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Abstract 

Identifying Phytophthora pluvialis effector targets in Pinus radiata 

 

Many devastating oomycete pathogens utilise effector proteins to enter plant cells and 

promote virulence. Effector proteins can manipulate plant processes to the advantage of the 

pathogen- they can alter the physiology, development and immune system of the host cell.   

One such effector is known as an RxLR effector. Evidence suggests that RxLR effectors are 

required for translocation into the plant cell.  

Preliminary evidence indicates that one oomycete species, Phytophthora pluvialis, could 

potentially have over 100 RxLR effector proteins. 

Phytophthora pluvialis is the causative agent of Red Needle Cast, a destructive disease of 

radiata pine and Douglas-fir. To understand the disease-causing mechanism of P. pluvialis, a 

radiata pine yeast two-hybrid (Y2H) cDNA library has been constructed to identify putative 

host protein targets of effector proteins.  

Our understanding of the infection process of P. pluvialis at a molecular level is rudimentary 

compared to other Phytophthora species. Knowledge on P. pluvialis effectors and their 

targets will define, for the first time, the plant immune receptors/R genes in Pine. 

Understanding the key mechanisms of infection is vital as it gives insight into development of 

preventative measure such as targeted breeding strategies, forestry strategies, or 

development of chemical treatments. 
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Abbreviations and Glossary 

3AT: 3-Amino-1,2,4-triazole (3-AT), a competitive inhibitor of the product of the HIS3 gene 

cDNA: complementary DNA. cDNA is DNA synthesised from a single-stranded RNA 

cfu: colony forming units 

CNL: NLR with an N-terminal coiled-coil domain 

CRN: Crinkler- a type of effector that is predominantly found in oomycetes with a 

necrotrophic life stage. 

cV8: a plate or broth made with clarified V8 juice. 

DAI: Days after infection. 

DAMP: host biomolecules that can initiate and perpetuate a non-infectious inflammatory 

response. Released from damaged or dying cells and activate the innate immune system by 

interacting with pattern recognition receptors (PRRs). 

Effector: protein secreted by pathogens to promote establishment and maintenance of an 

infection in the host 

ETI: Effector-Triggered Immunity 

ETS: Effector-Triggered Susceptibility 

GAL4 AD: GAL4 activation domain 

GAL4 DBD: GAL4 DNA-binding domain 

HAMPS: Herbivore-Associated Molecular Patterns.  

HR: Hypersensitive Response 

M/PAMP: microbe/ pathogen-associated molecular pattern 

NLR/NB-LRR: nucleotide-binding and leucine-rich repeat (NB-LRR) domains. These proteins 

recognise effectors or effector-mediated alterations to host proteins. 

PCR: Polymerase Chain Reaction 
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PRR: Pattern Recognition Receptor 

PTI: Pattern-Triggered Immunity, which occurs upon activation of PRRs. 

R/YFP: red/yellow fluorescent protein 

R gene: are genes in plant genomes that convey plant disease 

resistance against pathogens by producing R proteins 

RNL: RPW8-NB-ARC-LRR. A subfamily of non-TIR containing NLRs with a diversity of N-

terminal sequences and structures.  

RxLR: a family of phytopathogen effector proteins. RXLR proteins are defined by a 

conserved N-terminal domain with the sequence motif RXLR (Arg-Xaa-Leu-Arg) consensus 

sequence. 

SC: Synthetic Complete media for yeast mating assays 

SP: signal peptide 

TNL: NLR with an N-terminal Toll/ Interleukin-1 receptor domain 

Y2H: yeast-two-hybrid. A molecular biology technique used to discover protein–protein 

interactions in vivo in yeast. 
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CHAPTER 1 

Introduction 

 1.1 Plants and their surroundings 

Due to their sessile nature, plants are continuously challenged with a range of stresses. Stress 

factors are divided into abiotic and biotic stressors: 1) Abiotic stressors are defined as 

environmental conditions of physical nature, e.g., heat, drought, flooding, or high salinity 

(Cramer et al., 2011; He et al., 2018) and 2) biotic stressors are living organisms with negative 

effects on the plant (O'Shaughnessy & Rush, 2014). Of these multitudes of biotic stressors, 

plant pathogens are of major concern, as they can cause huge ecological, economic, and 

environmental damage. To circumvent the damage inflicted by pathogens, plants rely on an 

innate immune system and on systemic signalling from damaged or infected sites. The innate 

immune system comprises several structural, chemical, and protein-based defences designed 

to detect and stop invading organisms (Han, 2018), which can be separated into pre-existing 

defences, and the post-infection or induced defences (Hamuel, 2018).  

 

 1.2 Oomycetes  

Phytopathogens exist in a wide range of forms including, but not limited to, fungi, bacteria, 

viruses, viroids, bacteria, nematodes, and oomycetes.  

Oomycetes, while morphologically similar to fungi, are a phylogenetically distinct group of 

organisms (Figure 1) that have the dubious honour of including some of the most devastating 

plant pathogens (Morgan & Kamoun, 2007). Oomycetes are responsible for multi-billion-

dollar damages annually to industry worldwide (Wawra et al., 2012). Generally, plant 

pathogenic microbes, including oomycetes, can be divided into groups based on their 

lifestyles (Lorang, 2019). Obligate biotrophs are pathogens that rely on living host plants to 

proliferate, whereas necrotrophs kill their host upon infection and feed upon the decaying 

tissue. Lastly, hemibiotrophs establish an initial biotrophic phase which then switches to a 

necrotrophic phase (Rodenburg et al., 2020 ;Vleeshouwers & Oliver 2014). As a common 

infection strategy they utilise, regardless of lifestyle, the secretion of so-called “effectors”, 

molecules that change the host’s physiology. Effectors allow initiation and development of 

the infections process and can be of very different origin, including, but not restricted to, 
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proteins that trigger the activator or repressor function of a transcriptional regulator which 

modifies gene expression (Landete, 2016).   

 

 

 

 

 

 

Figure 1. Schematic relationship showing oomycetes, land plants, animals, fungi, archaea and 

bacteria. Fry, William E. and Niklaus J. Grünwald. 2010. Introduction to Oomycetes. The Plant Health 

Instructor. DOI:10.1094/PHI-I-2010-1207-01. 

Phytophthora is a genus in the class of the Oomycota (Stramenopila). Most known 

Phytophthora species exhibit a hemibiotroph lifestyle and utilise a high number of effectors 

to their advantage and include some of the most notorious and destructive plant pathogens 

(Wang & Jaio, 2019).  

 

 1.3 Phytophthora overview 

Phytophthora (literally meaning “Plant destroyer”) is a genus of filamentous oomycetes, 

within the kingdom Stramenopila, and are commonly referred to as water moulds (Rossman 

et al., 2006). They thrive and infect plant roots or foliage in water, saturated soil, and along 

riverbanks and ponds, and can be aerially dispersed in areas of increased elevation and high 

humidity (Ganley et al., 2014). Genus Phytophthora contain some of the most devastating 

plant pathogens on the planet, capable of infecting thousands of different hosts and 

threatening both natural and agricultural ecosystems. There are several notorious species, 

such as P. infestans, responsible for potato blight. This was a primary causative agent for the 
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great Irish Potato Famine, where over one million people died and over 1.5 million emigrated 

from Ireland (Rossman et al., 2006). 

With over 142 described species, and an additional 43 provisionally described species, the 

Phytophthora genus has had a profound impact on humans (Yang et al., 2017). Phytophthora 

possess several unique traits which makes them and the damage they inflict difficult to 

manage, such as the rapid creation of reproductive structures, homo/heterothallism, the 

ability to produce hybrid species, and rapid evolution of new species (Lamour, 2013). 

Phytophthora species are well-equipped to colonise a diverse range plant hosts and 

environments and can produce several types of structures that are specific for survival, 

dispersal, or infection (Reeser et al., 2015). Chlamydospores or oospores germinate in wet 

conditions to form sporangia. Sporangia then release single-celled swimming spores called 

zoospores, which can swim through water on leaf surfaces or water-logged soil. They are 

attracted to their host either chemically or electrically, and once contact is established they 

form a cyst. Some Phytophthora species may encyst and infect leaves as well as roots. Cysts 

germinate to form microscopic thread-like structures called hyphae, and the pathogen grows 

into the plant tissues to obtain nutrients, infecting the plant. The Phytophthora then produces 

more chlamydospores (asexually) or oospores (sexually), then sporangia, and the life cycle 

continues (Figure 2) (Abad et al., 2015; Reeser et al., 2015).  

 

 

 

 

 

 

 

 

 

 
Figure 2. Simplified general Phytophthora lifecycle. [Diagram]. (2021). 
Retrieved from http://forestPhytophthoras.org/Phytophthora-basics 
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Due to the wide range of plants that Phytophthora can infect and the devastating impact 

these pathogens have, interest in the Phytophthora genera has increased dramatically. 

Research is critical for a deeper understanding of factors affecting diversity, adaptation and 

hybridisation processes and the molecular mechanisms which drive susceptibility or 

resistance in plants against Phytophthora species. 

 

 1.4 Plant Immunity 

Pre-existing defences 

The pre-existing defences for a plant can be categorised into physical, structural, and 

biochemical defence mechanisms. The physical barriers include, but are not limited to the cell 

wall, cuticle wax layers, bark, and the epidermal layer. These structures not only protect the 

plant from invasion, but they also provide strength and rigidity. Thorns can protect plants 

from grazing vertebrates, while trichomes are specialised epidermal cells mainly found on 

aerial plant parts. They give both physical and chemical protection against insect pests 

(Freeman, 2008; Hamuel, 2018). 

In addition to physical defence mechanisms, plants can release different chemicals as a 

constitutive chemical defence. These can be pre-formed or newly synthesized compounds, 

which interfere with activities of the pathogen and pathogenesis, thereby preventing or 

reducing infection. Examples for antimicrobial compounds are secondary metabolites like 

phytoanticipins, toxic inhibitors and phytohormones (Hamuel, 2018). 

Induced responses 

Traditionally, plant immunity was considered a well organised, defined, and tiered system. 

Jones and Dangl (2006) proposed a simple two-branched model they called the “zigzag” 

model. The first branch is triggered in response to common microbe-associated molecular 

patterns (MAMPs) or pathogen-associated molecular patterns (PAMPs), called “PAMP-

triggered immunity”, or PTI. The second branch responds to pathogen virulence factors called 

effectors, termed “Effector-triggered immunity” (Figure 3). Jones and Dangl (2006) 

considered ETI to be an increased and magnified PTI response, frequently resulting in a 

hypersensitive cell death response (HR) at the infection site. While this zigzag model is elegant 
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in its simplicity, more recent research indicates there is significant crosstalk between the 

systems involved in PTI and ETI.  Research suggests a lack of distinct boundaries between the 

phases of PTI and ETI, suggesting a more blended PTI-ETI continuum (Naveed et al., 2020; 

Pritchard & Birch., 2014).  

 

Pattern Triggered Immunity 

The first line of plant innate immune response is triggered upon the detection of common 

MAMPs or PAMPs that are not found in host cells (Spoel & Dong, 2012). MAMPs/PAMPs 

include an array of proteins, such as bacterial flagellin, carbohydrates, and 

lipopolysaccharides. The plant can also sense damage associated molecular patterns 

(DAMPs), which are plant degradation products generated by the action of pathogen 

originated enzymes during the infection process (Bigeard et al., 2015; Choi & Klessig, 2006). 

In addition to the aforementioned molecular patterns, several plant species can differentiate 

herbivore attack from mechanical damage by the perception of another range of chemical 

signals, also known as herbivore-associated molecular patterns (HAMPs), produced by the 

herbivore. These can be from secretions such as insect saliva, regurgitant or frass (Malik et 

al., 2021).  

PTI involves a complex set of responses intended for resisting against a pathogen attack. The 

perception of different PAMPs is accomplished via specific pattern‐recognition receptors 

(PRRs); these are usually plasma‐membrane‐bound receptor‐like kinases or receptor‐like 

proteins with extracellular domains allowing for PAMP perception and cellular signal 

transduction (Meisrimler et al., 2020).  

Upon MAMP/PAMP recognition, PRRs can activate a significant amount of downstream 

immune signalling. One such signal is a weak reactive oxygen species (ROS) burst, which leads 

to PTI-dependent basal defence responses (Jwa & Hwang, 2017). The weaker ROS burst 

during the PTI is a signal, whereas the more intense ROS burst induced by pathogen avirulence 

(Avr) effectors interacting with intracellular NLR proteins is a physical defence mechanism. 

Induction of PTI also includes a rapid burst of Ca2+, activation of Ca2+-dependent protein 

kinases (CDPKs) and mitogen-activated protein kinases (MAPKs). Additionally, PTI is 

associated with production of phytohormones, and extensive transcriptional and metabolic 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/flagellin
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/lipopolysaccharides
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/lipopolysaccharides
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reprogramming (Hou et al., 2019). Such responses are aimed at impeding pathogen 

replication and disease progression (Macho & Zipfel, 2014). Some adapted pathogens can 

circumvent the PTI via the use of effectors and instigate pathogen proliferation (Jones & 

Dangl, 2006). Ultimately, this serves to disrupt immune signalling in the host and can be 

considered a PTI‐compromised state, which is called effector‐triggered susceptibility (ETS) 

(Howden & Huitema, 2012; Vleeshouwers & Oliver, 2014).  

 

 

Figure 3. The principles of plant immunity with an integrated view of plant–pathogen interactions 

showing how bacteria, fungi and oomycetes interact with plant cells. Dodds, P. N., & Rathjen, J. P. 

(2010). Plant immunity: towards an integrated view of plant–pathogen interactions. Nature Reviews 

Genetics, 11(8), 539-548. doi:10.1038/nrg2812 

 

 

https://www.embopress.org/doi/full/10.15252/embj.201796529#embj201796529-bib-0019
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Effector Triggered Immunity 

Over time, pathogens have evolved multiple strategies to avoid detection. They can modify 

MAMPs and subvert PRR signalling; they can modify or suppress their elicitors to avoid 

recognition by the host and deploy a myriad of effectors. These effectors suppress host 

defence and physiological processes by modulating components involved in calcium and 

MAPK signalling, alternative splicing, RNA interference, vesicle trafficking, cell-to-cell 

trafficking, proteolysis and phytohormone signalling pathways (Naveed et al., 2020). 

To bypass PTI, pathogens deliver effector molecules into the plant cell. Through coevolution 

with pathogens, plants have evolved intracellular immune receptors known as resistance (R) 

proteins that can recognise the presence of certain pathogen effector molecules. Plant R 

proteins are generally nucleotide binding-leucine rich repeat (NLR or NB-LRR) proteins. Plants 

can use these immune receptors to detect pathogen ‘avirulence’ signals and activate ETI, also 

known as R gene-mediated resistance. Initiation of ETI is correlated with a complex network 

of defence signalling pathways, resulting in defensive cellular responses and large-scale 

transcriptional reprogramming events (Bonardi et al., 2011).  

Upon activation, R proteins elicit strong defence responses, including a rapid burst of ROS, a 

HR-based rapid programmed cell death (PCD) at the infection sites, and increased expression 

of pathogenesis-related (PR) genes (Wu et al., 2014). HR is considered a hallmark of ETI, 

typically associated with programmed cell death of the infected cells and the production of 

antimicrobial molecules — such as the hydrolytic enzymes chitinase and β-1,3-glucanase — 

in the surrounding tissue, leading to local resistance to the pathogen (Dubey & Singh, 2018).   

Unlike PTI, which is a general response to a limited number of MAMPs/PAMPs that are 

conserved between the major microbial groups (such as certain fungi and bacteria), ETI is 

specific for effectors that can potentially be highly polymorphic between different pathogen 

strains (Dodds & Rathjen, 2010).  

The NLRs or NB-LRRs form the largest resistance gene family and are the main group of 

cytoplasmic receptors involved in the recognition of specific pathogens as part of effector-

triggered immunity in plants. NLRs may confer resistance to biotic aggressors like pathogens, 

and abiotic stresses such as drought. This fundamental role of NLR proteins in resilience to 

biotic and abiotic stresses has encouraged genome-scale studies of their evolution, primarily 
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in Angiosperms. These genes have long been a target for crop breeding programs which aim 

to identify and utilise NLRs to introduce resistance traits against specific phytopathogens (Li 

et al., 2015; Zhang & Coaker, 2017).  

 

 1.5 Effector proteins 

Pathogens are well known for utilising effector proteins. These proteins enable infection by 

altering the physiology, development, and immune system of the host cell, known as Effector-

Triggered Susceptibility (ETS). As mentioned earlier, plants have evolved an ETI which is able 

to restrict pathogen growth, creating selective pressure on the pathogen’s effector gene pool. 

Effectors constantly evolve to ensure continued evasion of host recognition, while still 

maintaining the pathogens virulence (Boutemy et al., 2011). This process is called the “arms 

race” between plants and pathogens - a typical red queen dynamic (Clay & Kover, 1996). RxLR 

effector genes are often found in the more dynamic areas of the genome and are frequently 

found in gene sparse, repeat-rich regions (Dodds, 2010; Anderson et al., 2015). This 

localisation is suggested to aid in their rapid evolution, with additional evidence showing gene 

copy variation, gene conversion, the presence and absence of polymorphisms and intragenic 

recombination. These changes at the DNA level can mitigate gene-for-gene resistance by 

altering the structure of the encoded protein. In doing so, the host is no longer able to 

recognise the pathogen, and hence the pathogen can evade host immunity to allow for 

further infection (Anderson et al., 2015). 

Most pathogens can secrete both extra and intracellular effectors (Wawra et al., 2012). 

Extracellular effectors, also known as apoplastic effectors, are found at the interface between 

the pathogen and its host. Effectors which can be translocated into host cells and interfere 

with the host immune system are termed intracellular effectors, or cytoplasmic effectors 

(Figure 4). These effector proteins play key roles in the molecular interaction between plants 

and pathogens (Schnornack et al., 2010). There are two important, abundant groups of 

cytoplasmic effectors which are found in many plant pathogenic oomycetes- ‘RxLR-effectors’ 

and ‘crinklers’ (Wawra et al., 2012). 
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Prior research into RxLR effectors in other Phytophthora species has found that RxLRs are 

translocated from the extra-haustorial matrix during the biotrophic phase of infection of the 

host (Birch et al., 2006).  The absence of RxLRs in 7 studied Pythium species suggests 

substantial differences in virulence strategies between two pathogenic oomycetes and their 

hosts. The absence of classical RxLR effectors in Pythium indicates that it may not need RxLR 

effectors for a necrotrophic lifestyle (Win et al., 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. A) a simplified diagram illustrating the delivery and location of cytoplasmic and apoplastic 

effectors; B) Cross-section of the diagram A illustrating the delivery of apoplastic and cytoplasmic 

effectors to their cellular target. Modified from Kamoun, S. (2006). A catalogue of the effector 

secretome of plant pathogenic oomycetes. Annual Review of Phytopathology, 44.  

 

B 
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 1.6 Oomycete RxLR effectors  

 High-throughput Yeast-2-Hybrid screening and network analysis of candidate oomycete 

(Hyaloperonospora arabidopsidis), fungal (Golovinomyces orontii), and bacterial (P. syringae) 

effectors in Arabidopsis thaliana revealed a core hub of plant proteins targeted by unrelated 

phytopathogens, which suggests that effectors may converge onto these hubs to promote 

pathogen fitness in planta (Carella et al., 2018; Lorang, 2019). 

Theoretically, the targeting of conserved plant proteins and processes by phytopathogen 

effectors would offer flexibility in the expansion of a pathogen’s host range and/or could 

facilitate evolutionary progressions to new hosts.  

Gene-for-gene resistance against pathogens such as Phytophthora species is based upon the 

recognition of RxLR proteins (Anderson et al., 2015). These proteins have a highly conserved 

amino acid motif Arg-Xaa-Leu-Arg (RxLR), which is found within avirulence proteins from 

many pathogenic oomycetes. Frequently found within 25 amino acids downstream from the 

RxLR motif is an acidic-rich dEER motif (Asp-Glu-Glu-Arg) (Win et al., 2012). Evidence suggests 

that RxLRs are required for translocation into plant cells. Effector activity appears to be in the 

C-terminal regions of the RxLR effectors, in the so-called “effector domain”. Effector domains 

of RxLRs show extensive sequence diversity (Boutemy et al., 2011), although there are 

recognisable sequence relationships within the C-termini of RxLR effectors. Approximately 

40% of all RxLR proteins investigated so far contain a core α-helical fold, called the WY 

domain. On the surface of this helix are functionally important polymorphic residues and 

many RxLR proteins contain repeats of this WY domain (Win et al., 2012). 

A number of RxLR effectors also feature a signal peptide (SP), which sits upstream of the RxLR 

sequence. These short peptides are located in the N-terminal region of the effector, and 

generally range from 16-30 amino acids (Kapp et al., 2009). They carry information for 

dictating the protein secretion pathway as well as the protein target location (Owji et al., 

2019). Several different secretory pathways have evolved amongst organisms. Two major 

pathways are present in all domains of life, which exist to secrete proteins across the 

cytoplasmic membrane (Natale et al., 2008). The general secretory pathway (Sec) directs 

protein translocation across the endoplasmic reticulum membrane in eukaryotes (Natale et 

al., 2008). During or after membrane translocation, a signal peptidase removes the SP. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/secretory-pathway
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Sec/SPI, or “standard” secretory signal peptides are transported via the Sec translocon and 

cleaved by Signal Peptidase I (SPase I/SPI). Additionally, the Sec translocon can transport 

lipoprotein signal peptides that are cleaved by Signal Peptidase II (Sec/SPII) (Almagro 

Armenteros et al., 2019). The twin arginine translocation (Tat-pathway) serves to translocate 

folded proteins across biological membranes, and Tat signal peptides are cleaved by type 1 

signal sequence peptidases, such as SPI (Natale et al., 2008). Tat translocases consist of two 

or three membrane integrated subunits which form a receptor and a protein conducting 

machinery for Tat substrates. Programmes such as SignalP v 5.0 can differentiate between 

three types of signal peptides (Sec/SPI, Sec/SPII, I Tat/SPI), allowing for identification of 

potential signal peptide sequences in effector sequences. Research shows that while many 

Phytophthora RxLRs contain signal peptide sequences, some do not. If, and how, these 

effectors which do not contain a signal peptide are translocated is currently unresolved 

(Boevink et al., 2020).  

 

 1.7 Gymnosperm immunity 

It is well established that plants must deal with a variety of stresses, including pathogens, and 

trees are not exempt from this (Tobias & Guest, 2014). The majority of what we know about 

plant immunity and how plants interact with phytopathogens has been based around work 

on angiosperms. Great attention has been paid to their genome structure and evolution, with 

little expansion on gymnosperms, leading to a distinct lack of data (de Vries et al., 2018). Long 

generation times and large genomes can also hinder analysis (Liu & Ekramoddoullah., 2007; 

Kersey 2019). Nevertheless, advances in research suggest that substantial differences exist 

between their genomes. (Leitch & Leitch, 2012). 

Conifers possess exceptionally large genome sizes (ranging between 18,000 and 40,000 Mbp) 

that contain many pseudogenes. In contrast to large angiosperm genomes (such as maize) 

where there has been frequent polyploidization, all extant members of the genus Pinus are 

diploid with 2n = 24 chromosomes (Morse et al., 2009; Kersey, 2019).   

As mentioned earlier in section 1.4, NLRs are the most common disease resistance (R) genes, 

and their gene family is one of the largest in plants. NB-LRR proteins recognise effectors and 

initiate ETI (Eitas & Dangl, 2010). 
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Recent research by Van Ghelder et al., (2019) identified 3816 expressed NLR sequences from 

annotated transcriptomes assemblies of seven conifers. Additionally, they found that conifer 

RNLs (a subfamily of non-TIR containing NLRs) contain a level of sequence diversity that is 

exceptional compared to known angiosperms. Insight into NLRs in gymnosperms 

has potential biotechnological applications to enhance broad-spectrum disease resistance in 

valuable tree species (Noman et al., 2008). 

Pinus is one of the oldest extant conifer genera with Pinaceae known in the fossil record since 

the Cretaceous period, and still dominates large parts of the world’s forest today. Pinaceae 

are by far the most economically and ecologically important gymnosperm family, therefore 

information about their defence mechanisms against pathogens is incredibly important (De 

La Torre et al., 2014).  

Classical or conventional breeding is one of the principal ways to improve pest and disease 

resistance. In tree species, not only is this costly, but is substantially complicated by their long 

generation times. An -omics based approach can generate large amounts of data on forest 

tree resistance mechanisms which can ultimately contribute to the improvement and 

protection of commercially important trees, such as Pinus radiata by providing insight on 

effector targets and recognition (Kovalchuk et al., 2013). This information mitigates the need 

for blind breeding which becomes costly and time consuming.  

 

 1.8 Pinus radiata 

Pinus radiata (P. radiata), also known as Radiata Pine, is an introduced species of coniferous 

evergreen tree first established in New Zealand in 1859. Approximately 90% of New Zealand's 

plantation forests are now P. radiata (Berg, 2008).  Forestry exports generated ~6.8 billion NZ 

dollars in 2018, with approximately 6.12 billion of that coming from the export of P. radiata 

(Statistics New Zealand, 2019). Beyond the economic benefits of the growth and harvest of 

Radiata pine, there are other benefits to consider, namely environmental and ecological. The 

vast pine plantations in New Zealand act as a carbon sink- the wood has been shown to absorb 

a net 1.7 tonnes of carbon from the atmosphere, which is above and beyond the energy 

required for growing, harvesting, and processing the trees (Forest Owners Association, 2019). 
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Ecologically, P. radiata has long been considered an unattractive exotic monoculture, and 

widely criticised in comparison to native species forests, particularly in respect to wilding pine 

(Springford, 2017). Despite this reputation, pine forests can show similar levels of diversity to 

those found in neighbouring native forests and the establishment of exotic plantation forests 

help to protect native forest populations from depletion and provide renewable fibre and 

energy for the country (Pawson & Brockerhoff., 2005).  

Considering the importance of Pinus radiata to the economy and environment, it follows that 

consideration needs to be taken to protect the species. The International Union for 

Conservation of Nature (IUCN) classifies Radiata pine as endangered. While this may not be 

the case in New Zealand, there are areas in California and Baja California which hold pine 

stands in threat of extirpation (Earle, 2018).  In the past, numerous diseases, such as Sirex‐

Amylostereum, Dothistroma and Armillaria have affected pine plantations in New Zealand. 

The damage caused by these diseases was either controllable or seen as tolerable (Chou, 

1991). While historically, this was an acceptable approach, the impact of globalisation on 

introduction of pathogens must be considered. It is of significant importance to protect New 

Zealand’s vulnerable ecosystem. 

In New Zealand, there are 18 species of Phytophthora associated with agriculturally important 

crops, 10 with exotic plantations, 15 with horticulture/amenity plantings, and 11 in natural 

ecosystems. With 32% of the Phytophthora population in New Zealand associated with exotic 

plantation, the infection of conifers is of concern as it has the potential to affect forest 

ecosystems, commercial productivity, and international trade (Scott & Williams., 2014). 

Of current concern to New Zealand’s pine plantations is a destructive disease called Red 

Needle Cast (RNC), caused by the oomycete pathogen Phytophthora pluvialis. 

 

 1.9 Phytophthora pluvialis 

Red Needle Cast (RNC) is a destructive foliar disease in Pinus radiata caused by the oomycete 

Phytophthora pluvialis (Dick et al., 2014). First recognised in New Zealand in 2008, P. pluvialis 

has also been isolated from Pseudotsuga menziesii (Douglas Fir) and Rhododendron spp. 

leaves (Brar et al., 2018). RNC causes accelerated needle senescence and premature 
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defoliation of trees and can lead to up to 40% loss of growth annually (Dungey et al., 2014). 

Typical disease symptoms include a dark resinous band, which extends to discoloured khaki 

lesions on the needle, followed by premature needle shedding. RNC can be spread by shed 

needles, aerial dispersal, rain splash, or human and animal movement (Brar et al., 2018). 

Areas exposed to high humidity and elevation experience more frequent and severe RNC 

symptoms, such as the North Island and north of the South Island of New Zealand. Symptoms 

are often first observed in late autumn through late winter (Dick et al., 2014). 

Phytophthora species produce a considerable abundance of effector proteins. Generated 

genomic data from five notable species (see table 1) report RxLR repertoires in the hundreds 

(Wang & Jaio., 2019).  

Table 1.  Genome size and the number of encoded effector proteins of five notable 

Phytophthora species (Wang & Jaio., 2019)  

Species Genome size Number of genes Number of encoded RxLR 

effectors 

P. infestans 240 Mb 17,797 563 

P. sojae 95 Mb 16,988 335 

P. ramorum 65 Mb 14,451 309 

P. capsica 63.8 Mb 19,805 400 

P. nicotianae race 0 80 Mb 17,797 308 

 

Like other Phytophthora species, P. pluvialis secretes a large amount of effector proteins, 311 

of which have been tentatively identified so far. Preliminary, unpublished data from Panda et 

al (SCION) suggest the P. pluvialis secretome is dominated by two types of cytoplasmic 

effectors: 

1) RxLRs (115) 
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2) Crinklers (136) 

P. pluvialis is a hemibiotroph oomycete, exhibiting two distinct phases in its lifecycle: an early 

biotrophic phase, followed by a necrotrophic phase (Lee & Rose., 2010). Prior research into 

RxLR effectors in other Phytophthora species has found that RxLRs are translocated from the 

extra-haustorial matrix during the biotrophic phase of infection of the host (Birch et al., 2006).   

Our understanding of the infection process at a molecular level is very rudimentary in 

comparison to other Phytophthora species. Research on P. pluvialis effectors and their targets 

will define for the first time the plant immune receptors/R genes in pine, generally leading to 

a better understanding of tree health and oomycete pathogenicity – representing keys to 

develop Phytophthora preventive measures. Protein-protein interactions are crucial for all 

cellular processes including facilitating Phytophthora infection. Frequently used methods to 

identify effector-target interactions are yeast two-hybrid (Y2H) screening, a well-established 

genetic in vivo technique (Brückner et al., 2009). 

 

 1.10 Yeast-2-Hybrid 

The basic concept of the yeast two-hybrid system (Y2H) is to detect the interaction between 

two proteins via transcriptional activation of a reporter gene. Y2H systems exploit the fact 

that transcription factors are composed of two domains, a DNA binding domain (DBD) and an 

activation domain (AD). Two separate hybrid proteins are constructed in two-hybrid screens. 

The first hybrid protein is the DBD/protein X fusion known as the "bait", while the second 

hybrid protein is the AD/protein Y fusion known as the "prey” (see figure 5). These two hybrids 

are encoded on separate yeast expression plasmids, with independent selectable markers 

(Legrain & Selig 2000). 
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Y2H systems allow for the detection of protein-protein interaction in vivo, in yeast and can be 

easily automated for high-throughput studies on a genome-wide scale. Two approaches can 

be used when using a Y2H screening: the matrix/array approach, and the library approach.  

The matrix/array approach involves performing a direct mating of a set of baits versus a set 

of preys expressed in different yeast mating types and includes all possible combinations 

between full-length open reading frames. Alternatively, the classical cDNA-library screen 

searches for pairwise interactions between defined bait proteins and their prey present in 

cDNA libraries. Prey is not separated but instead pooled, therefore libraries may contain cDNA 

fragments in addition to full length open reading frames. This allows for large covering of a 

transcriptome and helps to reduce the rate of false negatives. Interaction partners must be 

identified by colony PCR analysis and sequencing, which can make this type of screening time 

intensive (Brückner et al., 2009). 

Y2H screening is a popular method in molecular biology to detect effector-target 

interactions and has been used successfully to identify thousands of effectors and their 

protein targets from a range of pathogens, including bacteria, fungi, and oomycetes. 

 

 

Figure 5. Overview of the principle underpinning Y2H systems. 
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 1.11 Aims  

Red needle cast is a destructive disease of Radiata Pine and Douglas-fir caused by the 

oomycete Phytophthora pluvialis. Like other Phytophthora species, P. pluvialis secretes a 

large amount of effector proteins. These effector proteins enable infection by altering the 

physiology, development, and immune system of the host cell, known as effector-triggered 

susceptibility. Preliminary, unpublished data from Panda et al suggest the P. pluvialis 

secretome is dominated by two types of cytoplasmic effectors: 1) RxLRs and 2) Crinklers.  

In total, 115 potential RxLR effectors were identified. These effectors can be translocated into 

host cells, where they interfere with the host immune system and physiology.  Gene-for-gene 

resistance against Phytophthora species is based upon the recognition of RxLR proteins or 

target-RxLR effector complexes.  

The basis of this MSc project are the following hypotheses:  

1) P. pluvialis uses RxLR effector proteins to target pine proteins 

2) Yeast-two-hybrid will enable screening of soluble effector targets 

3) P. pluvialis effectors can be transiently expressed in N. benthamiana to confirm cellular 

localization.  

Based on these hypotheses, five RXLR effectors were chosen for further investigation with the 

following aims: 

The focus of this project was to further elucidate the disease-causing mechanism of P. 

pluvialis. To do so, a radiata pine yeast two-hybrid (Y2H) cDNA library was constructed. This 

Y2H library identifies putative host protein targets of these effector proteins. Understanding 

how Phytophthora pluvialis interacts with its host will ultimately be important for developing 

novel applications to prevent its impact on the forestry sector. These applications could be 

targeted within breeding programs and/or the development of new forestry protection 

strategies. 
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CHAPTER 2 

Material and Methods 

 2.1. Cultivation of Phytophthora pluvialis strains 

Five strains of Phytophthora pluvialis (see supplemental table 1) were received from Scion© 

and initially cultivated on Carrot Agar (100 g carrots, 15 g agar, Milli-Q water to 1 L). For 

optimisation of growth and zoospore production, agar was changed to sterile clarified 10% 

V8 agar (Jeffers, 2006). From the first plates, three plugs of existing mycelium (produced by 

the base of 1 mL pipette tips) were taken and transferred onto fresh cV8 plates (Jeffers, 2006), 

with isolates being re-plated every two weeks onto new medium for maintenance.  

 

 2.2 Harvesting mycelium 

From the V8 plates, ~10-12 cubes of mycelium approximately 1 cm² were cut and placed in 

10% clarified V8 broth (Jeffers, 2006) in sterilised flasks for nine days. Mycelium was dried 

with 10 µm pluriStrainers® via centrifuge at 4000 rpm. Once dried, mycelium was removed 

with tweezers, flash frozen in liquid nitrogen, and stored at -80˚C until further use. 

 

 2.3 Pine plantlets 

20 pottles (56 susceptible genotype shoots, 91 resistant genotype shoots) of pine plantlets 

were received from Scion©. Plant material was delivered in LPch media (Jain & Haggman, 

2007), and stored in a 25°C temperature-controlled room until further use.  

 

 2.4 Induction of zoospores  

From the carrot agar plates, 1 cm² cubes of mycelium were cut and placed in carrot broth 

(100 g carrots, Milli-Q water to 1 L) in sterile petri dishes, sealed, and kept in 17-20˚C in the 

dark for three days. On the fourth day, broth was removed, and plates flooded with sterile 

Milli-Q. Mycelium was left to soak in the Milli-Q for one hour. After this, the Milli-Q was 
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exchanged for sterile pond water. Plates were sealed and placed in the dark for 2-4 days at 

room temperature (18-20 °C), dependent on the appearance of sporangia. Following the 

appearance of mature sporangia, plates were placed in a 4˚C fridge for an hour, then placed 

under bright light for 45-60 minutes. If no zoospores were released, or if only a few were 

visible, the process was repeated a maximum of two times. 

For protocol optimisation, 1.5cm² cubes of mycelium grown on cv8 agar (Jeffers, 2006) were 

cut and placed in petri dishes with clarified V8 broth (Jeffers, 2006). Plates were sealed and 

kept in 17-20˚C in the dark for three days. On the fourth day, broth was removed, and plates 

flooded with sterile Milli-Q. Mycelium was left to soak in the Milli-Q for one hour. After this, 

the Milli-Q was exchanged for sterile pond water. Plates were sealed and placed in the dark 

for 2-4 days at room temperature (18-20 °C), dependent on the appearance of sporangia. 

Following the appearance of mature sporangia, plates were placed in a 4˚C fridge for an hour, 

then placed under bright light for 15 minutes. If no zoospores were released, or if only a few 

were visible, the process was repeated. Upon zoospore release, zoospore inoculation was 

removed for infected needle assays. The plates were flooded a second time with cold sterile 

pond water, placed in a 4˚C fridge for 30-45 minutes, and then placed under bright light for 

15 minutes. 

 

 2.5 Infected needle assays 

Upon release of zoospores, 5 mL of zoospore solution was decanted into 50 mL falcon tubes. 

Pine plantlets were placed fascicle-side down into the solutions. The tubes were sealed, 

covered in foil, and left at room temperature (17˚C-20˚C) overnight.  Alternatively, plantlets 

were sprayed with Milli-Q water and placed on top of a cV8 plate (Jeffers, 2007) of mycelium, 

covered with foil and left overnight at room temperature (17˚C-20˚C). The following day, 

plantlets were laid out in petri dishes lined with damp sterilised paper towels. The plates were 

sealed and placed into a temperature and light controlled mobile growth chamber 

(Contherm) at 17˚C with 12 hours of light and 12 hours of darkness. At various time points 

(three days after infection, five days after infection, seven days after infection, and twelve 

days after infection) plantlets were inspected for infection, photographed, flash frozen in 

liquid nitrogen and stored at -80˚C ready for RNA extraction.  
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2.6 Trypan Blue Staining 

Infected pine tissue was transferred to a 50 mL falcon tube with a lid and covered with diluted 

trypan blue solution (10 g phenol, 10 mL glycerol, 10 mL lactic acid, 10 mL water and 0.02 g 

of trypan blue together (stock solution); working solution was prepared by diluting the stock 

solution with ethanol (96 %; 1:2 v/v)). The tube (with lid slightly unscrewed) was placed in a 

heated water bath and the staining solution boiled for 10 minutes, and the tissue left 

overnight in the staining solution. The next day the staining solution was replaced with a 

chloral hydrate solution (62.5 g of chloral hydrate in 50 mL water) for destaining. Samples 

were kept in the destaining solution for 2-5 days. During this time, the destaining solution was 

replaced several times if necessary. Brightfield microscope images of the stained samples 

were captured using a Zeiss AXIO506 microscope at 10x, 20x, and 40x magnification.   

 2.7 RNA extraction  

RNA extraction of mycelium was carried out using the Norgen Plant/Fungi Total RNA 

Purification Kit. RNA purification was executed as described by the manufacturer with minor 

alterations. Cell maceration of ~50 mg of tissue (mycelium or infected pine plantlet) was 

achieved using liquid nitrogen with a mortar and pestle. Lysis buffer was added to the 

powdered tissue to create an emulsion to aid in the extraction of RNA. The emulsion was 

incubated for ten minutes at 55° C. The concentration of the RNA extracted was measured 

via nanodrop (Thermo Scientific NanoDrop 1000) then stored at -80˚C or used immediately. 

The RNA extracted from the infected pine plantlets was further purified to separate the mRNA 

from total RNA.   

 2.8 mRNA purification   

Dynabeads™ mRNA Purification Kit (ThermoFisher Scientific) was used to purify mRNA from 

total RNA extract using the instructions provided by the manufacturer. The concentrated 

mRNA was then used for construction of the cDNA library required for the Yeast-2-Hybrid 

library (table 5 for total RNA extraction and final mRNA concentration). 
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2.9 cDNA generation 

cDNA for effector coding sequences was generated via SuperScript® IV Reverse Transcriptase 

using total RNA extracted from mycelium. cDNA concentration was measured by nanodrop 

set at DNA50, ƛ230 (Thermo Scientific NanoDrop 1000) and then stored at -20˚C until further 

use. 

 2.10 Candidate effector identification and primer design 

A preceding RNA sequencing identified the expression of 311 P. pluvialis effectors with 115 

identified as RxLR or RxLR-like effectors (Unpublished data, Panda et al). Nucleotide 

sequences were received from Plant and Food Research. Signal P v 5.0 was used for signal 

peptide detection within sequences of interest. Primers were then designed for Gateway® 

cloning in Geneious Prime v 2020.1.1 and produced by Integrated DNA Technologies. Two 

sets of primers were designed- one for the sequence including the signal peptide and the RxLR 

motif (“long”) and one for the sequence without the signal peptide and RxLR motif (“short”) 

(see supplemental table 3 for full list). Primers were confirmed via PCR and gel electrophoresis 

(see figure 9).  

 

 2.11 PCR and gel electrophoresis 

Primers were confirmed via PCR using Taq DNA Polymerase (Bioline). This was performed on 

cDNA generated from mycelium (see tables 2, 3, 4 and 5 for mastermixes and machine 

settings for PpR01; effectors PpR02-05 in supplementary tables S5-S12). Following PCR, 4 µL 

of 5x blue DNA loading buffer DNA loading dye was added to each sample, and samples were 

run on a 1% agarose gel (0.5 g of HyAgaroseTM LE multipurpose agarose, 50 mL 40 mM Tris, 

20 mM acetic acid, 1 mM EDTA, 1.5 µL of RedsafeTM nucleic acid staining solution) in 1% TAE 

(40 mM Tris, 20 mM acetic acid, 1 mM EDTA) buffer for 35 minutes at 100 V with a 1 kb 

HyperLadder for reference. Respective bands were visualised under UV light using GeneSnap 

(Syngene). 
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Table 2. PCR Mastermix (Biotaq DNA polymerase- Bioline). For one 50 μL reaction- scaled up 

or down as required 

10x NH4 Reaction 

Buffer 

5 µL 

50 mM MgCl₂ Solution 3 µL 

100 mM dNTP Mix 0.5 µL 

10 µM Forward Primer 2.12 µL 

10 µM Reverse Primer 2.12 µL 

DNA  1-4 µL 

BIOTAQ 1 µL 

MilliQ To 50 µL 

 

Table 3. PCR Mastermix- (Phusion High-Fidelity DNA Polymerase-New England Biolabs). For 

1 50 µL reaction- scaled up or down as required 

5X Phusion HF/GC 

Buffer 

10 µL  

10 mM dNTPs 1 µL 

10 µM Forward Primer 2.5 µL 

10 µM Reverse Primer 2.5 µL 

Template DNA 1-4 µL 

Phusion DNA 

Polymerase 

0.5 µL 

Nuclease free water To 50 µL 
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Table 4. PCR Settings- Biotaq DNA polymerase (Bioline). PCR settings for PpR01 STEP PCR 

Step Temperature Time Cycle Temperature Time Cycles 

Initial 

denaturation 

95 ° C 1 min 1    

Denaturation 95 ° C 20 sec 15 95° C 20 sec 20 

Annealing 55.4 ° C 40 sec 60.4° C 40 sec 

Elongation 72° C 15 sec 72° C 15 sec 

Final elongation  -  72° C 10 

min 

 

Cooling/Hold  -  4° C - 1 

 

Table 5. PCR Settings- Phusion High-Fidelity DNA Polymerase (New England Biolabs) for 

PpR01 STEP PCR. 

Step Temperature Time Cycle Temperature Time Cycles 

Initial 

denaturation 

98 ° C 30 sec 1    

Denaturation 98 ° C 10 sec 15 98° C 10 sec 20 

Annealing 55.4 ° C 30 sec 60.4° C 30 sec 

Elongation 72° C 15 sec 72° C 15 sec 

Final elongation  -  72° C 10 

min 

 

Cooling/Hold  -  4° C - 1 

 

2.12 Plasmid purification 

A Macherey-Nagel™ NucleoSpin Plasmid QuickPure™ Kit was used to purify plasmids. 15 mL 

of a saturated E. coli LB culture was pelleted by microcentrifuge for 30 s at 11,000 x g. 

Supernatant was discarded, and 250 μL Buffer A1 was added to resuspend the cell pellet. 250 

μL Buffer A2 was added and gently mixed. The samples were incubated at room temperature 

until the lysate appeared clear (up to five minutes). 300 μL of Buffer A3 was added and mixed 
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thoroughly until blue samples turned completely colourless. Samples were then centrifuged 

for 5 min at 11,000 x g at RT. A NucleoSpin® Plasmid/Plasmid Column was placed in a 2 mL 

collection tube and the supernatant decanted onto the column, followed by centrifuging for 

1 min at 11,000 x g. Flowthrough was discarded and the NucleoSpin® Plasmid/Plasmid Column 

placed back into the collection tube. 600 μL Buffer A4 supplemented with ethanol was added 

to the column as a wash step and centrifuged for 1 min at 11,000 x g. Flowthrough was 

discarded and the NucleoSpin® Plasmid / Plasmid Column placed back into the empty 

collection tube. This column was then centrifuged for 2 min at 11,000 x g. The NucleoSpin® 

Plasmid / Plasmid Column was placed in a 1.5 mL microcentrifuge tube and 50 μL Buffer AE 

added for elution. This was incubated for 1 min at room temperature, then centrifuged for 1 

min at 11,000 x g to collect the DNA. 

 

2.13 Sequence confirmation 

Confirmation of effector sequences accomplished for cDNA originating from mycelial total 

RNA; a PCR was performed with Phusion® High-Fidelity DNA Polymerase (New England 

Biolabs) for both the short and long effector sequence primers. The PCR samples were directly 

purified with the QIAquick PCR Purification Kit. PCR product was sent with both the short and 

long effector sequence primers for Sanger sequencing (Macrogen) to confirm the sequence 

against the provided RNA seq data. Sequences were analysed using Geneious Prime v 

2020.1.1. The sequence for candidate effector PpR01 was run through a BLASTp search (v 

BLASTP 2.11.0+) to search for sequence homology. 

 

2.14 Cloning  

Gateway Cloning was used for effector PPR01, with the ENTRY-Vector pENTR222, catalysed 

by BP clonase II as recommended by the manufacturer (Thermo Fisher Scientific) overnight at 

room temperature. The following day BP reaction was mixed with 50 μL of chemical 

competent E. coli cells and left in the ice for 30 minutes, heat shocked at 42°C for 45 seconds 

and placed on ice for 5-10 minutes. 400 µL of Luria Broth (LB; 10 g SELECT Peptone 140, 5 g 

SELECT Yeast Extract, 10 g Sodium Chloride) was added to the tube and placed in a 37°C 
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incubator with shaking 180 RPM for 2 hours. Tubes were centrifuged at room temperature, 

at 10,000 g for 5 minutes. 400 µL of LB was removed, and the pellet was resuspended in the 

remaining LB.  25 µL and 75 µL of culture were plated on LB plates containing kanamycin 

respectively and incubated at 37°C overnight. 

Colony PCR was performed for 8-16 colonies, the four most promising colonies were used for 

overnight cultures for preparation of glycerol stocks and plasmid purification (miniprep; 

Macherey-Nagel™ NucleoSpin Plasmid QuickPure™ Kit). Plasmids were sent for sanger 

sequencing by Macrogen using primer m13 forward and m13 reverse. Once the sequencing 

was confirmed, the plasmid was chosen and used for LR clonase II reaction. For cellular 

localization reaction with the destination vector pB7WGY2 containing a 35S-promoter and an 

N-terminal Yellow Fluorescent Protein (YFP) tag was used to produce a plant expression 

vector. The destination vector pDEST32 was used for Gateway reaction with the effector 

containing pDONR222 to generate a Yeast-2-Hybrid bait vector pDEST32 containing a GAL4 

DNA binding domain (DBD). Confirmation of positive colonies and sequence was performed 

as described for the ENTRY-Vector.  

 

2.15 Transformation of Agrobacterium tumefaciens 

Empty Agrobacterium tumefaciens AGL1 glycerol stock was grown on LB plates containing 

rifampicin (Rif) and carbenicillin (Carb) (1:1000 dilution, see supplemental table S2 for stock 

concentrations). A large swab of A. tumefaciens was taken from the plate and added to 500 

µL of ice-cold sterile water. The solution was centrifuged at 2500 rpm at 4°C for 3 minutes. 

Supernatant was removed, 500 µL of chilled Milli-Q water added, and the pellet resuspended 

and centrifuged again. This step was performed three times. On the final wash, supernatant 

was removed and discarded. The pellet was resuspended in fresh Milli-Q water, and 50 µL 

was used for electroporation. 5 µL of purified plasmid containing a plant expression vector 

(LR reaction product) was added to the electroporation cuvette (2mm) and left on ice for 30 

minutes. The cells were then shocked in a Gene Pulser Xcell Electroporation System, with 

settings: 2500 V, 24 µF, 200 Ω, 2 mm. After electroporation, 400 µL of LB broth was added to 

the cuvette, and the contents of the cuvette collected in a 1.7 mL Eppendorf tube. The cells 
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were incubated in a 25°C shaking incubator for 2 hours. The tube was centrifuged at 7000 

rpm for 5 minutes at room temperature, and ~300 µL of the supernatant was removed and 

discarded. The pellet was resuspended in the remaining LB and plated in 20 µL and 80 µL 

aliquots on LB media plates containing the appropriate antibiotics (RifCarbSpec; 1:1000 

dilution, see supplemental table S2 for stock concentrations). Plates were incubated at 25°C 

for approximately three days. Colony PCRs were performed on colonies which grew on the 

plates from the transformation. For each colony to be tested by PCR, a small part of the colony 

was picked up and added to a sterile Eppendorf tube containing 20 µL of Milli-Q water. These 

tubes were added to a heat block set at 90°C for 10 minutes. During this time, a master mix 

was prepared (see table 2).  

 

2.16 pB7WGR2 used to confirm cytoplasmic localisation 

The empty Destination vector pB7WGR2 containing an N-terminal RFP tag and was used as a 

positive control for cytoplasmic localisation in plant transient expression. A plasmid 

purification (miniprep) of E. coli strain DB3.1 containing pB7WGR2 was used for the 

transformation into strain AGL1 of A. tumefaciens as described in 2.15. Colonies potentially 

containing the plasmid were used for Nicotiana benthamiana transformation. Leaf punches 

of transformed plants were observed under the fluorescent microscope (Zeiss epifluorescent 

microscope; AXIO506) and fluorescence used for confirmation of positively transformed 

AGL1. One positive colony was used for long-term storage as a glycerol stock (20% glycerol) 

in the -80°C freezer.  

 

2.17 Infiltration of Nicotiana benthamiana 

N. benthamiana seedlings were grown in a mix of soil and vermiculite (1:5), with daily 

watering. After 10 days individual seedlings were transplanted into single pots and grown for 

4-6 weeks at 21°C, with a light cycle of 11 hours light and 13 hours dark at 150 μE.  

A. tumefaciens cultures were grown to an OD600 of 0.4-1.0 and cells pelleted in a centrifuge 

at 7000 rpm for 20 minutes. The supernatant was removed, and the pellet was washed with 
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10 mM MES buffer pH 5.6 containing 10 mM MgCl2. Cells were centrifuged again at the same 

speed for 10 minutes, and the supernatant was removed and discarded. Cells were 

resuspended in 10 mM MES buffer pH5.6, 10 mM MgCl₂ supplemented with 100 μM 

acetosyringone (infiltration buffer) until an approximate OD600 of 0.4 was reached for each 

culture.  The cells were then incubated at room temperature for 2 hours.  

The optical density (OD600) of each Agrobacterium solution was approximately 0.4. For co-

infiltration of a free red fluorescent protein (RFP) construct, and an effector construct, total 

OD was 0.6. (1:1). 4-6 weeks old Nicotiana benthamiana plants were infiltrated with a 

needleless syringe. Then labelled with a circle around the infiltration site and the 

identification of the construct and colony used. The plants were left for 48 h to allow time for 

expression. 

 

2.18 Epifluorescent Microscopy 

Approximately 48 hours after infiltration, a surgical punch tool with a diameter of 1 cm was 

used to cut out small pieces in the infiltrated leaf area. The leaf disks were placed on a glass 

microscope slide with a few drops of water and a coverslip, then viewed under a microscope 

(Zeiss AXIO microscope) with 5x, 10x, 20x, 40x objective using a YFP filter (520nm) or a DsRed 

(572 nm) filter for YFP or RFP fluorescence, respectively. For localisation and overview, bright 

field images were taken. Images and videos were captured and edited using ImageJ (version 

1.53c). 

 

2.19 Confocal microscope 

Confocal microscopy was performed at 2–3 days after Agrobacterium-infiltration using a Leica 

TCS SP8 MP laser scanning microscope with Argon laser at 30%. Imaging was accomplished 

with a 20x and 60x objective (HCX PL APO lambda blue 63.0x1.40 OIL UV). Leaf sections were 

prepared as described for fluorescence microscopy. Emitted light of YFP and RFP was 

captured at 490nm - 550nm and 521nm - 600nm, respectively.  
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2.20 cDNA library construction 

mRNA extracted from infected plant needles (Control, 3DAI and 7DAI) was used for creating 

a cDNA library using the CloneMiner™ II cDNA Library Construction Kit.  A three-frame uncut 

cDNA library in pENTR222 was created from 1.4 μg/10 μL mRNA using Gateway cloning 

technology. The library was transferred into yeast-two-hybrid destination vector pDEST22 to 

generate GAL4 activation domain (AD) P. radiata fusion proteins. The pDEST22 library in E. 

coli strain DH10B originated from 2.36x106 colony forming units (cfu).  

 

 2.21 Restriction Digest 

24 colonies from the pDEST22 Radiata pine cDNA library were picked and cultured overnight 

in 2 mL LB containing 50 μg/mL of kanamycin. Plasmid DNA was isolated using Macherey-

Nagel™ NucleoSpin Plasmid QuickPure™ Kit plasmid as described in 2.12. 500 ng of plasmid 

DNA was digested with with BsrG I (New England Biolabs), following the manufacturer’s 

instructions. Following digestion, samples were electrophoresed using a 1% agarose gel (0.5 

g of HyAgaroseTM LE multipurpose agarose, 50 mL 40 mM Tris, 20 mM acetic acid, 1 mM EDTA, 

1.5 µL of RedsafeTM nucleic acid staining solution) in 1% TAE (40 mM Tris, 20 mM acetic acid, 

1 mM EDTA) buffer. A 1 kb Hyperladder was used to help estimate the size of the inserts. 

  

 2.22 Yeast strains and transformation 

Yeast strains (S. cerevisiae) Y8800 (MATa) and Y8930 (MATα) contain deletions of the GAL4 

and GAL80 genes encoding Gal4p and its repressor Gal80p, respectively. Yeast strain Y8930 

(genotype MATαtrp1−901 leu2−3,112 ura3−52 his3−200 gal4Δ gal80Δ cyh2R 

GAL1::HIS3@LYS2 GAL2::ADE2GAL7::LacZ@met2) was used for bait in combination with 

pDEST32 and yeast strain Y8800 (genotypeMATa trp1−901 leu2−3,112 ura3−52 his3− 200 

gal4Δ gal80Δ cyh2R GAL1::HIS3@LYS2GAL2::ADE2 GAL7::LacZ@met2) was used for prey in 

combination with pDEST22 in which the P. radiata libraries have been cloned. 

Competent yeast was created by growing cells overnight in 250 mL YEPD at 20 °C, 200 rpm to 

an OD600 of 0.4. Cells were spun down at 1800 rpm for 5 min, washed with 50 mL sterilised 
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Milli-Q, spun down again, and washed with 50 mL TE/LiAc (100 mM LiAc, 10 mM Tris, 1 mM 

EDTA, pH 8.0). After a final centrifugation step, the yeast was resuspended in 2 mL TE/LiAc. 

For single construct transformation, 20 μl of competent yeast was gently mixed with 11 μl 

10xTE buffer (100 mM Tris, 10 mM EDTA, pH 8.0), 13 μl 1 M LiAc, 82 μl 60% PEG (MW 3,350), 

20 μl salmon sperm DNA (UltraPure™ Salmon Sperm DNA Solution, denatured at 95 °C for 5 

min and transferred to ice) and 1000 ng of plasmid (Effector PPR01 or cDNA library). Reactions 

were incubated at 30 °C for 30 min, followed by 42 °C for 15 min. To each transformation 

reaction 1 mL Milli-Q was added. Tubes were spun down at 5000 rpm for 30 seconds and the 

pellet was resuspended in Milli-Q water. Bait strains (Y8930) were plated on synthetic 

complete (Sc) –Leu medium and prey strains (Y8800) were plated on Sc –Trp medium. 

Colonies appeared after four to five days at 20  C̊. Yeast library colonies were harvested in 

YEPD medium + 20%(v/v) glycerol and 1 mL aliquots with an OD₆₀₀ of 4.0 were frozen at -80 

°C. 

  

 2.23 Library screening 

 The mating method was used for library screening (Fromont-Racine et al., 2002). A 1 mL 

yeast library aliquot was thawed on ice and used to inoculate 100 mL YEPD medium. 

Following incubation with shaking at 28 °C for 2 hours, the yeast cells were spun down at 

1800 rpm for 5 min and washed twice with sterile Milli-Q water, before resuspension in 

YEPD medium. 1. 6 mL of yeast library was mixed with an equal amount of overnight 

cultured bait strain cells and yeast cells were collected by centrifugation. The pellet was 

resuspended in 300 μl sterile Milli-Q water and plated on YEPD medium + 100 μg/mL 

ampicillin. After incubation at 30 °C for 12 hours, 2 mL Milli-Q was added to the plate and 

yeast was scraped off. Yeast was collected by centrifugation and the pellet was resuspended 

in 600 μl Milli-Q. Yeast was plated on Sc–Leu –Trp –His + amp medium and incubated at 30 

°C for four days. Up to 256 colonies per Sc –Leu –Trp –His + amp plate were picked, 

resuspended in 25μl Milli-Q water and spotted on fresh Sc –Leu –Trp –His + amp medium in 

duplo. After incubation at 30 °C for two days, one plate was used for replica plating and the 

other for colony PCR. Yeast was replica plated on Sc –Leu –Trp –His + 2 mM 3-amino-1,2,4-

triazole (3AT) (Formedium)+ amp medium and Sc –Leu –Trp –His +5 mM 3AT + amp medium 
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followed by incubation at 30 °C for two days and plated on Sc –Leu –Trp –Ade + amp 

medium followed by incubation at 20 °C for five days.  

 

2.24 Yeast colony PCR 

For yeast colony PCR, yeast patches from a Sc –Leu –Trp –His + amp + 5mM 3AT plate were 

lightly touched with a pipette tip, resuspended in 30 μl 0.02 M NaOH and heated at 99 °C for 

10 min. Lysates were spun down briefly and 1 μl of the supernatant was used for a 20μl PCR 

reaction with BIOTAQ™ DNA Polymerase with primers pDEST22/32 and specific PPR01 short 

primers to detect DNA fragments (see table 2 for mastermix, table 6 for settings). 

 

Table 6. PCR settings for Yeast colonies with Biotaq DNA polymerase (Bioline) 

Step Temperature Time Cycle 

Initial 

denaturation 

95 ° C 70 sec 1 

Denaturation 95 ° C 20 sec 35 

Annealing 56 ° C 40 sec 

Elongation 72° C 15 sec 

Final elongation 72° C 15 

min 

1 

Cooling/Hold 4° C - 1 
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CHAPTER 3 

Results 

3.1 Signal peptide analysis 

In total, five effectors from the Panda et al. RNAseq data set were chosen for further analysis. 

All five effectors showed a Sec/SPI type signal peptide. Three likelihood probabilities are 

reported on the plot generated, i.e., the signal peptide type (Sec/SPI), the cleavage site (CS) 

and the probability that the sequence does not have any kind of signal peptide (OTHER). 

PpR01 and PpR02 showed the highest probabilities, with 0.7982 and 0.8167, respectively. See 

figures 6 a-e for full plot summaries.  

Figure 6. SignalP 5.0 analysis for P. pluvialis effectors. A) PpR01 predicted cleavage site between pos. 20 and 

21: SEA-LT with a probability of 0.7982, B) PpR02 predicted cleavage between pos. 26 and 27: ASA-AS with a 

probability of 0.8167, C) PpR03 predicted cleavage site between pos. 21 and 22: SNA-AG with a probability of 

0.4906, D) PpR04 predicted cleavage site between pos. 24 and 25: ASA-ET with a probability: 0.4128, and E) 

PpR05 predicted cleavage site between pos. 18 and 19: ACA-SE. with a probability: 0.4635. The x-axis shows the 

protein sequence, the y-axis shows the probability. Graph in red represents the signal peptide type (Sec/SPI), 
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the green graph shows the cleavage site (CS) and the orange graph represents probability of not having any 

kind of signal peptide (others).   

 

3.2 Optimisation of total RNA extraction 

Total RNA extraction was carried out on three different tissue types, with amendments made 

to the provided protocol to increase yield (See table 7 for RNA yields). Despite optimisation, 

the mature pine needles provided the least amount of total RNA, therefore they were 

replaced in experimental work by in vitro pine plantlets. The plantlets provided ample RNA 

for further mRNA extraction. P. pluvialis mycelial tissue was amenable to extraction, though 

still benefitted from the optimisation.  

 

Table 7. Summary table of total amount of RNA extracted from various tissue types with 

and without modification 

*average of five samples, each sample ~50 mg of tissue 

 

3.3 Phytophthora cultivation  

Five strains of P. pluvialis originating from Scion Rotorua (See supplementary table 1) were 

successfully established and cultivated in the facilities of the University of Canterbury, initially 

grown on carrot agar. Carrot agar and the carrot broth were replaced by 10% cV8 agar and 

Tissue type Original RNA 

extraction protocol 

(in ng/µL) * 

260/280 

nm ratio 

Modified RNA 

extraction protocol 

(ng/µL) * 

% increase 

in yield  

260/280 nm 

ratio 

Mature pine 

needles 

13.11  1.44 23.13 76.4% 1.94 

Mycelium 140.08 2.07 462.87 230.4% 2.08 

Pine plantlets 521.77 2.19 1035.9 98.5% 2.14 

Arabidopsis 

control 

179.6 2.09 246 37.4% 2.04 
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broth (Jeffers, 2006) to improve growth rate and zoospore production. All five strains grew 

on this medium with an appressed hyphae phenotype with an angular and petaloid growth 

pattern. This phenotype confirmed previous descriptions of growth patterns for this P. 

pluvialis (Forest Phytophthoras (2015) doi: 10.5399/osu/fp.5.1.3745).  

Two of these, strains 3880 and 4015, were used for mycelium harvesting and zoospore 

production, as they were the fastest growing, and most reliable for zoospore production (see 

figure 7 for morphology).  

 

Figure 7. P. pluvialis strain 4015 grown on cV8 agar plates A) Colony morphology on cV8 agar after 

20 days; B) immature sporangia in water indicated by arrows. C) arrow indicates where zoospores 

are mid-release at the sporangial apex; D) arrow indicates oogonia (bottom arrow) and hyphal 

swellings (top arrow) forming in cV8 agar.  

 

 

 

A B 

C D 

http://journals.oregondigital.org/index.php/ForestPhytophthora/article/view/3757/3649
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3.4 Needle infection assays 

Previous zoospore induction protocols were tested without success in reliable zoospore 

induction, in average less than ~50 zoospores/15 mL sterile pond water. To circumvent this 

issue, two main points of the original protocol were modified: 1) the agar and broth media 

for P. pluvialis growth 2) the treatments used to induce zoospores. Carrot agar and the carrot 

broth were replaced by 10% cV8 agar and broth (Jeffers, 2006). Two cold and light shock 

treatments were used, followed by a second “wave” of treatment. Upon induction of 

zoospores, the number of zoospores released increased significantly, averaging 2.5 x 103 

zoospores/mL.  Following the initial release, the zoospore inoculation was collected and used 

for the needle infection assays. Once the inoculum was siphoned off, the petri dish containing 

the sporangium was flooded with cold sterile pond water and the shock treatments were 

repeated. Upon this second induction treatment, a second “wave” of released zoospores was 

observed, with an average of 2.8 x 103 zoospores/mL. This second wave of zoospore 

inoculation was also used to perform needle infection assays, and no change of virulence was 

observed. 

Needle infection assays were carried out on both Resistant (R) and Susceptible (S) plantlets, 

with no discernible difference in infection severity. Both R and S lines exhibited symptoms at 

3, 5, 7 and 12 days after infection (DAI) with both P. pluvialis spore inoculation and mycelium 

contact from strains 3880 and 4015 (See figure 8 a-c). Humidity and temperature showed the 

most influence on infection. Plantlets held at 25˚C showed less visible signs of infection in 

comparison to those kept at 17˚C. Plantlets kept at higher humidity showed increased and 

earlier signs of infection than those kept in drier conditions.  

In the absence of zoospores, infection of plant tissue was achieved by P. pluvialis mycelium, 

which showed similar characteristics as plant tissue infected by zoospores. 
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A 

B 

C 

Figure 8: Representative needle infection assays. A) needle infection assay showing 

infection symptoms post 3 DAI; B) needle infection assay 7 DAI; C) needle infection assay 

12 DAI. Needles were from Resistant (R) line, infected with zoospores from P. pluvialis 

strain 4015 
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Infected samples post 12 DAI showed extensive mycelial growth over the cuticle of needles, 

with coiling in and around stomata (Figure 9). As time progressed, new hyphal swellings and 

sporangia were able to form (Figure 10). 

 

Figure 9. Microscopy showing progression of infected needles stained with Trypan Blue. Mycelium 

seen over face of needle and coiling into stomata. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. New mycelium, hyphal swellings and sporangia developing on infected 
plantlet needles post 12DAI 
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3.5 Sequencing 

Short and long primer pair for PpR01, PpR02, PpR03, PpR04 and PpR05 (see supplemental 

table S3) were confirmed to work via PCR followed by gel electrophoresis, (see figure 11) 

indicating P. pluvialis effectors are expressed in mycelium. See table 8 for expected product 

sizes and positions.  

 

Table 8. Gel electrophoresis of product size and position for effectors with short (S) and long 

(L) primers 

Effector Expected product size (bp) (S;L) Experimental product size (bp) 

PpR01 454; 625 ~450; ~600 

PpR02 838; 985 ~800; ~1000 

PpR03 334; 472 ~350; ~450 

PpR04 486; no long product primers available ~500 

PpR05 1438; 1,438 no change in product size ~1500 

 

 

 

 

 

 

 

 

 

Figure 11. Gel electrophoresis primer results for A) short primers and B) long primers- four 

samples per primer were tested on mycelial cDNA. Note: no long primers were able to be 

created for PpR04 
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Purified plasmids were sequenced by Sanger sequencing (Macrogen) for PpR01 from BP 

reaction into ENTRY vector pDONR222 and purified PCR product. Ultimately, sequencing 

results for PpR01 was aligned in Geneious against original RNAseq data from Panda et al. (see 

figure 12). Sequencing confirmed the sequence of PpR01 from the original RNAseq data set 

for both the full coding sequence containing the signal peptide and RxLR, as well as the 

sequence of the effector domain without signal peptide and RxLR cloned into pDONR222. 

 

 

 

Figure 12. Sequence alignment data. A) Geneious alignment of sequences from purified PCR product 

and B) BP reaction against original PpR01 sequence from RNAseq experiment. Green indicates 100% 

sequence identity. 

 

Following a BLASTp (v BLASTP 2.11.0+) sequence search, PpR01 was found to have a 41.11% 

shared sequence identity with the putative RxLR effector PHPALM_31059 from Phytophthora 

palmivora var. palmivora (Ali et al., 2017). Geneious alignment confirmed these results. 

Expectedly, the RxLR residues were highly conserved between the two effectors (see figure 

13). 

B 

A 
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Figure 13. Sequence comparison to PHPALM_31059 from BLASTp and Geneious alignment. A) 

BLASTp results indicating sequence similarity between PpR01 and P. palmivora PHPALM_31059. B) 

Geneious alignment of PpR01 and PHPALM_31059. Amino acids with 100% similarity are indicated in 

green. 

 

3.6 P. pluvialis RxLR Effector Cloning  

Gateway cloning was used to create 1) a Yeast-2-Hybrid bait vector from the destination 

vector pDEST32; and 2) a plant expression vector via destination vector pB7WGY2 containing 

a 35S-promoter and an N-terminal Yellow Fluorescent Protein (YFP) tag. See table 9 for 

summary of candidate effectors.  

 

Table 9. Summary of progress of effector targets 

  

Effector Confirmation 

of primers 

Cloning 

PCR 

Long product 

sequenced? 

BP reaction 

 

LR reaction 

PpR01 Yes Yes Yes Yes Yes 

PpR02 Yes  Yes Yes No No 

PpR03 Yes Yes Yes Yes No 

PpR04 Yes Yes No- long primers were 

unable to be 

generated 

No No  

PpR05 Yes Yes Yes No No 

B 

A 



 

50 
 

3.7 Localisation of effector PpR01 in plants 

To gain insight into the localization of the effector PpR01 in plants, a fusion to an N-terminal 

YFP was constructed (35S::YFP-PpR01) and transformed into A. tumefaciens AGL1. PpR01 and 

the empty vector pB7WGR2 containing RFP were transiently expressed in N. benthamiana. 

PpR01 localised in the cytoplasm, the nucleus (confirmed by a comparison with the free RFP), 

and in vesicle-like structures. These structures are distributed throughout the entire cell but 

are often located near the nucleus and close to the periphery of the cell. The epi-fluorescent 

microscope images clearly illustrate the PpR01s localizing plant cell structures. The PpR01 

localises in the membrane of fast-moving vesicles. Furthermore, partial cytoplasmic 

localisation was observed for PpR01, with clear cytoplasmic streaming within the cell (see 

figure 14). In contrast to epi-fluorescent imaging, the confocal microscope allowed captures 

of detailed images and z-stacks giving further insight into the cellular localization of PpR01. 

Confocal imaging confirmed PpR01 localization in vesicle-like structures and nuclei (see 

figures 15 and 16). 
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Figure 14. Epifluorescent microscopy. A) shows the pB7WGR2 construct inside an N. 

benthamiana leaf at 20 X magnification. B) shows pB7WGY2 at 40 X magnification, 

focused on a single cell with a clear view of the nucleus. C) shows effector PpR01 inside 

an N. benthamiana leaf at 20 X magnification. D) shows effector PpR01 at 40 X 

magnification, focused on a single cell, where the nucleus and several vesicle-like 

structures are visible. 

A B 

C D 
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Figure 15. Co-infiltration of effector PpR01 and pB7WGR2. Images on the left show free RFP, 

middle-left show YFP-PpR0, middle-right merged RFP/YFP-PpR01 images and the right 

images show a bright field (BF) view of the corresponding cell. 

 

 

RFP YFP-PpR01 Merge BF 
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n o p 

Figure 16. Single YFP-PpR01 expression. Images A, C, E and F show effector YFP-PpR01. Images B 
and D were captured in the same positions using bright-field. Images C-F show a maximum 
intensity projection for corresponding z-stacks. 

 

A 

C 

E F 
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 3.8 cDNA library construction 

A standard three-frame uncut cDNA library of P. pluvialis infected resistant and susceptible 

plantlets in pENTR222 was created from 1.4 ug/10 μL mRNA (merged from control (C), 3DAI 

and 7DAI plant material from Resistant (R) and Susceptible (S) plantlets; see table 10) using 

Gateway cloning technology. The library was transferred into yeast-two-hybrid destination 

vector pDEST22 to generate GAL4 activation domain (AD) P. radiata fusion proteins. The 

pDEST22 library in E. coli strain DH10B yielded 2.36x106 colony forming units (cfu) (see figure 

15), in comparison to the RNA control which yielded 1.69x102 cfu. A restriction enzyme 

digestion with  BsrG I was performed to determine percentage of recombinants (70%) to give 

an approximation of the representation of the cDNA library (see figure 17). 

 

Table 10. Total RNA and mRNA extracted from P. pluvialis infected pine plantlets  

Contents Sample # Total RNA 

ng/μL 

Total RNA in ng/57 

μL 

Total RNA 

in ug/57 μL 

Total mRNA 

extracted  

3880 R, S, C 3 DAI 1 666.2 37973.4 37.973 
 

4015 R, S, C 3 DAI 2 696.7 39711.9 39.712 
 

3880 R, S, C 7 DAI 3 1741 99237 99.237 
 

4015 R,S, C 7 DAI 4 1717.2 97880.4 97.880 
 

Total mRNA 
    

1.4 ug in 11 μL 
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 3.9 Screening of effector PpR01 

To identify P. radiata proteins that are targeted by P. pluvialis effector PpR01, a yeast-two-

hybrid screen was performed by mating as described in chapter 2.23. The combined yeast 

strains were plated on increasingly stringent plates to identify positive interactions (see figure 

18). Yeast growth was observed on the most stringent plate (Sc –Leu –Trp –His + 2 mM 3-

amino-1,2,4-triazole (3AT)) indicating there were positive interactions between prey and bait. 

PCR was performed on the positive yeast colonies from the most stringent plates, which 

confirmed that colonies contained both bait and prey vectors (see figure 19). 
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Figure 17. Analysis of the pDEST22 cDNA library. A) One representative LB plate for E.coli containing pDEST22 cDNA 
library with ~2.36x106 cfu. B) BsrG I Restriction digest showing pDONR222 backbone with cDNA inserts of varying 
sizes; restriction digest indicates ~70% recombination. 
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Figure 19. PCR results mating assay. 32 colonies picked 
from the most stringent plate SC -leu -his – trp -ade +2mM 
3AT +amp showing various insert sizes. 

Figure 18. Y2H mating assay. Y2H mating assay of yeast strain Y8800 Pinus radiata cDNA 
library in pDEST22 (prey) with yeast strain Y8930 PpR01 in pDEST32 (bait) plated on SC +amp 
+3AT. Growth of yeast indicates a positive interaction between the bait and prey. 
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CHAPTER 4 

Discussion 

 4.1 Zoospore optimisation 

Phytophthora species require cultivation on the appropriate selective media for successful 

isolation and investigation in laboratory conditions (Sarker et al., 2020). Important 

characteristics to observe are mycelium growth habit- aerial or appressed; mycelium pattern- 

uniform, radiate, stellate, or petaloid; and the structures present in agar—sporangia, 

oospores, hyphal swellings and chlamydospores (Jeffers, 2006). Five strains of P. pluvialis 

were propagated in the laboratory at the University of Canterbury (see supplemental table 

S1). In contrast to the original protocol for maintenance, P. pluvialis was grown on cV8 agar 

(Jeffers, 2006). All five strains grew on this medium similar to the original Carrot agar medium 

with appressed hyphae with an angular and petaloid growth pattern. This phenotype 

confirmed previous descriptions of growth patterns for these P. pluvialis strains (Forest 

Phytophthoras (2015) doi: 10.5399/osu/fp.5.1.3745).    

Zoospore production is a crucial part of the infection process of Phytophthora species (Ahonsi 

et al., 2007). For needle infection assay experiments, a previous zoospore induction protocol 

was tested without success in reliable zoospore induction. To circumvent the issues, two main 

points of the original protocol were modified: 1) the agar and broth media for P. pluvialis 

growth 2) the treatments used to induce zoospores. Carrot agar and the carrot broth were 

replaced by 10% cV8 agar and broth (Jeffers, 2006). cV8 agar is a well-known media for 

growing Phytophthora species (Medina & Platt, 1999) and supports strong development of 

sporangia, making it an ideal media to optimise P. pluvialis growth. All five P. pluvialis strains 

grew quickly and without issue on the new media type and followed the appropriate growth 

patterns (Forest Phytophthoras (2015) doi: 10.5399/osu/fp.5.1.3745). Upon induction of 

zoospores, the number of zoospores released increased significantly (see chapter 3.4). 

Following the initial release, the zoospore solution was collected and used for needle infection 

assays. Once the zoospore solution was siphoned off, the petri dish containing the sporangia 

was flooded a second time with cold sterile pond water and repeated shock treatments. Upon 

this second induction treatment, a second “wave” of released zoospores was observed. This 

second wave of zoospores was also used to perform needle infection assays. No change of 

http://journals.oregondigital.org/index.php/ForestPhytophthora/article/view/3757/3649
http://journals.oregondigital.org/index.php/ForestPhytophthora/article/view/3757/3649
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virulence between first and second wave of zoospores was noted. It has been observed in 

other Phytophthora species such as Phytophthora nicotianae that zoospore density influences 

zoospore behaviour, however this density is not strictly limited to physical zoospore presence. 

Research indicates that infection can be initiated efficiently through chemical communication 

by the population through zoosporic extracellular products (Kong et al., 2010). Zoospores can 

target their host by chemotaxis, gyrotaxis and electrotaxis, therefore, zoospores might have 

sensing abilities associated with metabolites released by other zoospores, analogous to 

quorum sensing in bacteria (Bassani et al., 2020). The increase of zoosporic extracellular 

compounds in solution may provide feedback to the zoospore population, akin to population 

dynamics seen in bacteria around competition and resources (Hibbing et al., 2010). The 

behaviours of zoospores have been described in cell suspension, but remain poorly 

understood in general (Bassani et al., 2020). Targeting of the host by chemotaxis has been 

attributed to chemotactic substances released from the plant, however previous research has 

shown that perception and the response to self-produced molecules determine zoospore-

zoospore communication and coordinated behaviour, however the nature of these molecules 

and overall cellular responses remains uncharacterised at this time (Kong & Hong., 2010).  

In the absence of zoospores infection of plant tissue was achieved by P. pluvialis mycelium. 

Interestingly, infection by mycelium showed similar characteristics as plant tissue infected by 

zoospores. PCR performed with specific primers for the effector targets on cDNA from the 

mycelium of P. pluvialis strains 3880 and 4015 confirmed the presence of effectors in the 

mycelium (see supplemental figure S1). This suggests that P. pluvialis is not limited to one 

mode of infection. P. pluvialis infection has traditionally been considered a “shoot” infection, 

with symptoms of RNC affecting pine needles, although recent research from Scott et al 

(2019) has indicated that P. pluvialis is not only limited to infection of needles, but also affects 

Pinus radiata roots. The Phytophthora genus is divided into ten clades (Yang et al., 2017), with 

over 150 described species each able to infect roots, foliage, and fruits alike, with thousands 

of potential hosts. With this in mind, it is not altogether unsurprising that P. pluvialis could 

have multiple modes of infection. A classic example of a Phytophthora species utilising this 

varied infection strategy is Phytophthora infestans, a notorious aerial pathogen with 

extensive host range that includes many members of the Solanaceae (Becktell et al., 2006).  
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Infection starts as P. infestans spores land on the host leaf and germinate. The germ tube 

forms an appressorium and a penetration peg penetrates into an epidermal cell, allowing 

colonisation of the inner cell layers. During the biotrophic phase, hyphae grow in the 

intercellular space and haustoria enter plant cell cavities and invaginate host cell plasma 

membrane. Once Phytophthora infestans switches to the necrotrophic phase, necrotic 

lesions appear on the host leaf as plant cells die. In this phase, hyphae escape through the 

stomata and produce numerous asexual spores, named sporangia, that can detach and 

disperse by wind or water. A sporangium that locates a new host can germinate directly and 

initiate a new cycle or undergo cleavage resulting in a zoosporangium from which zoospores 

are released. Zoospores can swim for several hours but, once they touch a solid surface, they 

encyst and germinate to initiate new infections (Kamoun et al., 2014). Sporangia and 

zoospores are short-lived, whereas oospores which can endure in a viable form for years. P. 

infestans not only affects the above ground structures of its host but can also affect stem 

tubers. 

Phytophthora capsici, like P. infestans is a highly dynamic pathogen. It holds a broad host 

range and exhibits the ability to germinate directly and indirectly and infect multiple plant 

structure both above and below ground.  

 

 4.2 Total RNA extraction optimisation 

Extraction of RNA was critical to experiments in this project. Several methods exist 

in molecular biology to isolate RNA from samples. Common methods for RNA isolation, such 

as the hot-borate method (Wilkins & Smart, 1996) and the CTAB/NaCl method (Chang et al., 

1993) often fail to provide high quality RNA from mature pine needles suitable for 

downstream applications (Azevedo et al., 2003). 

A major problem for isolation of high-quality RNA from pine trees is the high concentrations 

of secondary metabolites, particularly polyphenols and polysaccharides (Chang et al., 1993; 

Smart & Rodan, 2010) found in mature needles. The defensive chemistry of coniferous species 

consists of all three major secondary chemistry groups—phenolics, terpenes and alkaloids 

(Virjamo et al., 2020). Phenolics are of particular concern in coniferous samples, as these 

https://en.wikipedia.org/wiki/Molecular_biology
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compounds are readily oxidised to form covalently linked quinones and easily bind nucleic 

acids, preventing effective extraction. 

RNA isolation kits have been designed to simplify and accelerate the extraction of RNA from 

plant tissue, such as the Norgen Plant/Fungi Total RNA Purification Kit used in this project. 

Unfortunately, these kits are not always successful for all plant species.  

To circumvent the issue of low total RNA yield, amendments were made to the extraction 

protocol provided by the manufacturer. Even with the amendments to the extraction kit 

protocol which gave a 76.4% increase of RNA on average for mature pine needles, the amount 

of RNA was still too low for further efficient use for a Y2H cDNA library. 

While these changes led to an increase in total RNA yield (table 7), the age and tissue type 

also had a strong influence on the amount of total RNA extracted. Young pine plantlets 

allowed for much greater amounts of RNA to be extracted. 

The metabolite profiles of pine needles changes with the developmental stages (Cañas  et al., 

2015), leading to dramatic changes in needle anatomy, morphology, and chemistry. Extracting 

RNA from pine plantlets avoids the strongly lignified epidermal and hypodermal tissues of 

mature pine needles. In young pine plantlets, cell walls are thinner, with a greater chloroplast 

and mesophyll volume allowing for a more effective extraction of RNA (Kuusk et al., 2017). 

Hence, needle infection assays were repeated with pine plantlets contributed by Dr. Mc 

Dougal (Scion, Rotorua, NZ). Symptoms of infected pine plantlet samples were the same as 

the mature pine needles- characteristic lesions, sometimes containing a resinous band, 

followed by extensive yellowing, and reddening of the needles (Dick et al., 2014). New 

mycelium/hyphal development was noted on samples older than 12 days after infection (see 

figure 8). The use of pine plantlets was effective for total RNA extraction, with the quantity of 

samples increasing 45-fold. Quantity of RNA from extraction protocols varies between 

techniques, however the amount generated from the pine plantlets was similar to the 

amounts from RNA isolation experiments for recalcitrant plants by Smart & Rodan (2010). 

Quality of RNA was measured by nanodrop, with an average (n = 5) 260/280 ratio of 2.07, 

close to the ideal ratio of 2.0. The nanodrop 260/280 ratios of the samples are in keeping with 

current literature values (Smart & Rodan, 2010).  
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 4.3 Cloning 

As mentioned in chapter 3.6, the Gateway cloning method was able to successfully generate 

a bait expression vector in pDEST32 containing PpR01 which was effectively transformed into 

the yeast strain Y8930 for Y2H screening. A plant expression vector was also successfully 

generated from the destination vector pB7WGY2 containing PpR01, a 35S-promoter and an 

N-terminal YFP-tag for localisation assays in N. benthamiana. 

Although cloning of genes for protein expression has been possible for over 20 years, efficient 

generation of functional expression clones can still occasionally be problematic. Some 

proteins are hard to produce in heterologous systems because they fail to express, are 

expressed as insoluble aggregates, or cannot be purified by standard methods (Esposito et 

al., 2009; Reece-Hoyes & Walhout, 2018). 

While all primers designed for the project were effective for binding to their effector target 

(see figure 9), difficulties arose in successfully cloning effectors PpR02-05 (see table 9 for a 

summary of experimental progress). Multiple factors are known to influence efficient 

reactions including potential hairpin formation and formation of secondary structures which 

compromise DNA-template reactivity (Snyder et al., 2008). In a standard PCR, such as the ones 

performed for this experiment, template DNA is denatured at a high temperature (94-98 °C). 

During this time, it is possible for loss of template to occur as single stranded DNA (ssDNA) is 

more susceptible to damage than its double stranded (dsDNA) counterpart. Following this 

step, the annealing step takes place at a significantly lower temperature (50–65 °C), where 

primers start to bind to their targets (Booth et al., 2010). This rapid drop in temperature 

encourages the formation of intramolecular secondary structures in single-stranded 

templates ahead of any intermolecular interaction (Liu et al., 2021).  

A wide range of factors can affect the efficacy and specificity of PCR assays in various ways, 

so for the sake of efficiency, additional trouble shooting for these effectors was suspended 

for focus on experimental work with PpR01.  

In the future, further work will be done to progress these targets and introduce them into the 

Y2H system for screening of pine target proteins. 
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 4.4 Localisation assays 

The cytoplasmic localisation of P. pluvialis effectors and their P. radiata targets was 

investigated by using a combination of confocal and fluorescence microscopy. PpR01 appears 

to have multiple targets, localising in the cytoplasm, nucleus (confirmed by a comparison with 

the free RFP), and in the membrane of vesicle-like structures. These currently unidentified 

vesicle structures are distributed throughout the entire cell but are often located near the 

nucleus and close to the periphery of the cell.  

Amongst the best-studied oomycete RXLR effectors is AVR3a, from Phytophthora infestans 

(Wang et al., 2019). Through similar A. tumefaciens-mediated transient expression of 

fluorescent-tagged candidate pathogen, AVR3a has been shown to also localise to the 

cytoplasm and nucleoplasm (Bos et al., 2010).   

Emerging research has determined that P. infestans effectors target over 35 biological 

processes, with a broad range of cellular targets, including vesicle trafficking systems (Petre 

et al., 2021). Vesicle trafficking holds important functions in plant defence responses as 

delivery systems for antimicrobial factors (small compounds and pathogenesis-related 

proteins) to the site of attack (Yun & Kwon, 2017). Vesicle-associated membrane proteins 

(VAMPs; also known as R-SNAREs) facilitate exocytosis to fuse secretory vesicles with the 

plasma membrane of plants, allowing for transport of these compounds. Petre et al., (2021) 

found effectors from P. infestans associate with R-SNARE VAMP72 proteins and accumulate 

at the haustorial interface, providing further evidence that vesicular trafficking is a major 

target of oomycete effectors. 

By manipulating trafficking, P. infestans may be able to elicit nutrients from plant cells during 

the biotrophic phase of infection, potentially increasing pathogen fitness and additionally 

disrupting delivery of plant defence compounds.  

The results of this imaging support hypothesis three, that a P. pluvialis effector can be 

transiently expressed in N. benthamiana to confirm cellular localisation, and that these results 

align with previous research around RxLR subcellular localisation. 
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 4.5 Y2H library 

Following a BLASTp (v BLASTP 2.11.0+) sequence search (see figure 13), PpR01 was found to 

have a sequence producing significant alignment to the putative RxLR effector Phytophthora 

palmivora var. palmivora (PHPALM_31059) previously identified by Ali et al. (2017). 

PHPALM_31059 is one of 415 RxLRs identified in the P. palmivora genome, and no known 

target has been elucidated at this time. 

An Y2H two-hybrid system was used to detect interactions and search for unknown partners 

(prey) of a given protein (bait) (also called the whole library screening approach) between P. 

radiata and P. pluvialis. This approach was used to understand the disease-causing 

mechanism of P. pluvialis by identifying potential pine protein targets. As previously 

mentioned, gene-for-gene resistance against Phytophthora species is based upon the 

recognition of RxLR proteins or target-RxLR effector complexes, based on the theory of gene-

for-gene complementarity between host and pathogen (Keen, 1990). The specific recognition 

of the Avr gene product facilitated by the plant resistance gene product triggers a signal 

transduction cascade that activates plant defences. Much like the “zigzag” model proposed 

by Dangl and Jones, the gene-for-gene system is an oversimplification of the process; 

however, it is a useful starting point for predicting plant-pathogen interactions (Kaloshian, 

2004).  

PiAvr3a from P. infestans has been shown to interact with a number of host proteins in Y2H. 

Similarly, PpR01, our candidate effector successfully transformed into the yeast strain Y8930, 

gave a positive result in the mating screens with the Pinus radiata cDNA library, supporting 

the hypothesis that P. pluvialis, like many other Phytophthora species, utilises RxLR effector 

proteins to target pine protein. This positive interaction on increasingly stringent selective 

plates also confirms, for the first time, Y2H technology enabled screening of soluble effector 

targets between P. pluvialis and Pinus radiata.  

Work will continue to clone other effectors of interest into bait proteins for further interaction 

studies. 
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To identify the interactors, sequencing will be carried out, in conjunction with antibody 

techniques (Western Blot, immunoprecipitation). Fluorescence microscopy will be used to 

confirm cellular localisation.  
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Conclusion 

Phytophthora species are among the most destructive plant pathogens on the planet, causing 

billions of dollars of damage to the environment and industry annually.  

In New Zealand, there are 18 species of Phytophthora associated with agriculturally important 

crops, 10 with exotic plantations, 15 with horticulture/amenity plantings, and 11 in natural 

ecosystems . With 32% of the Phytophthora population in New Zealand associated with exotic 

plantation, the infection of conifers is of concern as it has the potential to affect forest 

ecosystems, commercial productivity, and international trade (Scott & Williams., 2014). 

Protein-protein interactions are crucial for diverse biological functions across all lifeforms. 

Like other Phytophthora species, Phytophthora pluvialis, the causative agent of Red Needle 

Cast, secretes a large amount of RxLR effectors.  

Here, we show evidence of the localisation of a candidate RxLR effector from P. pluvialis, 

PpR01. The Y2H screening of a Pinus radiata cDNA library against the P. pluvialis effector 

PpR01 gave a positive interaction result, indicating interactions between a secreted protein 

and a pine target. Future functional characterisation will be undertaken to elucidate targets 

of P. pluvialis RxLR effectors.  

This information is crucial to the discovery of preventative measures against Phytophthora 

pluvialis, and for the protection of the economically, environmentally, and ecologically 

valuable Pinus radiata. 
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Supplemental 

Supplemental tables 

 

Table S1. Phytophthora pluvialis strains 

 

Strain # 

3000 

3618 

3632 

3880 

4015 

 

Table S2. Antibiotic stock concentrations 

 

Antibiotic Stock concentration 

Ampicillin (Amp) 100 mg/ml 

Carbenicillin (Carb) 100 mg/ml 

Gentamicin (Gen) 30 mg/ml 

Kanamycin (Kan) 50 mg/ml 

Rifampicin (Rif) 10 mg/ml 

Spectinomycin 50 mg/ml 
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Table S3. Primer list* 

 

 

*“S” indicates a primer for the coding sequence minus the signal peptide and RxLR; “L” denotes the primer for the coding sequence plus the 

RxLR. 

†In the case of PpR04, primers were unable to be designed for the long product due to hairpin and temperature issues. 

 

 

 

EFFECTOR FORWARD REVERSE 

PPR01S GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCCCGGGAAGTAGCT GGGGACCACTTTGTACAAGAAAGCTGGGTATTAGAAACGGCTAATCTGTCC 

PPR01L GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCACCTGCGCTACATC GGGGACCACTTTGTACAAGAAAGCTGGGTATTAGAAACGGCTAATCTGTCC 

PPR02S GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCCAACACGGTCGAA GGGGACCACTTTGTACAAGAAAGCTGGGTACTAGGTCACCTTCAGCTTGT 

PPR02L GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGACAGTCACATCAAGCTC GGGGACCACTTTGTACAAGAAAGCTGGGTACTAGGTCACCTTCAGCTTGT 

PPR03S GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGAGCTACACGTCGGAC GGGGACCACTTTGTACAAGAAAGCTGGGTATCACATTTTCACTTGGCTCT 

PPR03L GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCGCTTCTTTCTGTTGG GGGGACCACTTTGTACAAGAAAGCTGGGTATCACATTTTCACTTGGCTCT 

PPR04S† GGGGACCACTTTGTACAAGAAAGCTGGGTAATGGGAGAGGTCGCC GGGGACCACTTTGTACAAGAAAGCTGGGTATTAAGCCGAACTGGATCCA 

PPR05S GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGACGTACGAAGCCACG GGGGACCACTTTGTACAAGAAAGCTGGGTACTAAAACCGTCTTGGATTTTCG 

PPR05L GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGCGAATTTATTCCATCATATTGC GGGGACCACTTTGTACAAGAAAGCTGGGTACTAAAACCGTCTTGGATTTTCG 
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Table S4. Amino acid sequences* 

 

*Signal peptide sequences underlined, RXLR motif and/or EER motif in bold and underlined. 

EFFECTOR SEQUENCE 

PPR01 MHLRYILLAAAFAFLSSSEALTTATDVKHSPVSRASTPELVRSRDAIGDEPTANRFLRAREVAGDAKDDEDERTLTKLDRVVSDLSGNTAGTVAKLTRSDSLNAIDDLAVIDKLL

AAEKASYKMVFEYIATGMKVDPKVLAEKLNMPLKLKTMTMEQLTRDADFLFWRTFTKYWNKHHFQVGQISRF 

 

PPR02 MTVTSSSCMKLLAVVTLLACINVASAASVNVKPLALNVERTDVSSPRFLRANTVEERKLAVSPPGLEQAVSGTKPWAAKIVQKLQLKWWQLRKKSTNDVFTKLELDKTGANL

FENAGFSKWAAYVTKNSKEAPEMAIFSTLALHYSDDALATMFAAAKEVDSTKALATKLEGIQLTNWVNAEKSTDDVFNALKLDKAGIKLFESPALSTWTSYVAKTQKDPDAN

MVALLKEGYGDVALSKMIASATKAASTEKLATDLRSVQFKNWATQGRTPAHVNTMLKVATNSDDLTKKVSRDYERFYDKLKVT 

 

PPR03 MRFFLLAAVAAVALVSSSNAAGAETSHAVNSARGLNDDGTGFARSLRSYTSDDAEERAIGEILAVEDRAVATVKYRSWYRAKVTPRQVKTVLGVTQKELNKTAKELQQLYLG

YYSYYTAMKRREEKKKKLKSQVKM 

 

PPR04 MRFAVFLALLVATFVACASSFASAETFEEGFAVFDEEEDNVGRRLRGEVAVKQENVGKIAGGFLTKMKERVTFTKAVQMALDADGNEAAVRRAIMLAADAREGAKLSDDT

MVKLSTMIAASAKKNPQSWPRLRKFAKITLGVGVGTLAIYGAYKLMFDKSSTSVATTTTTGTTTTTGSSTAGSSSA 

 

PPR05 MRIYSIILLAVTAFLACASEDITATTITHRVSTVANEHNDVPNRRSLRTYEATDKDDEERAGFGDALKAGTSKLVEFTTLKAYLLDKKSAIDVLNRLKFGDDVVAVLENSKLDTLK

KYIKMLNKGNSDTTISLIGTLTARYGDDAVAKAIVTTERRMESTPEAAEMAKQLKTELLAGWLKDGQSVDDVFKLLKMRNDGYEALASQKLEVLDEYIAKFNSDKPADETLLK

TFTTGFGGESRLVTILAEAKRDVHTVMMASKLEKELLRKWSHENLQPESVMKLLKLDNSVDNVVKSDYLRSFERYIAVFNSKNPNNQKTLLGSLTAKYGEVDTAKAIVSATRD

PRTQKLAISLQDQQMDGWLMSEMSVDDVFNLLQINIDGLAVVVSRKLDTLDKYILLYNRANAADETLVGALSKGFGGEGQLAETIMTAATILRLKAEATKLQNKQFKEWMN

KGMGSSTSVLTKIFSVEEATASRKQKEIAKLFTAYYQRKSAAVINVENPRRF 

 

PPR06 MRFYYGVLAVTATLLASTNAVSADAKQTQISQTTPEIVAAAQTYSAVKRSLRAQKPAYEEEDSLDSLDNTEERGNGNGIHIKDLRKIISSKLFSIPTNIANMETKVQKKTLDKFAS

QGLSQKKFATKLGLRDVDDATHVNSQFFNEWKHLFRAGKNPRKSPRV 
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Table S5. Step PCR settings for PpR02 (Biotaq DNA polymerase- Bioline) 

Step Temperature Time Cycles Temperature Time Cycles 

Initial 

denaturation 

95 ° C 1 min 1    

Denaturation 95 ° C 15 sec 15 95° C 15 sec 20 

Annealing 57 ° C 40 sec 60° C 40 sec 

Elongation 72° C 15 sec 72° C 15 sec 

Final elongation    72° C 10 

min 

 

Cooling/Hold  -  4° C - 1 

 

 

Table S6. PCR settings for PpR03 (Biotaq DNA polymerase- Bioline) 

Step Temperature Time Cycles 

Initial 

denaturation 

95 ° C 1 min 1 

Denaturation 95 ° C 15 sec 35 

Annealing 55.5° C 40 sec 

Elongation 72° C 15 sec 

Final elongation 72° C 10 min 1 

Cooling/Hold 4° C - 1 
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Table S7. PCR settings for PpR04 (Biotaq DNA polymerase- Bioline) 

Step Temperature Time Cycles 

Initial 

denaturation 

95 ° C 1 min 1 

Denaturation 95 ° C 15 sec 35 

Annealing 56 ° C 40 sec 

Elongation 72° C 15 sec 

Final elongation 72° C 10 min 1 

Cooling/Hold 4° C - 1 

 

 

Table S8. Step PCR settings for PpR05 (Biotaq DNA polymerase- Bioline) 

Step Temperature Time Cycles Temperature Time Cycles 

Initial 

denaturation 

95 ° C 1 min 1    

Denaturation 95 ° C 15 sec 15 95° C 15 sec 20 

Annealing 56 ° C 40 sec 58° C 40 sec 

Elongation 72° C 45 sec 72° C 45 sec 

Final elongation  -  72° C 10 

min 

1 

Cooling/Hold  -  4° C - 1 
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Table S9. Step PCR settings for PpR01, PpR02, PpR03 and PpR05 long products (Biotaq DNA 

polymerase- Bioline) 

Step Temperature Time Cycles 

Initial 

denaturation 

95 ° C 1 min 1 

Denaturation 95 ° C 20 sec 35 

Annealing 56 ° C 40 sec 

Elongation 72° C 15 sec 

Final elongation 72° C 10 min 1 

Cooling/Hold 4° C  - 1 

 

 

Table S10. PCR Settings- Step PCR settings for PpR02 (Phusion High-Fidelity DNA 

Polymerase- New England Biolabs) 

Step Temperature Time Cycles Temperature Time Cycles 

Initial 

denaturation 

98 ° C 30 sec 1    

Denaturation 98 ° C 10 sec 15 98° C 10 sec 20 

Annealing 57 ° C 30 sec 60° C 30 sec 

Elongation 72° C 15 sec 72° C 15 sec 

Final 

elongation 

 -  72° C 10 min 1 

Cooling/Hold  -  4° C - 1 
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Table S11. PCR Settings- Step PCR settings for PpR03 (Phusion High-Fidelity DNA 

Polymerase- New England Biolabs) 

Step Temperature Time Cycles 

Initial 

denaturation 

98 ° C 30 sec 1 

Denaturation 98 ° C 10 sec 35 

Annealing 55.5 ° C 30 sec 

Elongation 72° C 15 sec 

Final elongation 72° C 10 min 1 

Cooling/Hold 4° C - 1 

 

 

Table S12. PCR Settings- Step PCR settings for PpR04 (Phusion High-Fidelity DNA 

Polymerase- New England Biolabs) 

Step Temperature Time Cycles 

Initial 

denaturation 

98° C 30 sec 1 

Denaturation 98° C 10 sec 35 

Annealing 56° C 30 sec 

Elongation 72° C 15 sec 

Final elongation 72° C 10 min 1 

Cooling/Hold 4° C - 1 
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Table S13. PCR Settings- Step PCR settings for PpR05 (Phusion High-Fidelity DNA 

Polymerase- New England Biolabs) 

Step Temperature Time Cycles Temperature Time Cycles 

Initial 

denaturation 

98° C 1 min 1    

Denaturation 98° C 20 sec 15 98° C 10 sec 20 

Annealing 56° C 30 sec 58° C 30 sec 

Elongation 72° C 45 sec 72° C 45 sec 

Final elongation  -  72° C 10 

min 

1 

Cooling/Hold  -  4° C - 1 
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Supplemental Figures 

 

Figure S1. Phytophthora pluvialis strains on cV8 agar 

 

 
Figure S1. Phytophthora pluvialis strains on cV8 agar. A) Strain 3000; B) Strain 3618; C) 

Strain 3632; D) Strain 3880 
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Figure S2. pDONR222 Gateway® donor vector with attP1 and attP2 sites and a 

kanamycin resistance marker 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. pDEST32 for generation of the bait plasmid 
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Figure S4. pDEST22 for construction of the prey plasmid for generation of a 

two-hybrid library by Gateway® recombination  

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. pb7wgy2- N-Terminal Fluorescent tag for localisation assays (YFP) 
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Supplemental S6. pb7WGR2- N-Terminal Fluorescent tag for localisation assays 

(free RFP construct) 
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Figure S7  

 

Figure S7. Mating assays of Y2H library and PpR01 on medium stringency plates. Image A) shows 
colony growth on SC +ade +amp + 2mM 3AT. Image B) shows colony growth on SC +ade +amp +5 
mM 3AT 
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