

Reverse CGGTCGGAAGCCCTCTCT 

qNud/ RxLR PITG_06308 Forward TCTCCGACCCAACAAGCATT Vetukuri et al., 2012 

Reverse TGGCCCCTCTGTCTTCACCT 

E7.8373.C1/ RxLR PITG_06478 Forward CCTTCTTCGCTTGGGCTTCT Whisson et al., 2007 

Reverse TGAGCAATCAGCTTCGACTTGT 

Qrt7987Elli/ RxLR 
(Avr2) 

PITG_08943 Forward ACCCTGAAGAAGCTCAATCC Breen, 2012 

Reverse CTTTTCCGTGACCTCTTTAGC 

PV004C8.XT7/ RxLR PITG_13628 Forward GCCTCCGACCAGAATTCGA Whisson et al., 2007 

Reverse TTGACTTTTATGGTAGCGTGATGAGT 

Avr3av/ RxLR (Avr3a) PITG_14371 Forward CGCCATAAACTTTGCAACCA Whisson et al., 2007 

Reverse TGCCGGCTGAATCGTGTAT 

E7.589.C2/ RxLR PITG_14833 Forward GACTCGTCTCCGACGCTCAT Whisson et al., 2007 

Reverse CGACACTGACGTCTTATCCTTGTT 

ActA/ Actin PITG_15117 Forward CATCAAGGAGAAGCTGACGTACA Grenville-Briggs et 
al., 2008 Reverse GACGACTCGGCGGCAG 

E7.6301.C1/ RxLR PITG_15287 Forward TGGCGAGGAGAGGGTCAAT Whisson et al., 2007 

Reverse GATAGGCCAAGCGCATCAGT 

qRTPCR_16663b/ 
RxLR (Avr1) 

PITG_16663 Forward GAGCAAGATCGACGAGTTCA Vetukuri et al., 2012 

Reverse CCTCAGGTGATCCTCCACTT 

Avr3b/ RxLR (Avr3b) PITG_18215 Forward CATCAGAACTGGGACGCTCT Vetukuri et al., 2012 

Reverse GGAGTACGCTCTCAGCCATC 

CDC14qRT/ Spore PITG_18578 Forward TGCACTTTTAACTTGACTATTCTTGA Bos et al., 2009 

Reverse AGATCAAACGTCTTAGTGGAGATG 

CV970797/ RxLR 
(Avrblb2) 

PITG_20303 Forward CGTCGCAGCATTCCCAAT Whisson et al., 2007 

Reverse GCCACAGTGTCAGGAGATGTCTT 

IpiO1/ RxLR (Avrblb1) PITG_21388 Forward TGCGTTCGCTC CTGTTGA Whisson et al., 2007 

Reverse CGGTGTTGAGATTGGATGAAAC 

Primer pairs were ordered, lyophilised, from Sigma-Aldrich and dissolved in RNase- free 

sterile water to give a stock concentration of 100 µM. Primer concentrations were 

optimized using genomic DNA of P. infestans, and cDNA from an infection time course 

of P. infestans using several dilutions (50 nM, 100 nM, 300 nM, and 900 nM) from the 



http://arboretum.harvard.edu/wp-content/uploads/ptc200_manual.pdf
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Chapter 3. Transcriptional change in P. infestans during leaf infection 

3.1 Introduction 

There is a dynamic exchange of signals between plant and pathogen during infection, 

leading to large scale transcriptome and proteome changes in both organisms. One way 

to understand the molecular interplay during infection is to assess the change in mRNA 

levels for selected genes, or for the transcriptome as a whole. 

It is important to determine the molecular aspects of host infection by the hemi-biotrophic 

pathogen P. infestans in order to understand its pathogenicity and disease development. 

It is also important to identify similarities between previously published data sets for 

different genotypes of the same species, so that core pathogenicity components can be 

identified. There are several transcriptomic studies (Tripathy et al., 2012; Lévesque, et 

al., 2010; Haas et al., 2009; Tyler et al., 2006; Cooke et al., 2012), which have provided 

fundamental knowledge of the expression of genes encoding secreted proteins in 

oomycetes. This is critical for understanding the plant-pathogen interaction under study 

(cross ref to zig-zag-zig model: Chapter-1, Figure 1.6, sub-heading 1.11). In the genome 

analysis report of the aggressive and invasive lineage 13_A2 (Blue_13) by Cooke et al. 

(2012) it was shown that the population of P. infestans undergoes major changes. This 

could be due, in part, to pathogen strategies that evolve to overcome disease resistance 

during the pathogen-host arms race. If the detectable transcriptome of one strain of P. 

infestans is different from another, then these differences may be associated with the 

degree to which these genotypes overcome host immunity. In this chapter, microarray 

analysis was used to investigate dynamic changes in the transcriptome of a well-studied 

isolate of P. infestans (88069), to better understand the ways in which it both triggers and 
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suppresses the potato immune system. For this, infection of the susceptible cultivar Bintje 

was studied across a range of time-points after pathogen inoculation. 

Previous microarray studies have only been sensitive enough to detect differential gene 

expression from two days post-inoculation (Haas et al., 2009; Cooke et al., 2012), and 

yet QRT-PCR studies have revealed that transcriptional changes occur earlier than this 

(Liu et al., 2005; Whisson et al., 2007; Avrova et al., 2008), and indeed cell biological 

analyses indicate that haustoria are detected within 24 hours-post-inoculation (Avrova et 

al., 2007). The use of the more sensitive Agilent microarray system here was to enable a 

detailed study of the P. infestans transcriptome within the first 1-2 dpi of potato infection, 

and test the hypothesis that the expression of effectors, PAMPs, and other infection-

related genes are differentially expressed from the earliest stages of infection. 

3.2 Results 

Overview 

Initially, the cell biology and the molecular interactions between the hemi-biotrophic 

pathogen P. infestans 88069 and potato were examined during the early stages of 

infection. A microarray experiment was conducted over an infection time course of 12, 

24, 36, 48 and 60 hpi. This experiment also included two in vitro samples (sporangia and 

germinating cysts) and a mock inoculation (leaf inoculation carried out by sterile distilled 

water). The progression of infection was observed using a fluorescently tagged strain of 

P. infestans and confocal microscopy. 

From the microarray, genes were grouped according to the level and pattern of their 

expression, and included stage-specific marker genes encoding PAMP proteins, 

avirulence proteins, RxLR effectors, NLP (necrosis-inducing like protein) proteins, and 

other genes which are involved in infection and differentially expressed during infection. 
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Transcripts that were only present during infection were also identified. Transcript 

accumulation of a selection of genes from all groupings were validated using quantitative 

real-time RT-PCR (QRT-PCR).  

3.2.1 Macroscopic symptoms on potato leaves 

Phenotypic changes during disease progression were recorded using digital photography 

(Figure 3.1a to f). The inoculation (droplet) on the leaf surface was slowly absorbed or 

evaporated during the experiment time course. There was no clear disease development 

observed on the leaf from 12 to 60 hpi (Figure 3.1a to e) and the leaves appeared green 

and healthy. Small water-soaked spots were observed at the inoculation site at 60 hpi. 

However, by 7 dpi (Figure 3.1f), dark brown lesions had spread across the leaves and 

were covered with aerial hyphae and sporangiophores. Leaf chlorophyll at this time point 

had almost completely disappeared. 
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Figure 3.1 Digital images showing P. infestans inoculated leaf samples taken at 12 hpi (a), 24 hpi 
(b), 36 hpi (c), 48 hpi (d), 60 hpi (e), and 7 dpi (f). Clear disease development was observed by 
seven days (f). 

3.2.2 Confocal microscopic examination of the P. infestans infection cycle 

Microscopic examination of P. infestans infection was carried out using a Leica SP2 

confocal microscope. At the earliest infection stage examined here (12 hpi), P. infestans 

(expressing the tandem dimer Tomato fluorescent protein; tdTomato) had already 

penetrated into the leaf tissue. Although some hyphae (in red) were located on the leaf 

surface and had not yet entered the leaf, haustoria were observed on some intercellular 

hyphae (indicated by arrow in Figure 3.2) indicating successful infection as early as 12 

hpi. More extensive hyphal colonisation between host cells, along with haustoria, was 
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observed at 24 hpi. By 36 hpi, hyphae were highly branched and had extensively 

colonized mesophyll cells at the inoculation site. At 48 hpi extensive tissue colonisation 

was observed and disease development was further extended from the inoculation site 

and fewer new intercellular hyphae with haustoria were formed.   

 








































































































































































































































































































































