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Abstract 

Pseudomonas syringae pv. actinidiae (Psa) causes kiwifruit bacterial canker and was 

responsible for a worldwide outbreak. Four Psa biovars have been identified according to their 

geographical origin and genome sequence. Despite differences in the genomes of the four 

biovars, ten effectors were conserved in their accessory genome. Two of these, PsaNZV-

13 AvrPto5 and HopF2 were selected for investigation regarding their host protein targets in 

kiwifruit and non-host resistance in Nicotiana. A candidate host protein-based Y2H using 

PsaNZV-13 AvrPto5 was performed with kiwifruit proteins which were selected based on 

previously reported Y2H experiments with PtoDC3000 AvrPto1 and Arabidopsis proteins. None 

of the corresponding kiwifruit proteins interacted with PsaNZV-13 AvrPto5, however, 

phylogenetic and protein sequence analyses of PsaNZV-13 AvrPto5 demonstrated a genetic 

divergence from PtoDC3000 AvrPto1 which could be distinct enough to suggest PsaNZV-

13 AvrPto5 is targeting a different host protein. Intrinsic Disorder Residues (IDRs) and 

Molecular Recognition Feature (MoRF) investigation in PsaNZV-13 AvrPto5 and 

PtoDC3000 AvrPto1 revealed a higher level of IDRs (64%) and MoRF (5) in PtoDC3000 AvrPto1 

compared to PsaNZV-13 AvrPto5 (IDRs: 28% and MoRF: 1), which also could explain a 

divergent putative function of PsaNZV-13 AvrPto5. To identify Psa effectors host target in 

kiwifruit, a high quality in vivo kiwifruit cDNA library was constructed in yeast. Screening of 

this library with PsaNZV-13 AvrPto5 found three putative positive interacting partners.  One of 

these AcHIPP26 interacted both as bait and prey, suggesting a genuine interaction in Y2H. 

These proteins did not interact following Co-IP, however, suggesting either a possible 

disruption of the interaction complex during protein extraction or that the two proteins do not 

interact. Transient expression of PsaNZV-13 AvrPto5 in N. tabacum did not elicit a 

hypersensitive response (HR), unlike PtoDC3000 AvrPto1. PsaNZV-13 HopF2 protein sequence 

alignment with PtoDC3000 HopF2 showed putative ADP-ribosyltransferase (ADP-RT) (Arg72 

and Asp174) and myristoylation (Gly2) residues. PsaNZV-13 HopF2 investigation in N. tabacum 

by transient expression revealed the HR and the ADP-RT residues of PsaNZV-13 HopF2 were 

critical for elicitation of HR in N. tabacum. The expression of PsaNZV-13 HopF2 in yeast cells 

delayed growth, which was directly correlated to the ADP-RT residues. The myristoylation 

residue was not critical for HR which demonstrates PsaNZV-13 HopF2 recognition does not have 

to occur at the plasma membrane of N. tabacum. Y2H screening revealed a subtilisin-like 

protease (AcSUB) as a putative target of PsaNZV-13 HopF2. In planta interaction of these 

proteins could not be detected due to low expression of both proteins. PsaNZV-13 HopF2 
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appeared to have no interaction with AtRIN4 which is the host target of PtoDC3000 HopF2 when 

analysed by Y2H. These results indicate a putative ADP-RT activity of PsaNZV-13 HopF2 

similar to PtoDC3000 HopF2, but a different in planta target. An investigation of IDRs and MoRF 

in PsaNZV-13 HopF2 illustrated almost a comparable pattern of IDRs and MoRF with 

PtoDC3000 HopF2. Transient co-expression of PsaNZV-13 HopF2 and RNAi RIN4 constructs 

in N. tabacum showed an evidence for a putative role of NtRIN4 in PsaNZV-13 HopF2 induced 

HR. Overall, the putative ADP-RT activity of PsaNZV-13 HopF2 in N. tabacum suggests it may 

have a similar role as PtoDC3000 HopF2. In addition, there is a prospect to isolate the resistance 

gene for PsaNZV-13 HopF2 in N. tabacum. 
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Chapter 1 

General introduction 

 

1.1 Introduction  

1.1.1 Economical impact of Pseudomonas syringae pv. actinidiae (Psa) 

Kiwifruit (Actinidia spp.) is an important vine fruit crop of the Actinidiaceae family 

cultivated around the world. The genus of Actinidia has around 54 species, and 75 taxa (Li et 

al., 2007), all of them are perennial, climbing vines, and dioecious in nature (Ferguson, 1990). 

A. deliciosa (green-fleshed, for example, ‘Hayward’ variety) and A. chinensis (golden-fleshed, 

for instance ‘Hort16A’ and ‘Gold3’ varieties) are known cultivated species. It is the most 

valuable horticulture crop of New Zealand, generating 1.7 billion NZD per year (Aitken and 

Hewett, 2016). In recent years, kiwifruit cultivation in New Zealand and elsewhere has 

encountered a production constraint in the form of a disease known as bacterial canker (Everett 

et al., 2011). 

Pseudomonas syringae pv. actinidiae (Psa) is a phytopathogenic gram-negative 

bacterium responsible for the bacterial canker disease in kiwifruit, which caused severe 

economic losses in New Zealand and other kiwifruit growing countries (Everett et al., 2011). 

In 2010, the New Zealand kiwifruit industry was threatened by the entry of the bacterial 

pathogen which decimated particularly A. chinensis orchards (Everett et al., 2011). The 

economic loss associated with the Psa outbreak in New Zealand has been estimated to be 310 

to 410 million NZD. In the long-term,  740 to 885 million NZD were predicted to be required 

for redevelopment and recovery of the industry (Greer and Saunders, 2012). 

1.1.2 History of Psa outbreaks 

The first occurrence of the bacterial canker was reported in 1984 from the Shizuoka 

prefecture of Japan. The disease was noticed to cause acute symptoms which ended in the 

destruction of kiwifruit plants (Serizawa et al., 1989). Taxonomical and pathogenicity studies 

on the pathogen showed it was a new pathovar of P. syringae (Takikawa et al., 1989). The 

kiwifruit cultivation in Hunan province of China also experienced Psa infection in 1984 and 

1985 (Fang et al., 1990). After that, the disease was consistently observed in other kiwifruit 
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growing countries such as Korea and Italy in 1992 and 1994 respectively (Koh et al., 1994; 

Scortichini, 1994). The above described Psa incidences were found in A. deliciosa ‘Hayward’ 

cultivar, but the lethality of the disease was observed only in Japan and South Korea. This 

disease did not develop as a serious menace to A. deliciosa cultivation in Italy for 20 years 

(Ferrante and Scortichini, 2010).  From 2008 onwards a destructive Psa outbreak occurred in 

Italy that affected both A. chinensis and A. deliciosa, due to which most A. chinensis orchards 

were destroyed (Balestra et al., 2009; Ferrante and Scortichini, 2009, 2010). 

In New Zealand, the disease was first documented in A. chinensis, and later A. deliciosa 

was also infected (Everett et al., 2011). In addition, the pathogen was recorded in other 

kiwifruit cultivating countries such as France, Georgia, Greece, Spain and Turkey (Abelleira 

et al., 2011; Bastas and Karakaya, 2012; Holeva et al., 2015; Meparishvili et al., 2016; 

Vanneste et al., 2011a). A latest genome comparison study on Psa isolates from China and 

other kiwifruit growing countries indicated the pandemic Psa strain is likely originated from 

China. A possible transmission of infected kiwifruit materials to other kiwifruit cultivating 

countries is responsible for the worldwide outbreak (McCann et al., 2017). 

1.2 Pseudomonas syringae pv. actinidiae 

1.2.1 Taxonomy 

Domain  

 

Bacteria 

Phylum Proteobacteria 

Class  Gamma Proteobacteria 

Order  Pseudomonadales 

Family Pseudomonadacae 

Genus Pseudomonas 

 
Species Pseudomonas syringae 

Pathovar Actinidiae 

       This table is adapted from http://bioweb.uwlax.edu/bio203/s2008/campbell_rach/classification.htm 

Plant pathogenic P. syringae is known for worldwide occurrence on plants which have 

a variety of habitats spanning from monocot, dicot and commercial crops to wild plant species 

(Marcelletti et al., 2011). The name P. syringae was assigned to the bacterium due to the first 

isolation on a lilac tree (Syringa vulgaris) (Young, 1991). The infection of the bacterium 

usually results in diverse symptoms depending on the pathovar: withering of flowers and 

shoots, the formation of canker on trunks, chlorotic spots on leaves and fruits. In advanced 

stages of the infection plant death may occur (Agrios, 2005).  
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P. syringae species are dispersed in 57 pathovars based on the symptoms, host range 

assessment, physiological, nutritional, biochemical and molecular analyses (Bull et al., 2010). 

Characterization revealed P. syringae pv. actinidiae as a gram-negative, rod-shaped, aerobic 

and motile bacterium with polar flagellation (Scortichini et al., 2012). According to DNA-

DNA hybridization and ribotyping analyses on 48 P. syringae pathovars and related plant 

Pseudomonas species nine genomospecies are recognized (Gardan et al., 1999). This study was 

carried out without incorporating P. syringae pv. actinidiae, but later molecular investigations 

on the pathogen have placed it in genomospecies eight alongside P. avellanae and P. syringae 

pv. theae (Scortichini et al., 2002). A recent study on the P. syringae species complex showed 

the existence of the draft genomes for more or less 65 pathotype strains. This classification was 

carried out by relying upon the parameters such as host origin, symptoms and multilocus 

sequence typing (Thakur et al., 2016). Following the Psa outbreak in New Zealand, attempts 

were made to sequence the genome of Psa. The single molecule real-time PacBio RS II 

platform approach enabled sequencing of the Psa genome with a high read coverage and 

annotation of the methylated regions of the genome (Templeton et al., 2015). In another study, 

an effort was made to gather genomes from other Pseudomonas species that infects kiwifruit 

for the development of specific detection assays. As a result, 18 draft genomes were generated 

from Pseudomonas species isolated from kiwifruit in New Zealand and other kiwifruit-growing 

countries (Visnovsky et al., 2016). 

1.2.2 Epidemiology 

Above ground plant parts and the rhizosphere region are notable ecosystems for 

microbes (Berendsen et al., 2012; Brandl, 2006; Lindow and Brandl, 2003). In above-ground 

plant parts, several microbes including pathogens and saprotrophs are able to grow and 

proliferate at different intensities. For instance, the growth of some microbes is confined to the 

leaf surface and their life cycle finishes without infecting the intercellular region (Beattie and 

Lindow, 1995, 1999).  

Conversely, phytopathogen like P. syringae is efficient in colonizing the leaf interior, 

proliferating inside as a pathogen, and consequently, disease symptoms can be seen on the 

leaves when the circumstances are conducive to disease (Hirano and Upper, 2000). Indeed, to 

develop a successful foliar infection in a plant, a phytopathogen needs to enter the interior part 

of the plant overcoming the barriers such as surface cuticle and epidermis. Unlike fungal plant 

pathogens, bacteria do not have specialized penetration structures; so it is impractical for them 
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to directly penetrate the leaf epidermis. Therefore, phytopathogenic bacteria rely upon natural 

openings or injuries (Melotto et al., 2008). For P. syringae pathovars, the stomata in plants 

remain the main entry point to the leaf interior (Melotto et al., 2008). P. syringae species 

generally follow two growth patterns on a suitable host. In the first phase, bacterial 

multiplication occurs on the leaf surface. In the second phase, the bacteria enter the leaf interior 

and start the infection, as a result, the symptoms such as leaf spot and necrosis are apparent 

(Beattie and Lindow, 1995; Melotto et al., 2008) (Figure 1.1).  

 

 

 

Figure 1.1 P. syringae disease cycle.  A. Healthy leaves; B. Multiplication of bacteria on the leaf surface; C. 

Ingress of bacteria through stomata; D. Intercellular bacterial colonization (Cross-section); E. Apoplast bacterial 

multiplication; F. Disease symptoms such as chlorosis and necrosis are apparent. These pictures are adapted from 

(Melotto et al., 2008). 

 

Epidemiological studies on Psa indicated the stomata and hydathodes were the 

entrances for the pathogen (Serizawa and Ichikawa, 1993c). Further investigation of the 

epidemiology using green fluorescent protein (GFP) labelled Psa showed the infection was 

likely to occur through stomata as well as through other plant parts such as flowers, damaged 

trichomes, and leaf abscission scars (Spinelli et al., 2011). Another study using GFPuv labelled 

Psa revealed kiwifruit shoots can be infected by the pathogen through wound as well as natural 

opening (Gao et al., 2016). The spread of the pathogen in the field was believed to occur 

through wind and rain (Serizawa and Ichikawa, 1993b; Tyson et al., 2014). The persistent rain 

in spring together with high humidity and temperature of 15°C (± 3°C) were conducive for 
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pathogen multiplication (Serizawa and Ichikawa, 1993b). The presence of the bacterial 

inoculum was observed throughout the year in New Zealand (Froud et al., 2015). As a result, 

the infection was noted year-round (Froud et al., 2015; Tyson et al., 2012). 

1.2.3 Bacterial canker symptoms 

Psa causes infection of all above ground parts of kiwifruit including leaves, flowers, 

canes, leaders and trunks (Serizawa et al., 1989).  Initially, small water-soaked spots are 

apparent on leaves, as the disease progresses, these spots turn into angular dark brown lesions 

surrounded by a chlorotic halo (Everett et al., 2011; Serizawa et al., 1989).  Leaf wilting can 

be seen when the infection is systemic and is believed to be caused by the pathogen obstruction 

of vascular tissues (Vanneste et al., 2011b). In flowers, the infection causes pre-mature 

withering (Everett et al., 2011). The symptoms on woody plant parts are visible in late winter 

to early spring (Froud et al., 2015). In trunks and leaders, Psa causes canker that apparently 

leads to the excretion of a red substance or white ooze (Everett et al., 2011; Vanneste et al., 

2011b). Further observation of the infected canes and leaders exposes the browning of external 

vascular tissues (Everett et al., 2011; Serizawa et al., 1989). As the symptoms progress, the 

whole plant or part of the vine can die (Everett et al., 2011; Vanneste et al., 2011b) (Figure 

1.2). 

 

Figure 1.2 Bacterial canker symptoms in kiwifruit. 1. Brown leaf spots surrounded by yellow halo; 2. The 

exudation of red substance from the trunk; 3. White bacterial inoculum comes out of the trunk; 4. Wilting of a 

branch due to a severe infection of Psa. The pictures are from kiwifruit vine health www.kvh.org.nz/monitoring. 
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1.2.4 Population structure of Psa 

After the first incidence of the bacterial canker in Japan 1984 (Serizawa et al., 1989), 

there were different outbreaks recorded around the globe (Everett et al., 2011; Koh et al., 1994; 

Scortichini, 1994). Genetic study of these outbreak strains showed each strain was distinct. 

Indeed, there were five Psa populations namely biovar 1, 2, 3, 4 and 5 prevalent in kiwifruit 

growing areas of the world (Chapman et al., 2012; Fujikawa and Sawada, 2016; Koh et al., 

1994; McCann et al., 2013; Takikawa et al., 1989). Biovar1 was the first population of Psa 

documented in Japan (Takikawa et al., 1989), and later in Italy (Scortichini, 1994). In both 

cases, the pathogen was isolated from A. deliciosa variety ‘Hayward’, and these two strains 

appeared genomically similar. Furthermore, the strain possessed the phaseolotoxin gene cluster 

which is thought to be gained by horizontal gene transfer (Sawada et al., 1999; Sawada et al., 

1997).  

Biovar2 was confined to South Korea, where both A. deliciosa ‘Hayward’ and A. 

chinensis ‘Hort16A’ varieties were infected by the population and caused economic losses 

(Koh et al., 1994; Koh et al., 2010). Multilocus sequence typing (MLST) of the strain suggested 

a different genetic makeup from biovar1 (Chapman et al., 2011). Unlike biovar1, it does not 

possess the phaseolotoxin gene cluster; instead, a plasmid-born gene cluster that encodes 

coronatine was present in the strain (Han et al., 2003). Coronatine is functionally close to the 

jasmonic acid (JA) conjugate JA-isoleucine that stimulates stomatal opening for disease 

proliferation (Geng et al., 2014).  

Biovar3 was initially identified in Italy 2008; it has caused significant economic losses 

to kiwifruit cultivation particularly to A. chinensis cultivars ‘Hort16A’, ‘Jin Tao’ and ‘Sorelli’ 

(Balestra et al., 2009; Ferrante and Scortichini, 2009, 2010). This population was different in 

genome makeup from the strain that occurred in 1994 (Ferrante and Scortichini, 2010). A 

similar outbreak was also observed in New Zealand 2010. In-depth genetic and pathogenicity 

analyses of the biovar3 population disclosed a distinct genome in relation to biovar1 and 2 

(Chapman et al., 2011; Marcelletti et al., 2011). This strain produces neither coronatine nor 

phaseolotoxin (Scortichini et al., 2012). The economic damages due to biovar3 outbreaks are 

enormous than any other biovars of Psa (Vanneste, 2017).    

           Biovar4 was a fourth population of Psa isolated from New Zealand kiwifruit orchards 

and it was initially called Psa-LV (Low Virulent). Some orchards in New Zealand showed only 

foliage symptoms, and there were no records of economic losses. Genetic analysis of the strain 
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isolated from those orchards showed it was unique from the other three biovars (Chapman et 

al., 2011). Furthermore, Psa-LV showed a close relationship with Pseudomonas avellanae 

species in repetitive-PCR molecular typing and had a variant colony morphology to other Psa 

strains (Ferrante et al., 2015). Later the strain was given a separate pathovar status as P. 

syringae pv. actinidifoliorum (Cunty et al., 2015). Phaseolotoxin and coronatine encoding 

genes were not found in the strain. Lastly, biovar5 was the recently isolated Psa population 

from Japan, so far it has been recorded only in a few areas of Japan. No phytotoxin encoding 

genes were identified in the population. It is closely related to biovar2; however, other 

characteristics of the strain remain to be explored (Fujikawa and Sawada, 2016). 

 

1.3 Plant-pathogen interaction 

The immobile nature of plants exposes them to a variety of pathogens. Microbial plant 

pathogens such as fungi, bacteria, viruses and other organisms like insects, protists and 

nematodes depend on plants for nutrients. Generally, plant pathogens have two modes of 

acquiring nutrients either from dead or living hosts depending on whether they are categorized 

as necrotrophs or biotrophs respectively (Dangl and Jones, 2001; Freeman and Beattie, 2008). 

To prevent the harm imposed by pathogens, plants have developed a range of defense strategies 

including morphological and biochemical mechanisms (Freeman and Beattie, 2008). 

Moreover, to tackle evolving pathogens, plants are involved in a never-ending arms race with 

them. Therefore, a simultaneous understanding of plant immunity and pathogen competence to 

bypass immunity are required to create a new molecular platform to control diseases (Dodds 

and Rathjen, 2010). 

1.3.1 Non-host resistance 

Non-host resistance is a wide range defense response present in all members of a plant 

species to arrest infection from all isolates of a pathogen. However, this same pathogen may 

cause disease in another plant species (Senthil-Kumar and Mysore, 2013). This resistance 

mechanism is durable and commonly prevalent in plants (Lipka et al., 2008). Non-host 

resistance is entailed by passive obstacles such as the cell wall, cuticle, innate synthesis of 

antimicrobial molecules (Bigeard et al., 2015) and the induction of some plant genes to 

withstand impending pathogen attack (Senthil-Kumar and Mysore, 2013). It has been divided 

into two categories based on the visual symptoms (Mysore and Ryu, 2004). Type one non-host 

resistance happens through passive physical barriers as well as through induced defense 
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responses (Mysore and Ryu, 2004), but, it does not show visible symptoms. In type two non-

host resistance, necrosis or hypersensitive response (HR) symptom can be seen due to an 

effector recognition by a parallel resistance gene (Senthil-Kumar and Mysore, 2013).  

1.3.2 PAMP-triggered immunity (PTI) 

Unlike the adaptive animal defense mechanism using designated cells (lymphocytes) 

for immunity, plant defense is contingent on the preparedness of the individual cell to 

distinguish pathogens (Nicaise et al., 2009). On the occasion of pathogen invasion, the plant 

uses plasma membrane-bound receptors called pattern recognition receptors (PRRs) to identify 

the pathogen by the presence of pathogen or microbe-associated molecular patterns (PAMPs 

or MAMPs) which are found in different classes of microbes and are vital for microbe function 

(Medzhitov and Janeway, 1997). As a consequence, immunity is induced to stop pathogen 

ingress. This process of developing immunity against the pathogen is known as PAMP-

triggered immunity or MAMP-triggered immunity (PTI or MTI) (Jones and Dangl, 2006; 

Nicaise et al., 2009). It induces a variety of defense responses including stomatal closure 

(Melotto et al., 2008), antimicrobial compounds secretion (Bednarek, 2012), reactive oxygen 

species generation (O'Brien et al., 2012) and callose accumulation (Yeh et al., 2015). 

1.3.3 Effector-triggered immunity (ETI) 

To respond to PTI, bacterial pathogens use the type III secretion system (T3SS) by 

which effector molecules are injected into the plant cell to collectively repress PTI. This is 

known as effector-triggered susceptibility (ETS) (Jones and Dangl, 2006). To overcome ETS, 

there is an additional immune system in plants that deploys resistance proteins to recognize 

pathogen effectors either directly or indirectly. This recognition event results in resistance is 

known as effector-triggered immunity (ETI) (Jones and Dangl, 2006). In most cases, the HR is 

induced in ETI in the form of programmed cell death. The final phase is all about co-evolution, 

a selective pressure lies on plants for resistance against pathogens and also there is pressure on 

pathogens to evade plant defense. For this reason, the interaction is an endless battle of attack, 

defense and counterattack (Figure 1.3). Therefore, a myriad of changes in plant defense and 

pathogen weaponry are inevitable (Jones and Dangl, 2006). 
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Figure 1.3 Zigzag model depiction of the plant-pathogen interaction. This picture is taken from (Jones and Dangl, 

2006). PAMPs - Pathogen associated molecular patterns; Avr - Avirulence protein; HR - hypersensitive response; 

PTI - PAMP-triggered immunity; ETS - Effector triggered susceptibility; ETI - effector-triggered immunity; R – 

Resistance protein. 

1.4 Plant recognition of pathogen effectors 

1.4.1 Receptor-ligand model 

The gene-for-gene theory was put forward by Flor in the 1940s to describe plant 

recognition of a pathogen race (van der Hoorn and Kamoun, 2008), according to which the 

stimulation of resistance response in the plant appears to be the consequence of resistance gene 

(R) generated receptor molecule perception of an equivalent avirulence (Avr) gene in the 

pathogen. The Avr is a plant pathogen gene whose product is recognized by a plant carrying a 

corresponding resistance (R) protein. Recognition of an effector protein by a resistance protein 

may follow the receptor-ligand model (Figure 1.4). Later, the term avirulence was replaced by 

effector which denotes both virulence and avirulence activity. 
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Figure 1.4 Receptor-ligand model. A direct association of avirulence protein (Avr) and resistance protein (R) 

leads to defense response. This picture is taken from (Bonas and Lahaye, 2002). 

Even though this theory was corroborated by numerous discoveries of resistance (R) 

and avirulence gene (Avr) pairs, there is considerable discussion in place about the model when 

it comes to understanding the recognition mechanism at the protein level (van der Hoorn and 

Kamoun, 2008). In the beginning, the model proposed that the resistance in a plant arises as a 

result of the direct interaction of receptor encoded by the resistance (R) gene and avirulence 

(Avr) gene secreted molecules (Keen, 1990). To add evidence to this theory, few direct binding 

resistance and avirulence gene pairs have been identified (Dodds et al., 2006; Ueda et al., 

2006). However, direct interaction is not evident in many resistance (R) and effector genes 

pairs; instead, the recognition is believed to be occurring indirectly (van der Hoorn and 

Kamoun, 2008).  

1.4.2 Guard hypothesis 

A new hypothesis known as the Guard model was suggested in order to describe the 

indirect interaction of resistance and effector proteins via a host target protein (Dangl and 

Jones, 2001; van der Biezen and Jones, 1998). It proposes that for a pathogen to cause infection 

in a host, some host proteins (guardees) are targeted and manipulated by pathogen effectors to 

impair defense responses. But, the targeted host protein is under the surveillance of a resistance 

(R) protein (Guard) (Figure 1.5). Any alteration in the host protein (guardee) due to effector 

action is detected by the resistance (R) protein which eventually induces resistance (Dangl and 

Jones, 2001; van der Biezen and Jones, 1998).  
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The best illustrated example of the Guard hypothesis involves the Arabidopsis thaliana 

RIN4 protein (RPM1-interacting protein 4). RIN4 is targeted by three P. syringae T3SS 

effector proteins namely AvrB, AvrRpm1, and AvrRpt2 (Mackey et al., 2003; Mackey et al., 

2002).  When AvrB and AvrRpm1 are present inside the plant cell, a RIN4 interacting protein 

RIPK (RPM1-induced protein kinase) phosphorylates at threonine 21, 166 (T21, T166) and 

serine 160 (S160) residues of RIN4 (Liu et al., 2011). This event activates RPM1 an NB-LRR 

(Nucleotide-binding site leucine-rich repeat) guarding resistance protein of RIN4 and thereby, 

immunity develops (Liu et al., 2011; Mackey et al., 2002). AvrRpt2 is another effector that 

targets RIN4 and is a cysteine protease. This effector modifies RIN4 via proteolytic cleavage 

at two specific sites RCS1 and RCS2, which leads to the activation of another NB-LRR 

resistance protein RPS2 (Axtell and Staskawicz, 2003; Chisholm et al., 2005). In this paradigm, 

RIN4 is the guardee protein, and RPM1 and RPS2 are the guard proteins. 

 

Figure 1.5  Guard hypothesis model. In this model, resistance protein coexists with endogenous (Guardee) 

protein. A pathogen effector interaction with the guardee protein triggers resistance protein to develop resistance. 

Star denotes the activation of HR by a resistance protein. This picture is adapted from (Bomblies and Weigel, 

2007).  

 

1.4.3 Decoy model 

In the Guard hypothesis, the guardee is a functional cellular protein and monitored by 

resistance gene (R). Without the resistance gene (R), the guardee protein manipulation by the 

effector leads to virulence. Whereas, in the decoy model, the host protein is called as ‘decoy’. 

It is believed that the decoy evolves from the actual host target by gene duplication to mimic a 

real host target of a pathogen (van der Hoorn and Kamoun, 2008). The effector manipulation 

of the decoy protein triggers resistance by activating the resistance protein that monitors the 

decoy. In a scenario of resistance gene absence, pathogen manipulation of the decoy protein 

does not cause virulence. 
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Figure 1.6 Guard (1) and Decoy (2) models. In both models, a guardee or decoy protein is guarded by a resistance 

protein. The resistance protein is activated when the guardee or decoy protein is targeted by a pathogen effector. 

In guard model, the effector manipulation of the guardee protein without the resistance protein enhances virulence. 

But, the similar manipulation of the decoy protein does not result in disease development. This picture is taken 

from (Cesari et al., 2014). 

 

The decoy model has a further variation which is called the integrated decoy model. It 

forms part of a sophisticated plant surveillance system in which a domain that mimics the host 

target is integrated into a resistance protein. At the time of the pathogen association, that 

domain acts as a decoy for the pathogen effector and as a result, immunity is triggered. 

Examples that follow integrated decoy model are rice resistance proteins Pikp-1/Pikp-2 and 

RGA4/RGA5 pairs. Both Pikp-1 and RGA5 have a fusion of a heavy metal-associated domain 

(Cesari et al., 2013; Maqbool et al., 2015) that acts as a receptor to perceive M. oryzae effectors 

AVR-Pik-D and AVR-Pia respectively (Cesari et al., 2014; Maqbool et al., 2015). After the 

perception of the effectors, Pikp-2 and RGA4 proteins activate resistance. The AVR-PikD 

effector requires small heavy metal-associated (sHMA) proteins in rice for virulence (Kanzaki 

et al., 2016). Thus, it is believed that the heavy metal-associated domain evolved to imitate the 

host target in the Pikp-1 resistance protein to trap pathogen effectors. 

 

Figure 1.7 Integrated decoy model. Receptor and signaling NLR proteins are co-exist intracellularly. In receptor 

NLR protein, an additional domain fusion acts as a trap for the effector that results in the activation of the signaling 

NLR resistance protein. This picture is adapted from (Cesari et al., 2014). 
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1.5 Type III secretion system effectors of P. syringae 

The Type III Secretion System (T3SS) is a membrane-bound needle-like apparatus in 

bacteria that translocates effectors straight from the bacterial cytosol into the host cytoplasm 

(Cornelis, 2006; Galan and Wolf-Watz, 2006). Gram-negative bacterial pathogens of plants 

and animals use the T3SS to deliver effectors into the host (Cornelis and Van Gijsegem, 2000; 

Galan and Wolf-Watz, 2006). The T3SS is an essential virulence factor for Ralstonia, Erwinia, 

Pseudomonas, Pantoea and Xanthomonas (Alfano and Collmer, 2004). T3SS effectors are 

necessary for pathogenesis on susceptible plants, but a subset of them can also induce an HR 

in resistant plants (Alfano and Collmer, 2004).  

The T3SS pathway is regulated by hrp (HR and pathogenicity) genes. Among the hrp 

genes, nine are broadly conserved in pathogenic bacteria; therefore they are named hrc (HR 

and conserved) genes (Bogdanove et al., 1996). The hrp/hrc genes are required to form a T3SS 

system in a bacterial cell and also encode accessory proteins such as harpins which are 

presumed to assist the translocation of effectors into the host cell (Alfano and Collmer, 2004; 

Choi et al., 2013). Some effectors have ‘Avr’ as a prefix in their name because of their 

avirulence function in plants, i.e. recognition by a resistance protein that results in an 

incompatible interaction (Keen, 1990; Staskawicz et al., 1984). Other effectors have been 

initially identified by their translocation through the T3SS pathway. Therefore, these effectors 

have ‘Hop’ (Hrp outer protein) as a prefix, if they have been identified in P. syringae (Alfano 

and Collmer, 1997), and ‘Xop’ (Xanthomonas outer protein) if they originate from 

Xanthomonas (Noel et al., 2001). Bacterial effectors active inside the plant or animal cell have 

specific domains for secretion, localization and association with host proteins (Dean, 2011; 

Galan, 2009). In this project, Psa effectors from the AvrPto and HopF families are the focus. 

These two effector families are generally conserved among P. syringae pathovars including 

Psa (Lin and Martin, 2007; Lo et al., 2017), and have been studied comprehensively for their 

role in subduing early plant immune signaling pathways and inducing resistance in Arabidopsis 

(Zipfel et al., 2006; Xiang et al., 2008). 

1.6 AvrPto family effectors of P. syringae 

1.6.1 AvrPto effector from ‘Pto’ pathogen 

P. syringae pv. tomato (‘Pto’) is the causal agent of the bacterial speck disease in 

tomato. A gene from tomato conferring resistance to the pathogen was identified in the 1980s 
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(Pitblado and Kerr, 1980). Later, the resistance gene was isolated and coined a name Pto 

(resistance to P. syringae pv. tomato) which conferred resistance against ‘Pto’ strains carrying 

the AvrPto effector (Martin et al., 1993a). Originally, the Pto gene had been introgressed in 

tomato from wild species of S. pimpinellifollium (Martin et al., 1993b; Pilowsky and Zutra, 

1982).  

The AvrPto protein is small (18 kDa) and hydrophilic (Ronald et al., 1992). AvrPto-

like sequences were observed in several P. syringae pathovars (Lin and Martin, 2007). AvrPto 

was identified as one of the important effectors along with AvrPtoB required for virulence of 

Pseudomonas syringae pv. tomato DC3000 (PtoDC3000). A sequential knock down study of 28 

T3SS effectors in PtoDC3000 and their subsequent re-introduction into the pathogen 

demonstrated an increase in pathogen growth on N. benthamiana leaves when AvrPto or 

AvrPtoB was recombined. This indicated that the AvrPto or AvrPtoB effector is the crucial 

component of pathogen virulence (Cunnac et al., 2011). Detailed investigations of AvrPto have 

resulted in the identification of the critical regions, namely the N-terminus myristoylation 

motif, CD loop and CT domain; these were indispensable for virulence as well as resistance 

(Anderson et al., 2006; Shan et al., 2000).  

1.6.2 The N-terminus myristoylation motif of AvrPto 

Myristoylation is an acylation process by which a protein molecule attains the ability 

to bind to the plasma membrane. This process occurs through a permanent myristyl group (14 

carbon) addition into the glycine2 residue of the protein by a myristoyltransferase enzyme 

(Martin et al., 2011; Popa et al., 2016). As a result, the protein can remain firmly at the plasma 

membrane. AvrPto was observed to undergo the N-myristoylation process which was 

confirmed by the plasma membrane localization in tobacco (Shan et al., 2000). A yeast two-

hybrid study involving AvrPto and tomato myristoyltransferase confirmed the interaction, 

indicating the myristoylation of AvrPto is possibly mediated by a putative host 

myristoyltransferase (Martin, 2012). The mutation of the myristoylation motif in AvrPto 

nullified its capability to induce virulence and avirulence in tomato and tobacco respectively 

(Shan et al., 2000), showing the essential role of the myristoylation motif in AvrPto. 
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Figure 1.8 The critical domains of AvrPto. NMT- N-myristoyltransferase, T3S - Type three secretion signal. The 

N-myristoyltransferase enables the effector localization to the plasma membrane. The CD loop or Pto interaction 

domain (CD/PID) participates in kinase receptors FLS2/BAK1 inhibition and Pto mediated Prf resistance gene 

activation. The C-terminus domain (CTD) gets phosphorylated in the host by AvrPto host kinase (Avk) which 

then interacts with an unknown virulence target (VTx) for virulence. The phosphorylated AvrPto is recognized 

by Rpa (Recognition of phosphorylated AvrPto) resistance protein in N. tabacum. This picture is taken from 

(Martin, 2012). 

 

1.6.3 The CD loop or Pto Interaction Domain (PID) of AvrPto 

An NMR study of AvrPto revealed both ordered and disordered residues. The 

disordered residues were observed in the N and C-termini that occurred between 1-28 and 134 

- 164 residues respectively (Wulf et al., 2004). Subsequent studies using the central ordered 

core (31-124 residues) of AvrPto in yeast two-hybrid demonstrated the interaction with Pto 

protein kinase. Co-transient expression of AvrPto central core motif and Pto protein kinase led 

to resistance responses in N. benthamiana (Wulf et al., 2004). These results demonstrated that 

the AvrPto interaction with the Pto protein depends on the central core (Wulf et al., 2004). The 

structural investigation of the central core using NMR and X-ray crystallography has shown 

the presence of four alpha helices (Aα, Bα, Cα and Dα) with a 19 amino acid containing loop 

between the C and D helices. Consequently, it was named as the ‘CD loop’ (Wulf et al., 2004; 

Xiang et al., 2008). The residues in the CD loop play a central role in inhibiting the activity of 

the early immune inducing receptor kinases complex FLS2/EFR (Xiang et al., 2008). Likewise, 

the CD loop is observed to inhibit the Pto protein kinase where it associates with the P + 1 loop 

and β1 helix to arrest the kinase activity of Pto. This event enables the activation of an NB-

LRR resistance protein Prf for an immune reaction (Xing et al., 2007). The Prf gene is located 

in the same locus as Pto and associates with Pto via its N-terminus region (Mucyn et al., 2006; 

Salmeron et al., 1996). 
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1.6.4 The C-terminus domain (CTD) of AvrPto 

Many effectors are processed once they enter a host cell. Myristoylation, 

phosphorylation and ubiquitination of effectors have entirely relied on the host system for 

activation (Anderson et al., 2006). AvrPto has been observed to be myristoylated and 

phosphorylated in plants (Anderson et al., 2006; Shan et al., 2000). In the case of 

phosphorylation, Avk (AvrPto kinase) a putative plant kinase was believed to phosphorylate 

and activate AvrPto in a plant cell, this event was unique from Pto kinase phosphorylation 

(Martin, 2012). A series of mutations, in vitro phosphorylation, and mass spectrometry studies 

have confirmed the role of the C-terminus region in phosphorylation (Anderson et al., 2006). 

Furthermore, it was found that Ser147 and Ser149 residues of the C-terminus were the target 

amino acids for phosphorylation (Anderson et al., 2006; Yeam et al., 2010). The mutation of 

the two residues (Ser147 and Ser149) in AvrPto did not show any virulence elimination, but, 

rather decreased virulence. This suggested both the CD and CTD regions are contributing 

additively to virulence by two separate mechanisms. The phosphorylated CTD region of 

AvrPto was recognized by a putative resistance protein Rpa (Recognition of phosphorylated 

avrPto) in tobacco (Yeam et al., 2010) and the mutation in Ser147 and Ser149 residues 

abolished the HR-inducing ability of AvrPto (Yeam et al., 2010).  

1.6.5 The host targets of AvrPto 

PtoDC3000 AvrPto1 is a well-researched effector protein, demonstrated to suppress PTI 

in plants. AvrPto1 interacts with, and inactivates, receptor kinases in PTI pathways (Xiang et 

al., 2008). FLS2 (Flagellin Sensing2) and EFR (Elongation factor Tu receptor) are the receptor 

kinases in plants activated after the recognition of bacterial flagellin and elongation factor 

respectively (Gómez-Gómez et al., 1999; Zipfel et al., 2006). The interaction of AvrPto1 with 

these receptors prevents their phosphorylation. As a result, downstream signaling cascade 

activation is abolished (Xiang et al., 2008). Only a few studies have been carried out to 

characterize other host targets of PtoDC3000 AvrPto1. To dissect the interacting partners of 

AvrPto1 in the presence of Pto in tomato, a yeast three-hybrid screen was conducted by 

expressing Pto in the DNA binding domain, and the N-terminus of AvrPto1 in the nuclear 

localization signal of the bait vector. The screening revealed tomato catalase, putative 

serine/threonine kinases, proteasome α- subunit and a 25 kDa hydrophilic protein as proteins 

that putatively interact with AvrPto1 (Bogdanove and Martin, 2000). A yeast two-hybrid screen 

employing AvrPto1 as bait also revealed interaction partners such as a stress associated protein, 
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two putative GTP binding proteins and a putative N-myristoyltransferase (Bogdanove and 

Martin, 2000). A similar screen using AvrPto1 against an Arabidopsis cDNA library 

demonstrated interaction with four cellular hub proteins viz. CERK (Chitin eliciting receptor 

kinase), LysM (LysM receptor-like kinase), TIFY6B (Jasmonate insensitive 3) and TCP14 

(Teosinte branched1 Cycloidea Proliferating cell nuclear antigen factor) (Mukhtar et al., 2011). 

1.7 HopF family effectors of P. syringae 

1.7.1 HopF1 effector from Pph1449B 

P. syringae pv. phaseolicola (Pph) causes halo blight in bean. For one of the Pph 

strains, Pph1449B the virulence causing potential in a susceptible bean cultivar was located in a 

154-kb plasmid. The removal of the plasmid from the pathogen triggered resistance through 

HR (Jackson et al., 1999). But, the original phenotype of Pph1449B in a susceptible cultivar 

returned when a 30 kb region of the 154 kb plasmid was complemented into the pathogen 

(Arnold et al., 2011). Further exploration of that region resulted in the discovery of the HopF1 

locus (formerly AvrPphF) (Jackson et al., 1999; Tsiamis et al., 2000). The HopF1 locus 

possessed two ORFs namely ORF1 and ORF2 which were regulated by a single promotor 

(Tsiamis et al., 2000). The HopF1 locus containing ORF1 and ORF2 were essential for the 

pathogen to be virulent in the susceptible cultivar ‘Tender green’. At the same time, both 

proteins were necessary to induce resistance in the resistant cultivar ‘Red Mexican’ possessing 

the R1 resistance gene (Tsiamis et al., 2000). 

The structural analysis of Pph1449B HopF1 ORF1 and ORF2 was the first attempt to 

solve the structure of an effector and associated protein. The ORF1 structure showed as a 

bacterial type III secretion system chaperone protein. In contrast, the ORF2 revealed a unique 

structural pattern that has been characterized by two domains a ‘stalk’ and ‘head’ (Singer et 

al., 2004). The head domain is found to have some similarity with the ADP-ribosyltransferase 

domain of the bacterial diphtheria toxin. The structure-based comparison of Pph1449B HopF1 to 

the bacterial diphtheria toxin showed corresponding ADP-ribosyltransferase residues such as 

arginine 72 and aspartic acid 174. However, ADP-ribosyltransferase activity was not observed 

in Pph1449B HopF1 (Singer et al., 2004). The mutation of these residues confirmed that they are 

indispensable for virulence as well as resistance in susceptible and resistant bean cultivars 

respectively (Singer et al., 2004). 
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Figure 1.9 The structure of Pph1449B HopF1 solved by X-ray crystallography. The solved structure has ‘head’ 

and ‘stalk’ domains. α-helices are denoted in blue; β-sheets are colored by red. The white dotted regions in the 

head and stalk are disordered regions. The putative ADP-ribosyltransferase residues Arg72 and Asp174 are 

marked in green and red respectively. This picture is adapted from (Singer et al., 2004). 

 

1.7.2 PtoDC3000 HopF2 

PtoDC3000 HopF2 (Previously known as HopPtoF) is a homologous effector of Pph1449B 

HopF1. PtoDC3000 HopF2 showed 48% amino acids identity to Pph1449B HopF1, and ADP-

ribosyltransferase active site residues R71 and D175 were also conserved (Hou et al., 2011). 

PtoDC3000 HopF2 and associated gene ShcFPto were identified in a single locus called ‘HopPtoF’ 

in the PtoDC3000 genome. Both genes were regulated by a common hrpL box promoter, and 

ShcFPto  is a chaperone protein necessary for the stability of PtoDC3000 HopF2 protein in bacterial 

cytoplasm (Shan et al., 2004). An unusual initiation codon ‘ATA’ was present in PtoDC3000 

HopF2 which was to restrict the effector secretion (Shan et al., 2004), changing the start codon 

‘ATA’ to ‘ATG’ increased virulence in tomato (Robert-Seilaniantz et al., 2006). 

1.7.3 PtoDC3000 HopF2 virulence mechanisms  

PtoDC3000 HopF2 has been reported to inhibit PAMP (flg22, lipopolysaccharide, elf18, 

peptidoglycan, chitin and HrpZ1 hairpin) triggered marker gene FRK1 activation in 

Arabidopsis (Wu et al., 2011). After the perception of PAMPs, the induction of MAPK is one 

of the early responses by plants. Flg22 has been documented to trigger MAPK 3, 4 and 6 
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activation in Arabidopsis (Asai et al., 2002; Rodriguez et al., 2010; Suarez-Rodriguez et al., 

2007); this defense mechanism is compromised when PtoDC3000 HopF2 is cotransfected 

alongside flg22 in Arabidopsis (Wu et al., 2011). PtoDC3000 HopF2 also inhibits flg22 induced 

BIK1 phosphorylation at the beginning of the signaling cascade (Wu et al., 2011). Overall, 

PtoDC3000 HopF2 functions to arrest early immune signaling induced by different PAMPs. 

The N-terminus of PtoDC3000 HopF2 carries a myristoylation motif; a GFPuv tagged 

PtoDC3000 HopF2 expressed in onion cells demonstrated the effector localization in the plasma 

membrane (Robert-Seilaniantz et al., 2006). The myristoylation residue mutation (G2A) 

prevented the effector from being located to the plasma membrane (Robert-Seilaniantz et al., 

2006). Likewise, the mutation has showed the inability of PtoDC3000 HopF2 to nullify flg22 

induced BIK1 phosphorylation and FRK1 marker gene induction in Arabidopsis (Wu et al., 

2011). Furthermore, the myristoylation motif in PtoDC3000 HopF2 is required for virulence 

enhancement in tomato and triggering resistance in tobacco (Robert-Seilaniantz et al., 2006), 

suggesting the plasma membrane association of PtoDC3000 HopF2 is critical for both immune 

suppression and induction.  

1.7.4 PtoDC3000 HopF2 ADP-ribosyltransferase residues 

Constitutive expression of PtoDC3000 HopF2 in Arabidopsis has been shown to hinder 

AvrRpt2 induced ETI suppression. Since the AvrRpt2 dependent ETI response is based on the 

cleavage of AtRIN4, in the presence of PtoDC3000 HopF2 the cleavage is halted (Wilton et al., 

2010). In contrast, AvrRpt2 mediated ETI is not suppressed in Arabidopsis that stably 

expresses the PtoDC3000 HopF2D175A mutant. Thus, the ADP-ribosyltransferase residues (R71 

and D175) in PtoDC3000 HopF2 are critical for virulence (Wilton et al., 2010). PtoDC3000 HopF2 

inactivates the function of AtRIN4 through ADP-ribosyltransferase activity where ADP-ribose 

sugar molecules are incorporated into AtRIN4 (Wang et al., 2010). 

PtoDC3000 HopF2 interferes with MAPK activation as part of basal immunity 

suppression and inhibits several MAPKs downstream activation such as MAPK6, MKK4 and 

MKK5. Transgenic expression of PtoDC3000 HopF2 in Arabidopsis showed an aggregated 

stomatal appearance (Wang et al., 2010); this was comparable to a phenotype that lacks 

MAPKs cascades (Bergmann et al., 2004; Wang et al., 2007), illustrating MAPKs are the host 

targets of PtoDC3000 HopF2. Furthermore, there was evidence for ADP-ribosylation of AtMKK5 

by PtoDC3000 HopF2 in vitro. For that PtoDC3000 HopF2 requires the ADP-ribosyltransferase 

catalytic (R71 and D175) residues (Wang et al., 2010). These two residues were also crucial 
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for flg22 triggered FRK1 marker gene suppression. A mutation in the two residues did not 

arrest flagellin-induced FRK1 activation (Wu et al., 2011). Transient expression of PtoDC3000 

HopF2 in tobacco (W38) triggered HR and mutation of the ADP-ribosyltransferase catalytic 

residues (R71 and D175) responded with no HR (Wang et al., 2010). 

1.8 Host targets among P. syringae T3SS effector family 

Several bacterial T3SS effector proteins are capable of inhibiting plant defences. In 

most cases, the mechanism behind this inhibition is unclear. The identification and 

characterization of the host target of the effector can shed light on these mechanisms (Zhou et 

al., 2011). The host target of a number of effectors has been characterized; (for example, 

AvrPto, AvrPtoB, HopI1, HopM1, AvrB, HopU1, AvrPphB and HopAI1) (Zhou et al., 2011). 

In these examples only one effector from each family has been investigated. In contrast, 

different members of the HopZ family (HopZ1 to HopZ4) are known to have distinct host 

targets. The HopZ1 effector from P. syringae binds to the host protein GmHID1 (2-

hydroxyisoflavanone dehydratase) in soybean and arrests innate immunity responses (Zhou et 

al., 2011). HopZ2 targets the MLO2 (Mildew resistance Locus O2) protein in Arabidopsis. 

This protein is required for HopZ2 mediated virulence in Arabidopsis (Lewis et al., 2012). 

HopZ3 targets Arabidopsis RPM1 immune complex proteins such as RIPK and RIN4 to disrupt 

the activation of resistance responses (Lee et al., 2015) and HopZ4 induces virulence in 

Arabidopsis by targeting a proteasomal subunit protein RPT6 (Ustun et al., 2014). 

1.9 Importance of intrinsically disordered residues in bacterial effectors 

Effector proteins are the sophisticated machinery of a bacterial pathogen that enable 

evasion of plant immunity (Marin et al., 2013). Intrinsically disordered regions (IDRs) are 

over-represented in effector proteins (Romero et al., 2001). ID proteins or regions have a higher 

abundance of hydrophilic, surface exposed, disorder-promoting and charged amino acids. In 

contrast, the inflexible, order enhancing and neutral amino acids are rare in these regions 

(Marin and Ott, 2014). Thus IDRs are less complex in sequence, show high net charges at 

neutral pH (Romero et al., 2001; Uversky, 2002) and do not adopt an ordered structure in their 

native state (Marin and Ott, 2014; Marin et al., 2013). This attribute allows them to associate 

with many protein partners and to adapt to the respective protein partner’s structure in a specific 

binding manner and with less affinity than an ordered protein (Hsu et al., 2013).  
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The interactive capacity of ID proteins lies in short regions of ID residues (typically 5-

25 residues in length) known as MoRFs (Molecular Recognition Features) (Sharma et al., 

2016). At the time of binding with a protein partner, MoRF regions transition from disordered 

to ordered; their initial disordered state enables promiscuous interactions (Vacic et al., 2007; 

Hsu et al., 2013). A study on IDR identification in phytopathogenic bacteria by PONDR® VL-

XT showed longer IDRs in T3SS effectors than in other proteins. These effectors normally had 

over 50 ID residues in them; this pattern was found in phytopathogenic bacterial effectors of 

P. syringae, Ralstonia solanacearum and Xanthomonas species (Marin et al., 2013). The 

prevalence of IDRs in pathogenic bacterial effectors is believed to be important for effector 

secretion into the host, surpassing plant immunity and host manipulation (Marin et al., 2013). 

1.10 Psa and kiwifruit interaction 

As described earlier in this chapter, Psa outbreaks have caused significant damage to 

kiwifruit cultivation in Japan and Korea in the late eighties and early nineties (Serizawa et al., 

1989; Koh et al., 1994). Since 2008, the severe disease outbreak affected kiwifruit cultivation 

around the globe (Balestra et al., 2009; Everett et al., 2011). The incursion of the pathogen in 

New Zealand jeopardized the kiwifruit industry. The flagship cultivar ‘Hort16A’ on which the 

New Zealand kiwifruit industry depended is the most susceptible to the pathogen (Greer and 

Saunders, 2012) and is no longer cultivated on a large scale. Preventive measures such as 

topical sprays, disinfection of pruning equipment, and the removal and destruction of diseased 

plant parts are available (Scortichini et al., 2012). However, these strategies are incapable of 

halting the disease once the systemic infection of Psa has occurred. So a possible approach to 

stop present and future outbreaks could be developing Psa resistant kiwifruit cultivars. 

Psa strains belong to biovar 1, 2, 3 or 5. Assignment to a biovar is based on place of 

origin, variation in the accessory genome and symptoms caused during infection of kiwifruit. 

The accessory genome is often variable in nature due to the lateral movement of genes between 

strains. These four biovars can cause canker formation in trunks and shoots of kiwifruit, which 

is the most severe symptom, which can lead to death of the kiwifruit vine. The whole genome 

sequences of the virulent isolate of Psa from New Zealand (biovar3) and related isolates 

(biovars 1, 2 and 5) from other countries are available. The comparison of the accessory 

genomes of biovars 1, 2, 3 and 5 has led to the identification of ten effector genes (HopQ1, 

HopD1, AvrD1, AvrB4, HopX3, HopF2, AvrRpm2, HopZ3, HopAU1 and AvrPto5) common to 

all four biovars (Fujikawa and Sawada, 2016; McCann et al., 2013). The annotation of the 
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above effectors was carried out as per the regulations described at www.pseudomonas-

syringae.com; Avr is included as a prefix in an effector name if the effector induces HR and 

Hop (Hrp outer protein) is included if the effector is translocated out of the bacterial cell. 

 

Figure 1.10  T3SS effectors distribution in Psa biovars. J - Japanese strain, K - Korean strain, V - Virulent isolate 

from New Zealand and LV - Low virulent, these strains were later renamed as biovar1, 2, 3 and P. syringae pv. 

actinidifoliorum respectively. Venn diagram (A) and chart (B) marked in red shows the conserved ten effectors 

between the three biovars. This picture is taken from (McCann et al., 2013). 

 

A collective presence of the ten conserved effectors in Psa may indicate a probable role 

of these effectors to Psa fitness in kiwifruit. In this thesis, AvrPto5 and HopF2 effectors were 

selected for investigation. PsaNZV-13 AvrPto5 and HopF2 are the AvrPto and HopF family 

effectors respectively (McCann et al., 2013). As described before, PtoDC3000 AvrPto1 is a 

crucial T3SS effector for PtoDC3000 virulence in tomato and arrests PTI responses by interfering 

with signaling cascades (Xiang et al., 2008; Yeam et al., 2010). Similarly, PtoDC3000 HopF2 

which is also crucial for PtoDC3000 virulence enhancement by targeting early immune signaling 

pathways (Wang et al., 2010; Wu et al., 2011). Both PtoDC3000 AvrPto1 and HopF2 effectors 

are early defense suppressors and analyzing these subfamily effectors in Psa possibly sheds 

light on the virulence function in kiwifruit.  

The main aim of this project is to characterize the host targets of PsaNZV-13 effectors 

(AvrPto5 and HopF2) in kiwifruit. Subsequently investigating whether the host targets have 

any immune-related protein association. At the commencement of my thesis work, a protein 

interactome study (Mukhtar et al., 2011) revealed some Arabidopsis hub proteins have been 

http://www.pseudomonas-syringae.com/
http://www.pseudomonas-syringae.com/
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targeted by effectors of two different pathogens PtoDC3000 and Hyaloperonospora 

arabidopsidis. As PsaNZV-13 AvrPto5 comes under AvrPto subfamily, we hypothesized PsaNZV-

13 AvrPto5 might interact with PtoDC3000 AvrPto1 host targets AtCERK (AT3G21630), AtLysM 

(AT1G51940), AtTIFY6B (AT3G17860) and AtTCP14 (AT3G47620) (Mukhtar et al., 2011). 

Hence, a candidate host gene approach is aimed initially based on PtoDC3000 AvrPto1 host 

targets to mine the host targets of PsaNZV-13 AvrPto5. Another aim of the project is to find non-

host resistance against the effectors in tobacco species. The results that would arise from the 

project may offer a basic knowledge about the effectors function in kiwifruit and tobacco 

species. It would be valuable information while developing Psa resistant kiwifruit cultivars. 

1.11 Research aims 

The research goals of the thesis are uncovering PsaNZV-13 AvrPto5 and HopF2 effectors 

host target in kiwifruit and verifying the effectors non-host resistance role in tobacco species. 

The above research goals have additional intermediate aims:  

1. To identify PsaNZV-13 AvrPto5 host targets using a candidate host gene approach based 

on PtoDC3000 AvrPto1 host targets in Arabidopsis thaliana (Chapter two). 

2. To construct a yeast two-hybrid cDNA library of kiwifruit in yeast and characterize its 

quality for yeast two-hybrid screening (Chapter three). 

3. To examine PsaNZV-13 AvrPto5 host targets by screening the kiwifruit yeast two-hybrid 

cDNA library and identify the putative positive interactions. To examine the identified 

putative interacting partners interaction in planta using biochemical assays. Also, to 

study PsaNZV-13 AvrPto5 induced non-host resistance in tobacco species (Chapter four). 

4. To determine PsaNZV-13 HopF2 host targets in kiwifruit through yeast two-hybrid 

screening of the kiwifruit cDNA library and study the interaction of the effector and 

isolated host targets in planta. In addition, to examine non-host resistance in tobacco 

species against PsaNZV-13 HopF2 (Chapter five).  
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Chapter 2 

 

Finding PsaNZV-13 AvrPto5 host target in 

kiwifruit by a candidate host gene approach 

 

2.1 Introduction 

Genome analysis of PsaNZV-13 strain (biovar3) and a comparison with draft genomes of 

the previous Psa outbreaks (biovar1 and 2) have shown ten conserved effector genes (HopQ1, 

HopD1, AvrD1, AvrB4, HopX3, HopF2, AvrRpm2, HopZ3, HopAU1 and AvrPto5) (McCann 

et al., 2013). These biovars are canker-causing strains, and the canker symptom is the critical 

infection form. The unique presence of the ten effector genes in canker-causing strains offers 

a preliminary clue that these effectors may have a virulence function in Psa. Therefore, within 

the ten effectors, PsaNZV-13 AvrPto5 was selected in this chapter for host target identification. 

PsaNZV-13 AvrPto5 is an AvrPto subfamily effector, PtoDC3000 AvrPto1 is also one of the AvrPto 

subfamily effectors that has been investigated extensively for virulence and resistance. It causes 

virulence by suppressing PTI inducing PRRs (Xiang et al., 2008). A study by Mukhtar et al. 

(2011) generated a protein interactome map using effectors from two pathogens (P. syringae 

pv. tomato and Hyaloperonospora arabidopsidis), A. thaliana plant resistance proteins from 

three different classes and another 8000 proteins in a Y2H analysis. In that study, PtoDC3000 

effector AvrPto1 was found to interact with four hub proteins namely AtCERK (AT3G21630), 

AtLysM (AT1G51940), AtTIFY6B (AT3G17860) and AtTCP14 (AT3G47620). In this 

chapter, a Y2H assay was used to investigate PsaNZV-13 AvrPto5 host targets. The 

rationalization for choosing the Y2H system in this chapter is that the system is amenable, the 

interaction can be observed in vivo (Auerbach and Stagljar, 2005), and many plant pathogen 

effector host targets have been identified through this method (Cesari et al., 2013; Kim and 

Hwang, 2015a; Mukhtar et al., 2011). 

Y2H is a genetic tool that can detect the association of two proteins in S. cerevisiae 

(Fields and Song, 1989). The identification of the GAL4 transcription factor in S. cerevisiae 

three decades ago led to uncovering a mechanism of transcriptional regulation. It was 

determined that to activate genes involved in galactose metabolism in S. cerevisiae; the GAL4 

needs to attach to a precise sequence of DNA known as the upstream activation domain (UAS) 



25 

 

when provided with a carbon source (galactose). If the GAL4 was divided into N and C - 

termini, transcription was not activated even by galactose availability. The N-terminus bound 

to the UAS region while the C-terminus region was required to initiate the transcription 

(Keegan et al., 1986). For GAL4 to be functional in transcription, the interaction of the N and 

C-termini known as the DNA binding domain (DBD), and the activation domain (AD) is 

essential. 

The molecular mechanism of the GAL4 activation of transcription in S. cerevisiae was 

used to establish the Y2H system (Figure 2.1). The underlying concept of the system consists 

of splitting the transcription factor (GAL4) into the DNA binding domain (DBD) and the 

activation domain (AD), developed independently into the bait and prey vectors respectively. 

To authenticate the interaction of two proteins (I and II), protein I is cloned into the bait vector 

(DBD), protein II is merged to the prey vector (AD). Upon expression of both plasmids in S. 

cerevisiae, the interaction of the proteins I and II potentially bring two domains in proximity 

to form a functional GAL4. The induction of transcription results in yeast growth on a particular 

marker plate (Bruckner et al., 2009; Fields and Song, 1989). 

The AvrPto1 effector is one of the important elements in PtoDC3000 for virulence 

(Cunnac et al., 2011). AtCERK (Chitin eliciting receptor kinase;AT3G21630), AtLysM (LysM 

receptor-like kinase; AT1G51940), AtTIFY6B (Jasmonate insensitive 3; AT3G17860) and 

AtTCP14 (Teosinte branched1 Cycloidea Proliferating cell nuclear antigen factor; 

AT3G47620) (Cubas et al., 1999) are believed to be a component of several hub proteins in 

Arabidopsis. AtCERK is the only protein I found in Arabidopsis genome. The interaction of 

PtoDC3000 AvrPto1 with these four Arabidopsis hub proteins in Y2H infers they may be the 

target for pathogen manipulation. This precursor study of PtoDC3000 AvrPto1 regarding host 

targets in Arabidopsis has led to the design of an experiment for PsaNZV-13 AvrPto5 in kiwifruit. 

For that, the homologs of the Arabidopsis proteins were bioinformatically identified in 

kiwifruit as AcCERK1A, AcCERK1B, AcLysM, AcTIFY6B I, II and AcTCP14. The 

interaction of these proteins was analyzed with PsaNZV-13 AvrPto5 by Y2H with an aim to 

determine the host target(s) of PsaNZV-13 AvrPto5 in kiwifruit. In this study, tomato Pto 

homolog in kiwifruit was searched, but no evidence for the homolog was found in kiwifruit. 
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Figure 2.1 The concept of the yeast two-hybrid system. A. A bait is developed by expressing protein ‘X’ into the 

DNA Binding Domain (DBD), while a prey is constructed fusing protein ‘Y’ to the Activation Domain (AD). B. 

The interaction of these proteins in yeast forms a functional transcription factor in the nucleus, as a consequence 

RNA polymerase II transcribes a reporter gene (Bruckner et al., 2009). 

 

2.2 Materials and Methods 

2.2.1 Preparation of bacterial cultures for genomic DNA extraction 

PsaNZV-13 and PtoDC3000 glycerol stocks were used for streaking on vented plastic Petri dishes 

(90 mm x 15 mm; Labserv, Thermofisher Scientific, Auckland, New Zealand) containing 

sterile Kings B and nutrient media (Oxoid Limited; Basingstoke, UK) respectively. The Petri 

dishes were sealed using Parafilm® M (Bemis Flexible Packaging; Neenah, WI, U.S.A) and 

incubated for two days at 20°C. PsaNZV-13 culturing and subculturing were carried in a PC1+ 

lab (Physical Containment level 1+) and a PC2 (Physical Containment level 2) facility was 

utilized for PtoDC3000 culturing.   

2.2.2 Bacterial genomic DNA extraction 

PsaNZV-13 and PtoDC3000 genomic DNA extractions were performed using a genomic DNA 

extraction kit for gram-negative bacteria Gentra® Puregene®, Qiagen; Hilden, Germany and 

the protocol was modified (McCann et al., 2013). Overnight cultures of PsaNZV-13 and PtoDC3000 

were prepared by inoculating a single colony in two separate 15 ml Falcon® tubes (Corning 

brand; U.S.A) containing 2 ml Kings B and nutrient broths respectively and incubated 

overnight in an orbital incubator (Gallenkamp, UK) at 20°C and 200 rpm. The overnight culture 
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(0.5 ml) was taken in a 1.5 ml microcentrifuge tube (Axygen Scientific; Union City, CA, 

U.S.A), centrifuged in a 5424 R microcentrifuge (Eppendorf; Hamburg, Germany) at 15,871g 

for 2 minutes to pellet the bacterial cells and the supernatant was discarded. Cell lysis solution 

(600 µl) was added to the pellet which was resuspended by pipetting up and down followed by 

5 minutes incubation at 80°C. It was followed by the addition of 3 µl RNase solution, mixed 

by inverting the tube 25 times and incubated at 37°C for one hour. This was placed on ice for 

one minute, then, the protein precipitation solution (600 µl) was added and vortexed for 20 

seconds and centrifuged for 8 minutes at 15,871g. The supernatant was removed and 

transferred to a new 1.5 ml microcentrifuge tube, and the centrifugation step was repeated. The 

supernatant was transferred again to another new 1.5 ml microcentrifuge tube containing 600 

µl isopropanol and mixed well by gently inverting the tube 50 times. The contents were 

centrifuged for one minute at 15,871g, the supernatant was discarded, and the precipitate was 

dried by inverting the tube on absorbent paper. The DNA pellet was washed once with 300 µl 

70% ethanol, and air dried for about 10 minutes. Finally, 100 µl DNA hydration buffer was 

added to DNA samples, which were incubated for one hour at 65°C to resuspend DNA and an 

additional overnight incubation at room temperature was carried out on a rocker (Labnet, 

Edison, NJ, U.S.A). 

2.2.3 Phylogeny tree analysis 

Homologues of Arabidopsis thaliana genes CERK (Chitin eliciting receptor kinase 

(AT3G21630)), LysM (LysM receptor-like kinase (AT1G51940)), TIFY6B (Jasmonate 

insensitive 3 (AT3G17860)) and TCP14 (Teosinte branched1 Cycloidea Proliferating cell 

nuclear antigen factor (AT3G47620)) in A. chinensis were first identified by tblastn queries of 

the gene model of the Plant & Food Research kiwifruit genome database (A. chinensis 

CK51F3_01 hybrid gene models and de novo transcripts). A similar search was performed to 

find the Arabidopsis homologs in potato, grape, tomato, sorghum and rice. For this purpose, 

potato, tomato, grape, rice and sorghum genome databases at the National Centre for 

Biotechnology Information (NCBI) were utilized. By verifying bit score, E-value and identity 

percentage of the hits, the most likely homologs were retrieved in all species. For each gene, 

the homologs from all crop species were aligned by ClustalW and neighbor joining 

phylogenetic trees constructed using MEGA 7 utilizing the Poisson method (Kumar et al., 

2016) with 500 bootstrap replications. Another phylogeny analysis was performed employing 

the same phylogeny method to determine the genetic closeness of PsaNZV-13 AvrPto5 with other 
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AvrPto homologs. AvrPto effectors from 14 different P. syringae pathovars such as actinidiae, 

tomato, maculicola, lachrymans, populans, glycinea, mori, oryzae, myricae, tabaci, aesculi 

and alislensis were chosen. Further, the protein sequences of PsaNZV-13 AvrPto5 and PtoDC3000 

AvrPto1 were compared using Geneious v8.1.2 (Kearse et al., 2012) to find identical amino 

acids. 

2.2.4 Kiwifruit total RNA isolation 

One month old ‘Hort16A’ plantlets which were maintained at 18°C, 6 hours light and 8 hours 

dark conditions were used for total RNA extraction using the pine tree method (Chang et al., 

1993). Young leaves were harvested and collected in a 50 ml Falcon® tube (Corning brand; 

U.S.A), frozen in liquid nitrogen and stored at -80°C until needed. To ensure an RNase free 

environment at the time RNA extraction, the lab bench was sprayed and wiped with a 0.1 N 

NaOH, 0.01 mM EDTA mix and followed by an additional wipe with 70% ethanol. Milli-Q 

water (Merck Millipore, USA) used to make buffer solutions for total RNA extraction were 

pre-treated overnight with 0.1% (v/v) dimethyl dicarbonate (DMDC, Sigma Aldrich) in a 

sterile Schott Duran®
 bottle (DURAN Group; Wertheim, Germany), and autoclaved at 121°C 

for 15 minutes to inactivate the DMDC. All glassware, pestle and mortars were wrapped with 

aluminum foil (Gilmours, New Zealand), sterilized at 160°C for 5 hours in a hot air oven (Esco, 

Isothermo). Plasticware such as 5 ml tips was autoclaved as above before use. Extraction buffer 

(2% CTAB, 100 mM Tris-HCl pH 8.0, 2% PVP, 25 mM EDTA pH 8.0, 2 M NaCl and 0.5 g/L 

Spermidine; 15 ml) was pipetted into a sterile and RNase free 50 ml Falcon® tube, to which 

300 μl β-mercaptoethanol was added, briefly mixed and incubated for 10 minutes at 65°C. 

Young leaves (0.5 g) were ground to a fine powder in liquid nitrogen with pre-cooled sterile 

pestle and mortar. The powder was transferred to the 50 ml Falcon® tube containing 15 ml pre-

warmed extraction buffer and briefly mixed. Chloroform: isoamyl alcohol mix (24:1 v/v) was 

added (15 ml) and mixed thoroughly. Subsequently, the contents were centrifuged for 20 

minutes at 4105g at room temperature using a Sorvall® RC-5C Plus centrifuge (DuPont 

Instruments; Newtown, CT, U.S.A). The supernatant was collected, transferred to a new 50 ml 

Falcon® tube and an equal volume of chloroform: isoamyl alcohol added and mixed vigorously, 

and centrifuged as above. The upper phase was recovered in a new sterile 50 ml Falcon® tube, 

0.35 volume 8 M lithium chloride (LiCl) was incorporated and incubated overnight at 4°C. 

Next day, the overnight incubated tubes were centrifuged at 4°C for 20 minutes at 4105g in the 

Sorvall® RC-5C Plus centrifuge (DuPont Instruments). The supernatant was discarded, the 
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remaining liquid was removed by placing the tubes upside down on paper towel without 

disturbing the pellet. Meanwhile, SSTE buffer (1 M NaCl, 0.5% SDS, 10 mM Tris-HCl pH 

8.0, 1 mM EDTA pH 8.0) was heated to 65°C for few minutes to dissolve precipitates 

thoroughly. When the buffer was returned to room temperature, 500 µl SSTE buffer was added 

to the pellet, dissolved and transferred to a sterile 1.5 ml microcentrifuge tube. An equal volume 

of chloroform: isoamyl alcohol mix was introduced to the sample. At room temperature, the 

mixture was centrifuged for 5 minutes at 15,871g. The supernatant was collected in a new 1.5 

ml microcentrifuge tube, and to precipitate total RNA two volumes of 100% ethanol was 

incorporated, mixed and incubated for 5 minutes at -80°C. RNA pellets were collected by 

centrifugation at room temperature for 5 minutes at 15,871g. The pellet was washed with 1 ml 

70% ethanol and dried in a laminar airflow cabinet at room temperature. Finally, the pellet was 

resuspended in 50-100 µl ultra-pure water (Invitrogen, USA), aliquoted in several tubes, and 

stored at -80°C. 

2.2.5 DNase of kiwifruit total RNA 

Deoxyribonuclease I, Amplification Grade (Invitrogen; San Diego, CA, U.S.A.) was utilized 

to eliminate genomic DNA contamination in total RNA. Total RNA (8 µl) was placed in an 

RNase free 0.2 ml PCR tube (Axygen Scientific; Union City, CA, U.S.A), to which 1 µl 10x 

DNase I reaction buffer and 1 µl DNase I amplification grade (1 unit per µl) were added. The 

contents were mixed gently, incubated at room temperature for 15 minutes. Then, 1 µl 25 mM 

EDTA was added to the PCR tube, incubated at 70°C for 10 minutes in a Mastercycler® PCR 

machine (Eppendorf; Hamburg, Germany) to denature DNase I and total RNA. The PCR tube 

was placed on ice, total RNA concentration and purity determined in a Nanodrop® ND-1000 

Spectrophotometer (Thermo Fisher Scientific, U.S.A).  

2.2.6 Total RNA integrity analysis using the Agilent Bioanalyzer 2100 

RNA integrity analysis was performed using the Agilent Bioanalyzer 2100 (Agilent 

Technologies, Santa Clara, CA, U.S.A) as per the manufacturers protocol modified by Dr Revel 

Drummond, Plant & Food Research, Auckland. Initially, the Bioanalyzer 2100 electrode pins 

were washed in a nanochip containing 360 µl RNaseZap® solution (Ambion®; U.S.A) for 1 

minute. Subsequently, two washes were carried out with 360 µl RNase free water in an RNase 

free nanochip for 30 seconds. A volume of 75 µl RNA gel matrix was filtered in a spin filter 

tube (Agilent Technologies, Santa Clara, CA, U.S.A) by centrifugation at 1500g and room 
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temperature for 10 minutes in a 5424 R microcentrifuge (Eppendorf). The filtered gel (65 µl) 

was transferred into a 0.5 ml RNase free microcentrifuge tube, and 1 µl blue dye was 

introduced, mixed and centrifuged (10 minutes at 18,400g). The filtered gel containing blue 

dye was wrapped with aluminum foil. In a new RNA nanochip, 9 µl gel/dye was added into a 

well-marked G with a black background. The nanochip was placed in a chip priming station 

equipped with a plate, a syringe chip and a plunger. The plate was set at position ‘C’, then the 

nanochip with gel/dye was placed into it and the plate slowly closed. The plunger was adjusted 

to the 1 ml mark and pressed gradually down to reach a locked position. After 30 seconds, the 

plunger was released from the locked position and allowed to reach the 0.85 ml mark. Later 

on, the gel/dye mixture of 9 µl was added to two wells marked G with a grey background. 

Consequently, 5 µl RNA 6000 nano marker were added to 12 sample and ladder wells. After 

that, 1 µl RNA ladder and 12 ‘Hort16A’ total RNA samples were added to the ladder, and 

sample wells respectively. Next, the nanochip was vortexed for one minute in an Agilent 2100 

orbital vortexer at 2500 rpm. Then, the nanochip was placed in the Agilent Bioanalyzer 2100 

and the eukaryotic total RNA nano 6000 series II programme was chosen for total RNA 

integrity analysis. 

2.2.7 Generation of cDNA from kiwifruit total RNA 

cDNA was synthesized from kiwifruit total RNA that passed all quality controls using a 

Transcriptor First Strand cDNA Synthesis kit from Roche Applied Sciences (Germany). The 

cDNA reaction (20 µl) was prepared including  2 µl (1 µg) total RNA, 1 µl (2.5 µM) anchored-

oligo (dT)18 primer 50 pmol/µl, and PCR grade RNase free water to 13 µl in a sterile, nuclease-

free 0.2 ml thin-walled PCR tube (Axygen Scientific; Union City, CA, U.S.A) on ice. The 

content was denatured for 10 minutes at 65°C in a Mastercycler® PCR machine (Eppendorf; 

Hamburg, Germany) and cooled down on ice immediately. The remaining reaction mix 

comprising 4 µl 1x Transcriptor Reverse Transcriptase buffer  (250 mM Tris-HCl, 150 mM 

KCl, 40 mM MgCl2 pH 8.5), protector RNase inhibitor 0.5 µl (20 U), dNTPs 2 µl (1 mM each) 

and Transcriptor Reverse Transcriptase 0.5 µl (10 U) were added. The PCR tube was mixed 

carefully and briefly centrifuged to gather the contents at the bottom. Reverse transcription 

reaction was performed in the Mastercycler® PCR machine at 50°C for one hour followed by 

the inactivation of the RT reaction by heating the reaction to 85°C for 10 minutes.  
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2.2.8 PCR 

2.2.8.1 PCR amplification of PsaNZV-13 AvrPto5 and PtoDC3000 AvrPto1 

PCR based amplification of PsaNZV-13 AvrPto5 and PtoDC3000 AvrPto1 genes was performed 

utilizing appropriate genomic DNA and gene-specific primers (Table 2.1) for the coding 

sequence. A total volume of 25 µl PCR reaction mix was prepared adding 1 µl genomic DNA 

(25-50 ng) either from PsaNZV-13 or PtoDC3000, 2.5 µl 10x PCR buffer, 1 µl (0.4 µM) of each 

forward and reverse primers, 0.5 µl (0.2 mM) dNTPs, 0.75 µl (1.5 mM) MgCl2 and 0.1 µl (1 

unit) PlatinumTM Taq DNA Polymerase (Invitrogen; U.S.A) in a 0.2 ml thin-walled PCR tube. 

The amplification of the genes was performed in a Mastercycler® PCR machine using the 

conditions below. Initial denaturation at 95°C for 3 minutes, 30 PCR cycles consisting of 

denaturation for 30 seconds at 95°C, annealing for 30 seconds at 50-55°C and elongation for 1 

minute at 72°C per kb of amplicon. The PCR amplification was ended by a final elongation 

step of 8 minutes at 72°C. 

2.2.8.2 Reverse Transcription PCR 

Kiwifruit cDNA generated in section 2.2.7 was utilized in RT-PCR reactions to amplify 

kiwifruit genes (AcCERK1A, AcCERK1B, AcLysM, AcTIFY6B I, II and AcTCP14). RT-PCR 

reaction (25 µl) was prepared incorporating 2-3 µl cDNA, 2.5 µl (1x) 10x Pfx PCR 

amplification buffer, 1 µl (0.4 µM) of each forward and reverse primer,  0.5 µl (1 mM) MgSO4, 

0.75 µl (0.3 mM) dNTPs, 0.4-0.6 µl (1-1.5 units) Pfx PlatinumTM DNA polymerase (Invitrogen; 

U.S.A). The amplification was performed in a Mastercycler® PCR machine implementing PCR 

conditions as followed. Initial denaturation was performed at 95°C for 5 minutes, subsequently 

30 PCR cycles with denaturation at 95°C for 30 seconds, annealing at 46-55°C for 30 seconds 

and elongation for 1 minute at 68°C per kb of amplicon and a final elongation at 68°C for 10 

minutes. The post-amplification addition of adenosine to the 3’ ends of the PCR product was 

performed adding 2.5 units PlatinumTM Taq DNA polymerase (Invitrogen; U.S.A) and 0.5 µl 

dATPs (0.2 mM)  to 25 µl RT-PCR reaction and incubating at 72°C for 10 minutes in the 

Mastercycler® PCR machine. The PCR reactions from the previous section 2.2.8.1 and RT-

PCR reactions were examined by gel electrophoresis. 
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         Table 2.1 PCR primers used to amplify bacterial and kiwifruit genes 

S.no  Primers Primer sequence 

1 PsaNZV-13 AvrPto5 forward primer ATGGGAAACGTATGCGTTGG 

2 PsaNZV-13 AvrPto5 reverse primer CTAGCCGTTGCGGGGAGCGA 

3 PtoDC3000 AvrPto1 forward primer ATGGGAAATATATGTGTCGG 

4 PtoDC3000 AvrPto1 reverse primer TCATTGCCAGTTACGGTACG 

5 AcCERK1A forward primer ATGTTCCGATCCAAATTAGG 

6 AcCERK1A reverse primer TTACCTCCCAGACATCAGAT 

7 AcCERK1B forward primer ATGTTTGAATCCAAATTAGG 

8 AcCERK1B reverse primer CTACCTCCCGGACATTAGAT 

9 AcLysM forward primer TATGCTGCAGCTATAGGGGC 

10 AcLysM reverse primer CTATCTTCCTTGAACAAGCC 

11 AcTIFY6B forward primer ATGGAGAGAGACTTTATGGG 

12 AcTIFY6B reverse primer CTATAATGGGGAAAATGCAC 

13 AcTCP14 forward primer ATGGACGGAAGCGACGGTCT 

14 AcTCP14 reverse primer TTACGAGTGGTGGCTAGTGG 

               Bold letters indicate the start and stop codons 

 

To fractionate the PCR products, 10 µl PCR product and 2 µl loading dye (6x) were mixed, 

loaded into a gel electrophoresis apparatus (Bio-Rad; Hercules, CA, U.S.A) comprising 1% 

agarose gel (w/v) (Invitrogen, U.S.A) and 1x TAE running buffer (Tris-Acetate-EDTA) and 

run at 1 V/cm. To visualize the DNA fragments either ethidium bromide 0.5 µg/ml (AppliChem 

Incorporated; Missouri, U.S.A) or RedSafeTM nucleic acid staining solution at 1x concentration 

was used. Ethidium bromide 0.5 µg/ml containing 1x TAE buffer was utilized to stain the gel 

for 10 minutes followed by 20 minutes of de-staining in 1x TAE buffer. While 1x RedSafeTM 

staining solution was included directly in the 1% agarose gel. The gel picture was captured by 

a GelDoc 1000 or GelDoc XR+ system (Bio-Rad; Hercules, CA, U.S.A). Later, the visualized 

DNA fragments were excised under UV light and gel purified using the ZymocleanTM Gel 

DNA recovery kit (Zymo Research, U.S.A). 

2.2.9 Cloning of PCR products 

Ligations were performed based on the manufacturer’s protocol (pCR™8/GW/TOPO® TA 

Cloning® kit; Invitrogen). Over hanged adenosine PCR product (4 µl), 1 µl 

pCR8TM/GW/TOPO® TA entry vector (10 ng) (Invitrogen; U.S.A) were added to a 1.5 ml 
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microcentrifuge tube (Axygen Scientific; Union City, CA, U.S.A) and the total reaction volume 

made to 6 µl by adding 1 µl PCR grade water. The content was mixed briefly and incubated at 

room temperature for 5-30 minutes. To transform the ligation reaction into E. coli, 1 µl was 

added into a vial containing 50 µl One Shot® TOP10 chemically competent E. coli cells 

(Invitrogen; U.S.A). The vial was gently mixed, then incubated on ice for 30 minutes. The vial 

containing the ligation reaction and E. coli cells was heat shocked for 30 seconds at 42°C and 

the tube placed on ice for two minutes. To recover E. coli cells, 250 µl SOC medium was 

aseptically incorporated and incubated at 37°C for one hour at 200 rpm in an orbital incubator 

(Gallenkamp; UK). To select transformants, E. coli cells were plated on LB agar (Invitrogen; 

U.S.A) + spectinomycin 100 µg/ml (Duchefa Biochemie; Haarlem, The Netherlands), and 

incubated overnight at 37°C. The resulting transformants were individually inoculated in 2 ml 

LB broth with spectinomycin 100 µg/ml, and incubated at 37°C and 200 rpm for 16 to 18 hours. 

Plasmid DNA was isolated from overnight cultures using the Zyppy™ plasmid miniprep kit 

(Zymo Research, U.S.A). The presence of insert DNA was verified by two means; initially, the 

restriction digestion of the plasmid (100-150 ng) was performed with EcoRI restriction enzyme 

(Invitrogen; U.S.A) as per the manufacturer’s instruction at 37°C and resolved in 1% agarose 

gel. After confirming the insert DNA presence, the plasmid DNA was sent for sequencing 

(Macrogen, South Korea). The sequence results were analyzed with appropriate effector or 

kiwifruit genes in Geneious v5.5 or above (Kearse et al., 2012).  

2.2.10 Gateway LR reaction  

Entry clones verified by sequencing were included in a GatewayTM LR reaction (Invitrogen; 

U.S.A) to generate the bait and prey plasmids. In a 1.5 ml microcentrifuge tube, entry clone 

50-150 ng, destination vector 150 ng pDEST™ 32 (bait vector) or pDEST™ 22 (prey vector) 

and TE buffer pH 8.0 (Tris-HCl pH 8.0, EDTA pH 8.0) were added to a total volume of 8 µl. 

To this, 2 µl of GatewayTM LR ClonaseTM II enzyme mix was included and mixed briefly. This 

was incubated at 25°C for one hour, the LR reaction was terminated adding 2 µg proteinase K 

solution and incubated at 37°C for 10 minutes. From this, 1 µl LR reaction was transformed 

into E. coli as per section 2.2.9, consequently E. coli bait transformant was selected on LB agar 

with gentamicin 50 µg/ml (Duchefa Biochemie; Haarlem). LB agar containing ampicillin 100 

µg/ml (Duchefa Biochemie; Haarlem) was used to select E. coli prey transformants. Plasmid 

DNA was isolated from both transformants according to the protocol described in section 2.2.9.  
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2.2.11 Bait and prey yeast cultures 

Bait (PJ694α) and prey yeast cells (PJ694a) were used in this experiment (James et al., 1996). 

Long-term stored glycerol stocks of these yeast cells at -80°C were utilized to prepare working 

plate. Both yeast cells were streaked on YPDA agar media (Yeast extract, Peptone, Dextrose 

and Adenine) separately in sterile vented plastic Petri dishes (90 mm X 15 mm), and incubated 

for about 2-3 days at 30°C. These served as master plates to culture yeast cells for 

transformation. 

2.2.12 Yeast transformation 

A single yeast colony was chosen from both strains and inoculated independently in two 100 

ml sterile conical flasks containing 10 ml YPDA liquid medium and incubated overnight at 

30°C and 200 rpm in an orbital incubator. From these overnight cultures, a 1 ml aliquot was 

used to inoculate two 250 ml sterile conical flasks containing 100 ml YPDA liquid medium 

separately, OD600 value was adjusted to 0.005 and cultured until it was approximately 0.02. 

Afterwards, yeast cells were transferred to a 50 ml sterile Falcon® tube (Corning brand, U.S.A) 

and pelleted at 1026g for 5 minutes in a Sorvall®
 RC-5C Plus centrifuge (DuPont Instruments; 

Newtown, CT, U.S.A). Yeast cells were washed once with 30 ml sterile MQ water (Millipore 

Milli-Q plus, Canada), and resuspended in 1 ml sterile MQ water. This was transferred to a 

sterile new 1.5 ml microcentrifuge tube and pelleted at 1500g for 5 minutes in a 5424 R 

microcentrifuge. The supernatant was discarded, and subsequent washes were performed with 

1 ml 1x LiAc/TE buffer followed by 0.5 ml 1x LiAc/TE. Finally, yeast cells were resuspended 

in 500 µl 1x LiAc/TE buffer. In a sterile 1.5 ml microcentrifuge tube, 100 µl bait or prey yeast 

cells, 100-300 ng bait or prey plasmids, 50 µg freshly denatured salmon sperm DNA 

(Invitrogen; U.S.A) and sterile 600 µl 40% polyethylene glycol 3500 (Sigma Aldrich; U.S.A) 

were taken. The content was mixed, incubated for 30 minutes at 30°C water bath with a regular 

mix by hand. Subsequently, yeast cells were exposed to heat shock for 15 minutes at 42°C. 

Then, yeast cells were pelleted at 3948g for 15 seconds, the supernatant discarded, and 200 µl 

1x TE (Tris-HCl pH 7.5, EDTA pH 8.0) buffer was used to resuspend the yeast cells. The 

resuspended yeast cells (100 µl) were plated on appropriate synthetic dropout (SD) plates to 

isolate the bait (SD/-Leu) and prey transformants (SD/-Trp). 
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2.2.13 Testing bait autoactivation 

PsaNZV-13 AvrPto5 or PtoDC3000 AvrPto1 carrying bait yeast cells (PJ694α) was mated with prey 

vector (pDEST22™) harbouring prey yeast cells (PJ694a) on YPDA agar plates at 30°C for 4 

- 6 hours. Diploid yeast cells emanating from the mating were streaked on SD/-Leu-Trp agar 

media, and incubated for 3-4 days at 30°C to select yeast cells harboring the bait plasmid 

(AvrPto5 or AvrPto1) and prey vector (pDEST22™). After that, diploid yeast cells were 

suspended in 500 µl sterile 1x TE (Tris-HCl pH 7.5, EDTA pH 8.0) buffer, from this 5 µl was 

taken and dotted on SD/-Leu-Trp, SD/-Leu-Trp-His and SD/-Leu-Trp-His + 3-AT (3-Amino-

1,2,4-triazole; Sigma Aldrich; U.S.A) 1 mM, 2 mM agar media.  

2.2.14 Y2H assay 

To perform the Y2H assay, diploid yeast cells were generated through a mating of the bait 

(PJ694α) and prey cells (PJ694A) carrying appropriate plasmids on YPDA agar plate for 4-6 

hours at 30°C. Diploid yeast cells with both bait and prey plasmids were selected by streaking 

on SD/-Leu-Trp agar media. The resulting diploid colonies from all combinations including 

the positive, negative interaction controls, negative self-activation controls and the bait 

(PsaNZV-13 AvrPto5 or PtoDC3000 AvrPto1) to be tested against the preys (kiwifruit proteins) 

were independently suspended in 500 µl sterile 1x TE  buffer (Tris-HCl pH 7.5, EDTA pH 

8.0), from which 5 µl was dotted on SD/-Leu-Trp, SD/-Leu-Trp-His, SD/-Leu-Trp-His + 3-AT 

2 mM, 3 mM, 4 mM, 5 mM, 10 mM and SD/-Leu-Trp-Ade agar media. The SD/-Leu-Trp was 

employed to select the bait and prey plasmids harbouring yeast cells; whereas, other media 

were used to monitor the bait and prey interaction. After five days of incubation, yeast growth 

was compared with controls (Table 2.2) for the interaction and to distinguish false positive 

(ProQuestTM yeast two-hybrid manual, Invitrogen). 

           Table 2.2 Yeast two-hybrid controls and their description 

S.N

o 

 

LEU2 Plasmid (Bait) TRP1 Plasmid (Prey) Purpose 

1 pEXP™32/Krev1 pEXP™22/RalGDS-wt Strong positive interaction 

 2 pEXP™32/Krev1 pEXP™22/RalGDS-m1 Weak positive interaction 

 
3 pEXP™32/Krev1 pEXP™22/RalGDS-m2 Negative interaction control 

 
4 pDEST™32 pDEST™22 Negative activation control 

 5 Bait  pDEST™22 Negative activation control 

 6 pDEST™32 Prey plasmid  Negative activation control 
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2.3 Results 

2.3.1 Kiwifruit homologs identification by bioinformatics analysis 

An investigation was performed to identify Arabidopsis CERK (Chitin eliciting 

receptor kinase; AT3G21630), LysM (LysM receptor-like kinase; AT1G51940), TIFY6B 

(Jasmonate insensitive 3; AT3G17860) and TCP14 (Teosinte 

branched1 Cycloidea Proliferating cell nuclear antigen factor; AT3G47620 (Cubas et al., 

1999)) in A. chinensis. The reason for isolating the homologs in kiwifruit was that these 

proteins had been found to associate with PtoDC3000 AvrPto1 in Y2H of an interactome study 

(Mukhtar et al., 2011). With the available information, I sought to establish a Y2H assay on 

which to assess PsaNZV-13 AvrPto5 effector and kiwifruit homologs interaction.  

Kiwifruit is a member of the Ericales plant order that has been located in the asterids 

flowering plant clade in an angiosperm phylogeny (Byng et al., 2016). Potato and tomato are 

the members of the Solanales order which also comes under the asterids clade. Arabidopsis 

(Brassicales order) and grape vine (Vitales order) have been classified in another clade called 

rosids which is an adjacent clade of the asterids. In the phylogeny, the grapevine order Vitales 

was located in-between the Ericales (kiwifruit) and Brassicales (Arabidopsis) orders. Since 

kiwifruit does not have closely related species other than Actinidiaceae, the angiosperm 

phylogeny was used to select the most likely related family species such as grape vine, tomato 

and potato. The Poales order has rice and sorghum which were present in the monocot clade of 

the phylogeny and also included in the analysis to relate the genetic closeness of kiwifruit 

homologs with other plant species.  

Arabidopsis protein sequences were tblastn queried on kiwifruit, tomato, potato, 

grapevine, rice and sorghum genome databases. The result of these queries was analyzed 

considering the parameters such as sequence identity percentage, E-value and bit score. For 

each Arabidopsis protein, the best hits were selected from the above plant species based on the 

parameters and furnished the hits in tables 2.2-2.5. It was evident from the tblastn query of the 

AtCERK and AtLysM proteins that the selected hits from all species were observed with E-

value - 0.0, >50% sequence identity and ˃500 bit score. In contrast, AtTIFY6B and AtTCP14 

proteins tblastn queries showed the hits that contained high E-value, <50% sequence identity 

and <500 bit score. This indicated a different level of the identity present for each Arabidopsis 

protein in kiwifruit and other plant species. The protein sequences of the homologs from all 

species including Arabidopsis were utilized in phylogeny analysis. In addition, related 



37 

 

Arabidopsis proteins (AtLyk5, AtLysm4, AtTIFY9 and AtTCP10) but not a close relative of 

each homolog (CERK, LysM, TIFY6B and TCP14) were also incorporated in the phylogeny 

analysis. These proteins were aligned using a Geneious v8.1.2 global alignment (Kearse et al., 

2012) and the phylogeny trees were developed adopting a neighbour-joining method. Overall, 

the phylogeny trees trend illustrated the clustering of Arabidopsis proteins CERK, LysM, 

TIFY6B and TCP14 with identified homologs of kiwifruit and other species (Figure 2.2-2.5). 

Then, AcCERK1A, B, AcLysM A, AcTIFY6B A and AcTCP14 A homologs were selected for 

Y2H assays and these homologs showed AtCERK, AtLysM, AtTIFY6B and AtTCP14 as their 

best hits in reciprocal tbastn query on Arabidopsis genome. 

        

 

 

     Table 2.3 AtCERK homologs identified in kiwifruit and other plants species 

 

At - Arabidopsis thaliana; Os - Oryza sativa; Sb - Sorghum bicolor; Vv - Vitis vinifera; Ac - Actinidia chinensis; 

St - Solanaum tuberosum; Sl - Solanum lycopersicum 

(1) Amino acid identity from the full-length protein aligments 

(2) AtLyk5 is a distantly related protein of AtCERK included in the phylogeny to assess the relative 

closeness of other homologs with AtCERK. 

S.no Name of the protein E-value Amino acid 

identity (%) to 

AtCERK(1) 

Bit score 

1 AcCERK1A (PFR DB Accession No.5524799) 0.0 57 688 

2 AcCERK1B (PFR DB Accession No.6139860) 0.0 57 679 

3 VvCERK3A (NCBI: XM_010658923.2) 0.0 57 672 

4 VvCERK3B (NCBI: XM_010657064.2) 0.0 54 655 

5 VvCERK3C (NCBI: XM_010657065.2) 0.0 56 652 

6 StCERK1A (NCBI: XM_006357883.2) 0.0 54 651 

7 StCERK1B (NCBI: XM_006357882.2) 0.0 54 644 

8 SlCERKA (NCBI: NP_001233773.1 ) 0.0 55 659 

9 SlCERKB (NCBI: JN119874.1 ) 0.0 55 650 

10 OsCERK1A (NCBI: XM_015795284.1) 0.0 53 617 

11 SbCERK (NCBI: XM_002460458.1) 0.0 51 549 

12 AtCERK(AT3G21630) - - - 

13 AtLyk5 (AT2G33580)  - 29.5 - 
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Figure 2.2 Neighbor-joining phylogeny tree of AtCERK homologs. At - Arabidopsis thaliana; Os - Oryza sativa;  

Sb - Sorghum bicolor; Vv - Vitis vinifera; Ac - Actinidia chinensis; St - Solanaum tuberosum; Sl - Solanum 

lycopersicum. 0.1 scale is the amino acid substitution per site and the value at each clade indicates a number of 

amino acid substitutions which infers the evolutionary distances between each sequence. 

 

          Table 2.4 AtLysM homologs identified in kiwifruit and other plants species 

S.no Name of the protein E-value Amino acid identity 

(%) to AtLysm(1) 

Bit 

score 

1 AcLysM A (PFR DB Accession No.6112960) 0.0 65 884 

2 AcLysM B (PFR DB Accession No.6117303) 0.0 66 880 

3 VvLysM3 A (NCBI: XM_002283592.4) 0.0 63 800 

4 VvLysM3 B (NCBI: XM_010656316.2) 0.0 63 796 

5 StLysM3 (NCBI: XM_006342972.2) 0.0 60 768 

6 SlLysM3 A (NCBI: XM_010320097.2) 0.0 60 769 

7 SlLysM3 B (NCBI: XM_010320098.2) 0.0 60 764 

8 SlLysM3 C (NCBI: NM_001247783.1) 0.0 60 697 

9 OsLysM3 (NCBI: XM_015777940.1) 0.0 54 677 

10 SbLysM (NCBI: XM_002458419.1) 0.0 51 625 

11 AtLysM (AT1G51940) - - - 

12 AtLysm4 (AT2G23770) - 27.1 - 

 

At - Arabidopsis thaliana; Os - Oryza sativa; Sb - Sorghum bicolor; Vv - Vitis vinifera; Ac - Actinidia chinensis; 

St - Solanaum tuberosum; Sl - Solanum lycopersicum 

(1) Amino acid identity from the full-length protein aligments 

(2) AtLysm4 is a distantly related protein of AtLysm included in the phylogeny to assess the relative 

closeness of other homologs with AtLysm. 
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Figure 2.3 Neighbor-joining phylogeny tree of AtLysM homologs. At - Arabidopsis thaliana; Os - Oryza sativa;  

Sb - Sorghum bicolor; Vv - Vitis vinifera; Ac - Actinidia chinensis; St - Solanaum tuberosum; Sl - Solanum 

lycopersicum. 0.1 scale is the amino acid substitution per site and the value at each clade indicates a number of 

amino acid substitutions which infers the evolutionary distances between each sequence. 

              

       Table 2.5 AtTIFY6B homologs identified in kiwifruit and other plants species 

S.no Name of the protein E-value Amino acid 

identity (%) 

AtTIFY6B(1) 

Bit 

score 

1 AcTIFY6B A (PFR DB Accession No.5538573) 3e-39 39 142 

2 AcTIFY6B B (PFR DB Accession No.5535963) 7e-34 35 129 

3 VvTIFY6B A (NCBI: XM_002284819.2) 3e-37 37 143 

4 VvTIFY6B B (NCBI: XM_010654804.2) 3e-37 37 143 

5 StTIFY6B A (NCBI: NM_001288317.1) 5e-32 35 125 

6 StTIFY6B B (NCBI: XM_006354043.2) 4e-27 42 112 

7 SlTIFY6B (NCBI: XM_010320352.2) 2e-32 35 130 

8 OsTIFY6B (NCBI: XM_015756916.1) 7e-15 37 80.1 

9 SbTIFY6B (NCBI: XM_002462307.1) 2e-17 30 83.6 

10 AtTIFY6B (AT3G17860) - - - 

11 AtTIFY9 (AT5G13220) - 21.8 - 

 

At - Arabidopsis thaliana; Os - Oryza sativa; Sb - Sorghum bicolor; Vv - Vitis vinifera; Ac - Actinidia chinensis; 

St - Solanaum tuberosum; Sl - Solanum lycopersicum.  

(1) Amino acid identity from the full-length protein aligments. 

(2) AtTIFY9 is a distantly related protein of AtTIFY6B included in the phylogeny to assess the relative 

closeness of other homologs with AtTIFY6B. 
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Figure 2.4 Neighbor-joining phylogeny tree of AtTIFY6B homologs. At - Arabidopsis thaliana; Os - Oryza 

sativa; Sb - Sorghum bicolor; Vv - Vitis vinifera; Ac - Actinidia chinensis; St - Solanaum tuberosum; Sl - Solanum 

lycopersicum. 0.1 scale is the amino acid substitution per site and the value at each clade indicates a number of 

amino acid substitutions which infers the evolutionary distances between each sequence. 

 

    Table 2.6 AtTCP14 homologs identified in kiwifruit and other plant species 

 

S.no Name of the protein E-value Amino acid 

identity (%) to 

AtTCP14(1)  

Bit score 

1 AcTCP14 A (PFR DB Accession No.6145209) 5e-83 41 263 

2 AcTCP14 B (PFR DB Accession No.6138918) 7e-83 44 262 

3 AcTCP20 (PFR DB Accession No.5562444) 2e-35 87* 131 

4 VvTCP14 A (NCBI: XM_002268533.4) 3e-49 40 181 

5 StTCP14 A (NCBI: XM_006354724.2) 1e-54 40 194 

6 StTCP14 B (NCBI: XM_006364123.2) 2e-49 42 179 

7 SlTCP14 A (NCBI:NM_001246886.1) 7e-54 42 192 

8 SlTCP14 B (NCBI: NM_001247657.1) 8e-47 42 174 

9 OsTCP14 (NCBI: XM_015786271.1) 5e-36 91*  146 

10 SbTCP14 (NCBI: XM_002436700.1) 3e-37 73*  145 

11 AtTCP14 (AT3G47620) - - - 

12 AtTCP10 (AT2G31070) - 21.1  

*Amino acid identity from a partial length protein segement sequence aligment 

At - Arabidopsis thaliana; Os - Oryza sativa; Sb - Sorghum bicolor; Vv - Vitis vinifera; Ac - Actinidia chinensis; 

St - Solanaum tuberosum; Sl - Solanum lycopersicum. 

(1) Amino acid identity from the full-length protein aligments  
(2) AtTCP10 is a distantly related protein of AtTCP14 included in the phylogeny to assess the relative 

closeness of other homologs with AtTCP14. 
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Figure 2.5 Neighbor-joining phylogeny tree of AtTCP14 homologs. At - Arabidopsis thaliana; Os - Oryza sativa;  

Sb - Sorghum bicolor; Vv - Vitis vinifera; Ac - Actinidia chinensis; St - Solanaum tuberosum; Sl - Solanum 

lycopersicum. 0.2 scale is the amino acid substitution per site and the value at each clade indicates a number of 

amino acid substitutions which infers the evolutionary distances between each sequence. 

 

 

2.3.2 Kiwifruit total RNA isolation and quality determination 

The quality determinants such as purity and integrity were assessed for the extracted 

total RNA. Initially, the concentration and purity were analyzed in a spectrophotometer; total 

RNA concentration was registered between of 49-170 ng/µl. The purity determination in a 

spectrophotometer was based on A260/280 nm, A260/230 nm ratios and these ratios were 1.91 - 1.97 

and 2.03 - 2.11 respectively. The purity assessment suggested the kiwifruit total RNA was free 

from contaminants, however, it does not measure RNA integrity. Therefore, to analyze the 

integrity of kiwifruit total RNA, an Agilent Bioanalyzer 2100 was used. The assessment of 

kiwifruit total RNA in the Bioanalyzer revealed the occurrence of two prominent 25S and 18S 

ribosomal RNA bands, and those sizes corresponded to 3500 and 1800 nucleotides. Apart from 

that, small discrete bands of chloroplast RNA were observed between 1500 to 1000 

nucleotides, and fewer bands were also observed at 200 to 180 nucleotides (Figure 2.6). 

Overall, the Bioanalyzer integrity analysis showed RNA integrity number (RIN) of 6.2 to 6.9. 

The Bioanalyzer 2100 determines the integrity of RNA exclusively on 28S and 18S animal 
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rRNA peaks. But, plant total RNA has 25S and 18S rRNA coupled with a recurrent existence 

of chloroplast RNA. This may affect RIN number calculation, thus, a visual observation of the 

electropherogram was recommended (Die and Roman, 2012).The electropherogram was 

verified (Figure 2.7) and observed two clear peaks of 25S and 18S rRNA units along with small 

peaks of plastid RNA without showing diminished peak signals.  

 

Figure 2.6 Kiwifruit total RNA gel electrophoresis in a Bioanalyzer 2100. L Lane - RNA ladder; Lane 1 - kiwifruit 

total RNA sample 1 (RIN - 6.90); Lane 2 - kiwifruit total RNA sample 2 (RIN - 6.20).  

 

 

Figure 2.7 Electropherogram of kiwifruit total RNA samples in a Bioanalyzer 2100. Conspicuous peaks of 25S 

and 18S combined with small peaks of chloroplast RNA were observed. In the electropherogram, 25S and 18S 

peaks were labelled as 18S and 28S respectively. This was due to the fact that the Bioanalyzer 2100 was designed 

to analyze integrity based on the mammalian 28S and 18S rRNA units. *** are the chloroplast RNA (Krupp, 

2005). 
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2.3.3 PCR amplification and generation of the effectors bait construct 

PCR was used to amplify PsaNZV-13 AvrPto5 and PtoDC3000 AvrPto1 genes using 

appropriate genomic DNA as a template. The PCR amplification reactions of both genes were 

resolved on a 1% agarose gel, and the DNA fragments of the correct size were obtained (Figure 

2.8). These sizes correspond to the actual gene size of PsaNZV-13 AvrPto5 (477 bp) and PtoDC3000 

AvrPto1 (495 bp). Both DNA fragments were excised from the gel and purified. 

 

 

Figure 2.8 PCR amplification of PsaNZV-13 AvrPto5 and PtoDC3000 AvrPto1. Lane 1 - Kb plus ladder (Invitrogen, 

U.S.A); Lane 2 - PsaNZV-13 AvrPto5 amplification (477 bp); Lane 3 - PtoDC3000 AvrPto1 amplification (495 bp); 

Lane 4 and 5 - Negative controls without genomic DNA; Lane 6 - Positive control PsaNZV-13 ITS region (150 bp). 

 

The purified PCR products were incorporated in a TOPO®
 entry cloning reaction to 

generate entry plasmids. The entry cloning reaction was transformed into E. coli, and from the 

resulting transformants, the plasmids were isolated. The presence of the insert was evaluated 

by restriction digesting the plasmids with EcoRI enzyme, the insert verified plasmids were 

further tested by sequencing. The comparison of the sequencing results with the effectors 

sequence confirmed the existence of identical DNA sequences. Then, the effector genes were 

cloned into Y2H bait vector (pDEST™32) via LR reaction. Subsequently, PCR by sequencing 
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primers and BsrI restriction digestion of the bait plasmids confirmed the presence of the insert 

in a correct orientation. 

2.3.4 RT-PCR of kiwifruit genes and their prey constructs generation  

An attempt was made to amplify kiwifruit genes (AcCERK1A, AcCERK1B, AcLysM, 

AcTIFY6B I, II and AcTCP14) from kiwifruit cDNA by RT-PCR. The amplified kiwifruit genes 

were size fractioned on a 1% agarose gel. The obtained DNA fragment sizes in the gel were 

compared to corresponding base pair lengths of kiwifruit genes AcCERK1A - 1846 bp, 

AcCERK1B - 1849 bp, AcLysM - 1022 bp, AcTIFY6B I - 1140 bp, AcTIFY6B II - 1043 bp, and 

AcTCP14 - 1143 bp. It appeared all the RT-PCR amplification reactions were found to have 

the predicted length of the kiwifruit gene cDNAs (Figure 2.9). Notably, the AcTIFY6B gene 

had a splice variant; therefore, the amplification of the gene resulted in two adjacent DNA 

fragments. Consequently, the RT-PCR products were gel purified and included in TOPO® entry 

cloning reactions.  

 

              Figure 2.9 RT-PCR amplification of kiwifruit genes. Lane 1 - Kb plus ladder (Invitrogen, U.S.A); Lane 

2 - AcCERK1A (1846 bp); Lane 3 - AcCERK1B (1849 bp); Lane 4 - AcLysM (1022 bp); Lane 5 - 

AcTIFY6B (There are splice variants, hence, two bands were amplified in PCR; AcTIFY6B I - 1140 bp 

and AcTIFY6B II-1043 bp); Lane 6 - AcTCP14 (1143 bp); Lane 7 - Negative control without cDNA; 

Lane 8 - Positive control (AcUBQ - 447 bp). 

The entry cloning reactions were independently transformed in E. coli, and the plasmids 

were isolated, and restriction digestion with EcoRI confirmed the insert presence. These 

plasmids were sequenced and compared to the sequence of the corresponding kiwifruit genes 
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using Geneious v5.5 revealed the identical sequence presence (Kearse et al., 2012). 

Successively, the prey plasmid (pDEST™22) containing six kiwifruit genes were created by 

LR reaction. The prey plasmid verification in terms of BsrI restriction digestion and PCR 

showed an in-frame presence of an insert. 

2.3.5 Yeast transformation and manipulation 

The bait (PsaNZV-13 AvrPto5 or PtoDC3000 AvrPto1) and prey constructs (AcCERK1A, 

AcCERK1B, AcLysM, AcTIFY6B I, II and AcTCP14) were transformed into the bait (PJ694α) 

and prey (PJ694a) yeast strains (James et al., 1996) respectively by lithium acetate (LiAc) 

mediated yeast transformation. The bait and prey construct orientation generated in this study 

followed that of Mukhter et al. (2011). The bait strain (PJ694α) is a leucine auxotroph, and as 

a consequence, it cannot grow on SD/-Leu agar media. But, the bait strains, possessing a bait 

construct of either PsaNZV-13 AvrPto5 or PtoDC3000 AvrPto1, can synthesize leucine and 

therefore grow on SD/-Leu media. Similarly, the prey cell (PJ694a) is unable to synthesize 

tryptophan, however, the prey cell harbouring a prey construct can produce tryptophan. This 

allows prey transformant selection on SD/-Trp media. Yeast cells carrying both bait and prey 

constructs can be selected on SD/-Leu-Trp media. Yeast cells (PJ694α and PJ694a) used in this 

study can activate three markers (Histidine, Adenine and LacZ) (James et al., 1996) based on 

bait and prey interaction strength. The interaction of bait and prey brings previously divided 

components of the transcription factor (TF) that binds to the upstream activation region (UAS) 

of the marker gene together, rendering the TF active. The histidine marker can be activated 

following a weak interaction between bait and prey; for adenine and LacZ marker activation, 

the interaction between bait and prey has to be strong to generate a sufficient number of active 

transcription factors.  

2.3.5.1 Testing autoactivation ability of the baits 

Prior to Y2H, bait (PsaNZV-13 AvrPto5 or PtoDC3000 AvrPto1) self-activation of the 

markers was tested. Some bait proteins can activate marker expression without the presence of 

the prey protein. To confirm absence of this phenomenon, yeast cells expressing the bait of 

interest (PsaNZV-13 AvrPto5) and empty prey vector (pDEST22) were developed and plated on 

SD/-Leu-Trp and SD/-Leu-Trp-His agar media with Y2H controls such as positive, negative 

interaction and negative self-activation controls. As predicted, all the combinations of yeast 

cells grew on SD/-Leu-Trp, because the bait and prey vectors encode the ability to synthesize 



46 

 

leucine and tryptophan respectively, overcoming the auxotrophy of the individual yeast cell 

lines. Only the positive controls grew on SD/-Leu-Trp-His reporter media; the combination of 

PsaNZV-13 AvrPto5 and empty prey vector (pDEST22), and the negative interaction controls did 

not grow (Figure 2.10). In order for yeast cells to grow on SD/-Leu-Trp-His, the bait and prey 

proteins they harbour must interact to reconfigure an intact TF to activate the histidine marker 

which then facilitates yeast cells growth. PsaNZV-13 AvrPto5 (bait) and empty prey vector 

(pDEST22TM) did not induce expression of the histidine marker to enable growth on SD/-Leu-

Trp-His reporter media, therefore the PsaNZV-13 AvrPto5 (bait) was shown not to autoactivate 

histidine marker expression. SD/-Leu-Trp-His media was therefore employed as a minimal 

medium to monitor PsaNZV-13 AvrPto5 interaction in Y2H. 

 

Figure 2.10 PsaNZV-13 AvrPto5 autoactivation assay in yeast. Plate I - SD/-Leu-Trp media; Plate II - SD/-Leu-

Trp-His media. 1. Strong positive interaction control (pEXP™32/Krev1 + pEXP™22/RalGDS-wt); 2. Weak 

positive interaction control   (pEXP™32/Krev1 + pEXP™22/RalGDS-m1); 3. Negative interaction control 

(pEXP™32/Krev1 + pEXP™22/RalGDS-m2); 4. Negative self-activation control (pDEST™32 + pDEST™22); 5. 

Bait self-activation control (PsaNZV-13 AvrPto5 + Prey vector (pDEST™22)). 

 

To verify the autoactivation property of PtoDC3000 AvrPto1, yeast cells harbouring 

PtoDC3000 AvrPto1 and prey vector (pDEST22™) plated on SD/Leu-Trp-His media that revealed 

the growth of yeast cells (Figure 2.11). This demonstrated the autoactivation of the histidine 

marker by PtoDC3000 AvrPto1. Subsequently, the bait was analyzed on SD/Leu-Trp-His media 

incorporated with 3-AT (3-Amino-1,2,4-Triazole) at 1 and 2 mM concentrations. 3-AT is a 

chemical compound which arrests the histidine synthesis in yeast cells. 3-AT interferes with 

sixth step of the histidine biosynthesis where the activity of imidazoleglycerol-phosphate 

dehydratase is arrested (Joung et al., 2000). For yeast cells to grow on SD/Leu-Trp-His+3-AT 
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media, the histidine synthesis as a result of the bait and prey interaction has to be in a threshold 

level to survive 3-AT concentration.  The histidine autoactivation of yeast cells harbouring 

PtoDC3000 AvrPto1 and prey vector (pDEST22™) was observed on SD/Leu-Trp-His + 3-AT 1 

mM, while at 3-AT 2 mM concentration the histidine autoactivation was effectively halted, 

which was then used as a baseline media to identify the bait (PtoDC3000 AvrPto1) interaction in 

Y2H. 

 

Figure 2.11 PtoDC3000 AvrPto1 autoactivation assay in yeast. Plate I - SD/-Leu-Trp media; Plate II - SD/-Leu-Trp-

His media; Plate III - SD/-Leu-Trp-His + 3-AT 1 mM media; Plate IV - SD/-Leu-Trp-His + 3-AT 2 mM media. 

1. Strong positive interaction control (pEXP™32/Krev1 + pEXP™22/RalGDS-wt); 2. Weak positive interaction 

control   (pEXP™32/Krev1 + pEXP™22/RalGDS-m1); 3. Negative interaction control (pEXP™32/Krev1 + 

pEXP™22/RalGDS-m2); 4. Negative self-activation control (pDEST™32 + pDEST™22); 5. Bait self-activation 

control (PtoDC3000 AvrPto1 + Prey vector (pDEST™22)). 
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2.3.5.2 Y2H of PsaNZV-13 AvrPto5 and PtoDC3000 AvrPto1 with kiwifruit proteins 

A Y2H assay was performed to corroborate the interaction of PsaNZV-13 AvrPto5 and 

bioinformatically identified kiwifruit proteins. For that, PsaNZV-13 AvrPto5 and appropriate A. 

chinensis proteins (AcCERK1A, AcCERK1B, AcLysM, AcTIFY6B I, II and AcTCP14) co-

expressing yeast cells positive, negative interaction controls and negative self-activation 

controls expressing yeast cells were assayed on SD/-Leu-Trp, SD/-Leu-Trp-His and SD/-Leu-

Trp-Ade agar media. As expected yeast cells from all the combinations grew on SD/-Leu-Trp 

media. While verifying yeast growth on SD/-Leu-Trp-His and SD/-Leu-Trp-Ade reporter 

media, apart from the strong and weak positive controls none of the yeast combinations grew 

(Figure 2.12). This result suggests PsaNZV-13 AvrPto5 did not interact with kiwifruit proteins. 

 

Figure 2.12 Y2H analysis of PsaNZV-13 AvrPto5 (Bait) and kiwifruit proteins (Prey). Plate I - SD/-Leu-Trp media; 

Plate II - SD/-Leu-Trp-His media; Plate III - SD/-Leu-Trp-Ade media. 1. Strong positive interaction control 

(pEXP™32/Krev1 + pEXP™22/RalGDS-wt); 2. Weak positive interaction control   (pEXP™32/Krev1 + 

pEXP™22/RalGDS-m1); 3. Negative interaction control (pEXP™32/Krev1 + pEXP™22/RalGDS-m2); 4. Negative 

self-activation control (pDEST™32 + pDEST™22); 5.  Bait self-activation control (PsaNZV-13 AvrPto5 + Prey 

vector (pDEST™22)); 6. Prey self-activation control (pDEST™32 + AcCERK1A); 7. PsaNZV-13 AvrPto5 + 
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AcCERK1A; 8. Prey self-activation control (pDEST™32 + AcCERK1B); 9. PsaNZV-13 AvrPto5 + AcCERK1B; 

10. Prey self-activation control (pDEST™32 + AcLysM); 11. PsaNZV-13AvrPto5 + AcLysM; 12. Prey self-

activation control (pDEST™32 + AcTIFY6B I); 13. PsaNZV-13 AvrPto5 + AcTIFY6B I; 14. Prey self-activation 

control (pDEST™32 + AcTIFY6B II); 15. PsaNZV-13 AvrPto5 + AcTIFY6B II; 16. Prey self-activation control 

(pDEST™32 + AcTCP14); 17. PsaNZV-13 AvrPto5 + AcTCP14. The interaction table of this assay can be found in 

table A1-1 of the Appendix - 1. 

As above another Y2H was performed to explore the interaction of PtoDC3000 AvrPto1 

with kiwifruit proteins. Yeast cells co-expressing PtoDC3000 AvrPto1 and suitable kiwifruit 

proteins were examined for the interaction on SD/-Leu-Trp, SD/-Leu-Trp-His + 3-AT 2 mM, 

3 mM, 4 mM, 5 mM, 10 mM and SD/-Leu-Trp-Ade agar media. Proper growth was observed 

in all yeast combinations on SD/-Leu-Trp. Amongst the kiwifruit proteins tested for the 

interaction with PtoDC3000 AvrPto1,  yeast cells harbouring PtoDC3000 AvrPto1 and AcTCP14 

grew on SD/-Leu-Trp-His + 3-AT 2 mM to SD/-Leu-Trp-His + 3-AT 10 mM  concentrations 

(Figure 2.13). This explained the interaction between the two proteins. Nonetheless, there was 

no interaction of PtoDC3000 AvrPto1 and AcTCP14 found on SD/-Leu-Trp-Ade reporter media. 

Furthermore, PtoDC3000 AvrPto1 and AcTCP14 interaction were tried in reverse orientation, 

with AcTCP14 as bait and PtoDC3000 AvrPto1 as prey. No interaction of AcTCP14 and PtoDC3000 

AvrPto1 on SD/-Leu-Trp-His and SD/-Leu-Trp-Ade reporter media was observed (Figure 

2.14). Altogether, the Y2H results indicated the existence of a one-way interaction between 

PtoDC3000 AvrPto1 and AcTCP14.  
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Figure 2.13 Y2H analysis of PtoDC3000 AvrPto1 (Bait) and kiwifruit proteins (Prey). Plate I - SD/-Leu-Trp media; 

Plate II - SD/-Leu-Trp-His + 3-AT 2 mM media; Plate III - SD/-Leu-Trp-His + 3-AT 3 mM media; Plate IV - 

SD/-Leu-Trp-His + 3-AT 4 mM media; Plate V - SD/-Leu-Trp-His + 3-AT 5 mM media; Plate VI - SD/-Leu-Trp-

His + 3-AT 10 mM media; Plate VII - SD/-Leu-Trp-Ade media. 1. Strong positive interaction control 

(pEXP™32/Krev1 + pEXP™22/RalGDS-wt); 2. Weak positive interaction control   (pEXP™32/Krev1 + 

pEXP™22/RalGDS-m1); 3. Negative interaction control (pEXP™32/Krev1 + pEXP™22/RalGDS-m2); 4. Negative 
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self-activation control (pDEST™32 + pDEST™22); 5.  Bait self-activation control (Bait (PtoDC3000 AvrPto1) + Prey 

vector (pDEST™22); 6. Prey self-activation control (pDEST™32 + AcCERK1A); 7. PtoDC3000 AvrPto1 + 

AcCERK1A; 8. Prey self-activation control (pDEST™32 + AcCERK1B); 9. PtoDC3000 AvrPto1 + AcCERK1B; 10. 

Prey self-activation control (pDEST™32 + AcLysM); 11. PtoDC3000 AvrPto1 + AcLysM; 12. Prey self-activation 

control (pDEST™32 + AcTIFY6B I); 13. PtoDC3000 AvrPto1 + AcTIFY6B I; 14. Prey self-activation control 

(pDEST™32 + AcTIFY6B II); 15. PtoDC3000 AvrPto1 + AcTIFY6B II; 16. Prey self-activation control (pDEST™32 

+ AcTCP14); 17. PtoDC3000 AvrPto1 + AcTCP14. The interaction table of this assay can be found in table A1-2 of 

the Appendix - 1. 

 

 
 

Figure 2.14 Y2H analysis of AcTCP14 (Bait) and PtoDC3000 AvrPto1 (Prey). This assay was carried out in reverse 

orientation AcTCP14 as bait and PtoDC3000 AvrPto1as prey. Plate I - SD/-Leu-Trp media; Plate II - SD/-Leu-Trp-

His media; Plate III SD/-Leu-Trp-Ade media. 1. Strong positive interaction control (pEXP™32/Krev1 + 

pEXP™22/RalGDS-wt); 2. Weak positive interaction control   (pEXP™32/Krev1 + pEXP™22/RalGDS-m1); 3. 

Negative interaction control (pEXP™32/Krev1 + pEXP™22/RalGDS-m2); 4. Negative self-activation control 

(pDEST™32 + pDEST™22); 5.  Bait self-activation control (AcTCP14 + pDEST™22); 6. Prey self-activation 

control (pDEST™32 + PtoDC3000 AvrPto1); 7. AcTCP14 + PtoDC3000 AvrPto1. The interaction table of this assay 

can be found in table A1-3 of the Appendix - 1. 
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2.3.6 Protein sequence comparison of PsaNZV-13 AvrPto5 and PtoDC3000 AvrPto1 

Members of the T3SS effector AvrPto family are found in a number of P. syringae 

pathovars (Lin and Martin, 2007; Sarkar et al., 2006). As such, Psa has an AvrPto allele, to 

verify its protein sequence similarity with a well-studied PtoDC3000 effector, AvrPto1, a pairwise 

global alignment of the protein sequences of both effectors was carried out using Geneious 

v8.1.2 (Kearse et al., 2012). The protein sequence alignment showed 42.2% amino acid identity 

with the longest stretch of identity being 10 amino acids in length in a region close to the CD 

loop of PtoDC3000 AvrPto1 (Figure 2.15). Likewise, the N-terminus region had a relatively high 

sequence identity. However, there were polymorphisms observed between the sequences. The 

N-terminus myristoylation glycine residue was found in both effectors (Figure 2.15). The two 

important regions of PtoDC3000 AvrPto1 namely the CD loop and CT domain showed significant 

polymorphisms in PsaNZV-13 AvrPto5. The CD loop was found to have 60% amino acid 

substitutions (Figure 2.15) and similarly, the CT domain was observed with significant amino 

acid changes. Overall this comparison illustrates considerable amino acid differences between 

the two effectors. 

 

 

Figure 2.15 Protein sequence alignment of PsaNZV-13 AvrPto5 and PtoDC3000 AvrPto1. G is the myristoylation 

residue essential for plasma membrane anchoring (Shan et al., 2000), CD loop is the crucial part of the protein 

which is recognized by Pto/Prf resistance proteins in tomato (Wulf et al., 2004) and CT domain is indispensable 

for Rpa induced resistance in tobacco (Anderson et al., 2006).   

 

2.3.7 Phylogenetic analysis of AvrPto homologs 

A nomenclature system to group Hop (Hrp-dependent outer protein) effectors is 

available, which is based on the amino acid relatedness within and between subgroups of the 

effector family (Lindeberg et al., 2005). According to this nomenclature, the effector family 

can be subdivided if the amino acid diversity is less than 0.475 score within the subfamily and 

more than 0.475 score between the subfamily in a neighbor-joining amino acid pairwise 

distance model using MEGA 4 (Kumar et al., 2016; Zuckerkandl and Pauling, 1965). The 

pairwise amino acid distance analysis was carried out in MEGA 7 using 14 AvrPto homologs. 
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The amino acid diversity score is a pairwise genetic distance score obtained between the 

aligned sequences. This score used to be calculated by measuring amino acid substitution in a 

sequenc alignment and these substitions are presented to overall sequence length (Kumar et al., 

2016). In this analysis, the PsaNZV-13 AvrPto5 and Pma AvrPto5 pairwise amino acid distance 

score were 0.89 and 0.90 (blue box) respectively in comparison with the AvrPto1 subfamily 

effector. At the same time, between PsaNZV-13 AvrPto5 and Pma AvrPto5, the score was 0.04 

(red box). Altogether, both scores on AvrPto5 fulfil the criteria of being an AvrPto5 subfamily. 

 

Figure 2.16 A pairwise amino acid distance analysis of AvrPto homologs. 1-14 are the AvrPto effectors of 

different Pseudomonas syringae pathovars. Pto - Pseudomonas syringae pv. tomato; Pma - Pseudomonas 

syringae pv. maculicola; Ppp - Pseudomonas syringae pv. populans; Pla - Pseudomonas syringae pv. lachrymans; 

Pmo - Pseudomonas syringae pv. mori; Por - Pseudomonas syringae pv. oryzae; Pae - Pseudomonas syringae 

pv. aesculi; Pta - Pseudomonas syringae pv. tabaci; Pmy - Pseudomonas syringae pv. myricae; Pal - 

Pseudomonas syringae pv. alislensis; Psa - Pseudomonas syringae pv. actinidiae. The values between 2-14 in the 

table are the amino acid diversity scores calculated in comparison with PtoDC3000 AvrPto1 sequence. 0 is the 

maximum score for an identical sequence aligment and score 1 is assigned to a dissimilar sequence aligment. 

A neighbor-joining phylogeny tree of AvrPto homologs was constructed using 14 

AvrPto protein sequences in MEGA7 by Poisson method. The assessment of the phylogeny 

tree revealed the clustering of AvrPto homologs in different groups (Figure 2.17). AvrPto1 

homologs of P. syringae pathovars maculicola, lachrymans, populans and mori were clustered 

together in a clade along with PtoDC3000 AvrPto1 and PtoJL1065 AvrPto1. Perhaps, these AvrPto1 

homologs were likely to be close relatives of PtoDC3000 or PtoJL1065 AvrPto1. An exception was 

noted that AvrPto1 (0.40) from oryzae clustered with AvrPto2 (0.48) of aesculi and alislensis. 

Next to AvrPto2 clade, AvrPto5 (0.49) from actinidiae and maculicola were assembled in a 

separate clade that suggested their diversification from AvrPto1. Lastly, AvrPto3 (0.62) from 

myricae followed by AvrPto4 (0.69) of oryzae and tabaci appeared to be more distant from 

AvrPto1 of PtoDC3000 or PtoJL1065. From the phylogeny analysis, it is apparent that PsaNZV-13 

AvrPto5 is a divergent allele of PtoDC3000 AvrPto1. 
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Figure 2.17 A neighbor-joining phylogeny tree of AvrPto homologs. Note: AvrPto subfamily effector numbers 

(eg. AvrPto2 or 3) are not correlated to the phylogeny difference. Pto - Pseudomonas syringae pv. tomato; Pma - 

Pseudomonas syringae pv. maculicola; Ppp - Pseudomonas syringae pv. populans; Pla - Pseudomonas syringae 

pv. lachrymans; Pmo - Pseudomonas syringae pv. mori; Por - Pseudomonas syringae pv. oryzae; Pae - 

Pseudomonas syringae pv. aesculi; Pta - Pseudomonas syringae pv. tabaci; Pmy - Pseudomonas syringae pv. 

myricae; Pal - Pseudomonas syringae pv. alislensis; Psa - Pseudomonas syringae pv. actinidiae. 0.1 scale is the 

amino acid substitution per site and the value at each clade indicates a number of amino acid substitutions which 

infers the evolutionary distances between each sequence. 
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Figure 2.18 The protein sequence comparison of the AvrPto homologs. T3SS (Type 3 secretion signal) is 

commonly preserved in T3SS effectors, such that the AvrPto homologs comparison showed the conserved 

residues from 1-29 AA.  

 

2.4 Discussion 

Plant pathogen effectors have gained attention because of their role in disease and 

resistance in plants. The majority of effectors are still obscure regarding their function in the 

host. The tomato bacterial speck disease-causing pathogen P. syringae pv. tomato (Pto) has 

been investigated broadly for disease and resistance at the molecular level (Yeam et al., 2010). 

PtoDC3000 harbours more than 30 T3SS effectors (Zipfel and Rathjen, 2008), among which 

AvrPto1 has been studied comprehensively. Many studies have indicated AvrPto1 improves 

bacterial multiplication and development of disease in susceptible tomato via targeting the 

function of PRR complexes FLS2/BAK1 (Xiang et al., 2008; Yeam et al., 2010). The deletion 

of the individual effectors in PtoDC3000 followed by the re-introduction of those effectors 

revealed AvrPto1 is one of the few effectors necessary for PtoDC3000 to cause disease (Cunnac 

et al., 2011).  

The extensive precursor studies on PtoDC3000 AvrPto1 and its significant role in 

virulence and resistance, and the broad distribution of AvrPto homologs including the presence 

of AvrPto5 in four canker-causing strains of Psa gave impetus to select PsaNZV-13 AvrPto5 for 

analysis (Fujikawa and Sawada, 2016; McCann et al., 2013). An interactome analysis of A. 



56 

 

thaliana proteins and PtoDC3000 effector proteins demonstrated a set of host proteins such as 

CERK (Chitin eliciting receptor kinase), LysM (LysM receptor-like kinase), TIFY6B 

(Jasmonate insensitive 3) and TCP14 (Teosinte branched1 Cycloidea Proliferating cell nuclear 

antigen factor) were targeted by PtoDC3000 AvrPto1 (Mukhtar et al., 2011). These host proteins 

are believed to be part of many other cellular modules called hubs. Given the presence of an 

AvrPto homolog in PsaNZV-13 (McCann et al., 2013) and the interactome study findings of 

PtoDC3000 AvrPto1 interaction with important protein hubs in Arabidopsis suggests that PsaNZV-

13 AvrPto5 may be important to Psa virulence and thus it was investigated by an interaction 

assay in yeast. Bioinformatics analyses were performed and closely related Arabidopsis 

homologs in kiwifruit were isolated. In this study, an analysis of the interaction between 

PsaNZV-13 AvrPto5 and the kiwifruit homologs was carried out by Y2H with an aim to identify 

the host target(s) of PsaNZV-13 AvrPto5. 

2.4.1 Isolation of Arabidopsis homologs in kiwifruit 

A bioinformatics investigation to retrieve Arabidopsis proteins (AtCERK, AtLysM, 

AtTIFY6B and AtTCP14) homologs in kiwifruit and other species via tblastn query showed 

two different trends in the homologs with reference to the bioinformatics parameter. AtCERK 

and AtLysM homologs in all species have exhibited the high identity percentage (>50%), less 

E-value (0.0) and high bit score (>500). On the other hand, the homologs of AtTIFY6B and 

AtTCP14 from all species have disclosed less sequence identity (<50%), high E-value and less 

bit score (<500). The outcome shows the various amount of the gene identity between the 

homologs. This indicates a different rate of the evolution of the genes may have occurred in 

plants on the basis of the plant species adaptation requirements. Apart from the sequence 

identity, a relevant domain in those homologs were conserved (Figures A4-1, A4-2, A4-3 and 

A4-4) suggesting they could have preserved the appropriate domains to retain a similar function 

as Arabidopsis proteins. In phylogenetic analyses using Arabidopsis proteins, kiwifruit 

homologs, the homologs from Solanales (tomato and potato), Vitales (grapevine), Poales (rice 

and sorghum) and Arabidopsis outgroup proteins demonstrated an aggregation of Arabidopsis 

proteins (Figure 2.2, 2.3, 2.4 & 2.5) with the identified homologs of all species that specifies a 

relative genetic similarity of Arabidopsis proteins and identified homologs. This outcome 

suggests the conservation of the particular family proteins across the plant kingdom, and by 

this observation, it could be emphasized that the isolated homologs (AcCERK1 A and B, 

AcLysM A, AcTIFY6B A and AcTCP14 A) in kiwifruit may be the best candidate proteins of 
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AtCERK, AtLysM, AtTIFY6B and AtTCP14. Despite the successful isolation of the homologs 

in kiwifruit, a constraint I faced during the homologs isolation is kiwifruit species are not 

closely related to any plant species other than Actinidiaceae; this factor made to rely on an 

angiosperm phylogeny to choose the probable species relatives such as grapevine, tomato, 

potato and other reference species (Byng et al., 2016). By performing a range bioinformatics 

analysis the most related Arabidopsis proteins homologs were identified in kiwifruit. 

2.4.2 Optimization of kiwifruit total RNA quality 

Accuracy and efficiency of many RNA-based experiments including cDNA library 

synthesis, northern blot, microarray and RT- PCR are subject to the overall quality of RNA 

(Gambino et al., 2008). In this study, the focus was to generate a high-quality cDNA from 

kiwifruit total RNA that can be used to RT-PCR kiwifruit genes (AcCERK, AcLysM, AcTIFY6B 

I, II and AcTCP14) for developing Y2H prey constructs. When it comes to extracting total 

RNA from kiwifruit, an initial obstacle that often arises is the high polysaccharide, and 

polyphenol contents of the kiwifruit making RNA extraction difficult. Poly phenolic 

compounds tend to form complexes with nucleic acids and proteins; ethanol precipitation of 

RNA can also co-precipitate polysaccharide. In this scenario, utilizing the resulting RNA in 

downstream analysis could impede the experimental outcome (Salzman et al., 1999). To assure 

the successful extraction of quality RNA from kiwifruit, the pine tree or CTAB method (Chang 

et al., 1993) was used. Initially, it was employed to isolate RNA from pine trees, later on, the 

applicability of the method has been extended to other plant species that have a high content 

of polysaccharide and polyphenol. While isolating total RNA from kiwifruit leaves, many of 

the isolations were contaminated with polysaccharide and polyphenol, which evident from 

spectrophotometer A260/230 ratios of <1.40. By the careful isolation of the supernatant from the 

chloroform: isoamyl alcohol extraction step, the polysaccharide and polyphenol 

contaminations were avoided. Kiwifruit total RNA A260/280 and A260/230 ratio assessment by 

spectrophotometer were 1.91-1.97 and 2.06-2.11 respectively, suggesting contaminant-free 

total RNA. Corresponding A260/280 and A260/230 ratios were obtained during a total RNA 

isolation from A. deliciosa leaves using a rapid CTAB method (Gambino et al., 2008). An 

A260/280 ratio of 2.0 and A260/230 ratio of >2.0 are regarded as indicators of acceptable RNA 

quality (De Keyser et al., 2013).  

Aside from the purity assessment, RNA integrity verification is essential, because the 

integrity is directly related to the lack of RNase degradation at the time of RNA extraction. The 
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Bioanalyzer 2100 was used to evaluate the integrity of kiwifruit total RNA. In this instrument, 

RNA integrity determined via assigning an RNA integrity number (RIN) according to the 

microfluidic electrophoresis of RNA samples in a nanochip and subsequent analysis using an 

algorithm. The Bioanalyzer allocates a range of integrity values, 1 being completely degraded 

and 10 means highly intact RNA (Schroeder et al., 2006). The kiwifruit total RNA samples 

were found to retain a RIN value greater than 6 (Figure 2.6). The Bioanalyzer 2100 algorithm 

was developed to assess RNA integrity of mammalian tissues, so, RIN calculation occurs based 

on 28S and 18S rRNA units (De Keyser et al., 2013).  In plant RNA, 25S and 18S rRNA units 

and scattered chloroplast RNAs are present. In such cases, the algorithm calculation does not 

imply a true RIN value; indeed, it is advisable to look at electropherogram peaks to confirm 

the integrity (Die and Roman, 2012). In this experiment, the peaks were verified with no 

decrease in signal peaks confirming kiwifruit total RNA was intact (Figure 2.7). The analysis 

of the purity and integrity revealed kiwifruit total RNA isolated using the pine tree method was 

of a high quality that can be employed in downstream analysis. 

2.4.3 Y2H of PsaNZV-13 AvrPto5 and kiwifruit proteins 

A Y2H assay was carried out as a point of initiation to elucidate the interaction of 

PsaNZV-13 AvrPto5 and kiwifruit proteins. The kiwifruit proteins used in the assay were selected 

as per an earlier Y2H study that established the plant-pathogen interactome using PtoDC3000 and 

Hyaloperonospora arabidopsidis effectors and A. thaliana proteins. In that study, PtoDC3000 

AvrPto1 interacted with CERK (Chitin eliciting receptor kinase; AT3G21630), LysM (LysM 

receptor-like kinase; AT1G51940), TIFY6B (Jasmonate insensitive 3; AT3G17860) and 

TCP14 (Teosinte branched1 Cycloidea Proliferating cell nuclear antigen factor; AT3G47620) 

(Cubas et al., 1999)) proteins (Mukhtar et al., 2011). In this study, the homologs of those 

proteins were identified by a bioinformatics analysis. The self-activation of PsaNZV-13 AvrPto5 

was investigated on SD/-Leu-Trp-His agar media before the Y2H assay and found PsaNZV-13 

AvrPto5 did not autoactivate the histidine marker (Figure 2.10), suggesting the bait (PsaNZV-13 

AvrPto5) was not leaky in nature. Therefore, the potential interacting partners of PsaNZV-13 

AvrPto5 could be identified using SD/-Leu-Trp-His reporter media. 

Y2H of PsaNZV-13 AvrPto5 and kiwifruit proteins revealed PsaNZV-13 AvrPto5 did not 

interact with any of the kiwifruit proteins either on SD/-Leu-Trp-His or SC-Leu-Trp-Ade 

reporter media (Figure 2.12). This indicates none of the kiwifruit proteins is the host target of 

PsaNZV-13 AvrPto5. To support our finding, a previous study which demonstrated AvrPto 
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homologs from various P. syringae pathovars need the CD loop and CT domain to induce 

virulence and resistance in tomato and tobacco respectively. In that study, five AvrPto 

homologs were analyzed for the interaction with tomato Pto kinase in Y2H, of which AvrPto 

homologs from P. syringae pv. myricae (AvrPto3), P. syringae pv. oryzae (AvrPto1) did not 

interact with Pto kinase (Nguyen et al., 2010). Likewise, neither of these two homologs induced 

programmed cell death as they were transiently co-expressed with Pto kinase in N. 

benthamiana (Baltrus et al., 2011; Nguyen et al., 2010). Our result is also consistent with 

another study which revealed an AvrPto (AvrPto4) homolog of P. syringae pv. tabaci showed 

no recognition by Pto/Prf resistance proteins (Studholme et al., 2009), albeit it had 43% protein 

sequence identity with PtoDC3000 AvrPto1. These facts explain that despite the occurrence of 

AvrPto homologs in wider P. syringae pathovars, their function may differ significantly. Thus, 

PsaNZV-13 AvrPto5 could be hypothesized to have a different function from PtoDC3000 AvrPto1.  

2.4.4 PtoDC3000 AvrPto1 and kiwifruit homologs interaction in yeast 

In this study, PtoDC3000 AvrPto1 was also evaluated in Y2H to verify the interaction 

with kiwifruit proteins. Initially, the bait (PtoDC3000 AvrPto1) autoactivation test on SD/-Leu-

Trp-His media demonstrated the induction of the histidine marker. This finding was also 

observed while constructing PtoDC3000 AvrPto1 C-terminus bait in yeast which activated two 

markers namely leu2 and lacZ without the prey presence (Bogdanove and Martin, 2000). This 

shows the inherent autoactivation ability of PtoDC3000 AvrPto1. However, the autoactivation of 

PtoDC3000 AvrPto1 was overcome by the addition of 3-AT (3-Amino-1,2,4-triazole) 2 mM 

concentration to SD/-Leu-Trp-His agar media. 

Of all the kiwifruit proteins tested for the interaction with the bait, yeast cells co-

expressing PtoDC3000 AvrPto1 and AcTCP14 grew on SD/-Leu-Trp-His + 3-AT 2 mM to 10 

mM (Figure 2.13), indicating the interaction between the two proteins. This outcome correlated 

to PtoDC3000 AvrPto1 interaction with the TCP family protein AtTCP14 in Y2H (Mukhtar et 

al., 2011). The interaction of PtoDC3000 AvrPto1 with AcTCP14 and AtTCP14 suggests that 

AcTCP14 is possibly an orthologue of AtTCP14. Apart from PtoDC3000 AvrPto1, effectors from 

two other pathogens (Hyaloperonospora arabidopsidis and Golovinomyces orontii) also 

interacted with AtTCP14 in Y2H (Mukhtar et al., 2011; Wessling et al., 2014). The TCP family 

proteins are the transcription regulators believed to have a broad spectrum role in cellular 

activities spanning from plant growth to signaling (Lopez et al., 2015). AtTCP14 is one of that 

family proteins associated with plant development (Martin-Trillo and Cubas, 2010) and plant 
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immunity (Wessling et al., 2014). Thus, it is speculated that AtTCP14 destabilization by 

effectors might potentially compromise the normal functional rhythm of the plant. This may 

be why AtTCP14 is being targeted by three different pathogen effectors.  The TCP proteins are 

distinguishable by 59 amino acids forming the TCP domain comprising a basic helix-loop-

helix motif or TCP domain (Lopez et al., 2015). The basic helix-loop-helix motif region is also 

conserved in AcTCP14 (Figure A4-4). The conserved TCP domain in AcTCP14 may 

contribute to the PtoDC3000 AvrPto1 interaction. 

2.4.5 Genetic relationship of PsaNZV-13 AvrPto5 and PtoDC3000 AvrPto1 

To understand the genetic relationship of PsaNZV-13 AvrPto5 and PtoDC3000 AvrPto1, a 

range of bioinformatics analyses such as phylogenetic analysis, pairwise amino acid distance 

and protein comparison were carried out. In phylogeny analysis, Pta AvrPto4, Por AvrPto4 

and Pmy AvrPto3  appeared most distantly related homologs of PtoDC3000 AvrPto1, adjacent to 

that PsaNZV-13 AvrPto5, and Pma AvrPto5 were clustered (Figure 2.17), indicating a possible 

genetic divergence of PsaNZV-13 AvrPto5 with PtoDC3000 AvrPto1. Pairwise amino acid distance 

analysis of PsaNZV-13 AvrPto5 showed a 0.89 distance score against PtoDC3000 AvrPto1 (Figure 

2.16). To categorize any AvrPto effector in the AvrPto1 subgroup, it should have an amino 

acid variation score of less than 0.475. As PsaNZV-13 AvrPto5 has secured a 0.89 amino acid 

variation score that indicates PsaNZV-13 AvrPto5 amino acid divergence. Therefore, PsaNZV-13 

AvrPto5 has been grouped in AvrPto5 subfamily and this itself suggests its divergence from 

PtoDC3000 AvrPto1. 

The protein sequence comparison of PsaNZV-13 AvrPto5, PtoDC3000 AvrPto1 and other 

AvrPto homologs showed the protein sequences were comparatively more conserved in the 

AvrPto1 subgroup than other subgroups (Figure 2.18). Extensive protein sequence 

diversification can be observed in AvrPto subgroups 2, 3, 4 and 5. The essential regions of 

PtoDC3000 AvrPto1 such as the N-myristoylation motif, CD loop and CTD were compared to 

PsaNZV-13 AvrPto5 and other AvrPto homolog sequences. The N-myristoylation motif of 

PtoDC3000 AvrPto1 is necessary for the plasma membrane localization which assists the effector 

in immune suppression and resistance (Shan et al., 2000). The N-myristoylation motif was 

found in all AvrPto effectors, suggesting that AvrPto family effectors may be equipped for 

plasma membrane association. Above all, the N-terminus region is highly conserved, likely to 

be the T3S signal residues of each effector. 
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The CD loop in PtoDC3000 AvrPto1 is observed to cause virulence in susceptible tomato 

and induce immunity in resistant tomato via directly associating with Pto which then activates 

the Prf resistance protein (Xing et al., 2007). The CTD region only promotes virulence in 

tomato through phosphorylation of the 147 and 149 serine residues (Anderson et al., 2006). 

But, it is recognized by a putative resistance protein Rpa (Recognition of phosphorylated 

AvrPto) in tobacco (Yeam et al., 2010). In the protein sequence comparison, the CD loop and 

CTD were observed by a significant amino acid diversification in the AvrPto subgroups 3, 4 

and 5. Especially, PsaNZV-13 AvrPto5 along with AvrPto4 subgroups showed a relatively high 

polymorphism rate. The results consisting of the phylogeny, pairwise amino acid distance and 

protein comparison analyses could indicate PsaNZV-13 AvrPto5 is a variant allele of PtoDC3000 

AvrPto1 that might reflect different host protein target. 

In conclusion, a preliminary perception that emerged out of this study is that PsaNZV-13 

AvrPto5 did not exhibit a similar interaction as PtoDC3000 AvrPto1 in Y2H. The phylogeny and 

protein sequence analyses indicated PsaNZV-13 AvrPto5 as a distant relative of PtoDC3000 

AvrPto1. These two findings manifest PsaNZV-13 AvrPto5 as a divergent effector. Nevertheless, 

functional studies should be carried out first before claiming the relationship to a particular 

homolog. The host target of PsaNZV-13 AvrPto5 was not identified by the candidate gene 

approach based Y2H. Therefore, it is sensible to perform Y2H screening of a kiwifruit cDNA 

library to explore PsaNZV-13 AvrPto5 host targets. So, the next chapters 3 and 4 are elaborating 

on kiwifruit Y2H cDNA library construction in yeast and screening the library with PsaNZV-13 

AvrPto5 respectively. 
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Chapter 3 

 

Construction and characterization of a kiwifruit in 

vivo Y2H cDNA library 

 

3.1 Introduction  

Proteins regulate the majority of biological functions; their activity relies exclusively 

on the association with nucleic acids, other proteins, lipids and small molecules via temporary 

or stable complexes (Uhrig, 2006). Biological processes comprising organ development, signal 

transduction, plant biotic and abiotic stress responses and others are the consequences of 

protein-protein interactions (Rossignol et al., 2006; Uhrig, 2006). In addition to those, there 

are processes such as protein phosphorylation, transcription, and post-translational 

modifications that occur as a result of the protein-protein interactions (Cui et al., 2008; Ding 

et al., 2009; Zhong et al., 2008). Thus, protein-protein interactions are vital for all biological 

processes and exploring interaction will uncover many important roles.  

Of all the methods used to find protein-protein interaction, Y2H is a commonly used 

tool (Auerbach and Stagljar, 2005; Cao and Yan, 2013). The reason for its widespread 

application is that it is used in high-throughput analysis, needs no modification of experimental 

conditions such as protein binding and washing procedures and the interactions can be 

identified in vivo. However, the Y2H procedure is prone to artefacts, so it requires rigorous 

positive and negative controls to validate the interaction (Auerbach and Stagljar, 2005). As 

described in chapter two, the host target of PsaNZV-13 AvrPto5 was not identified in the 

candidate gene approach based Y2H assay. This outcome suggests the adoption of an unbiased 

approach to screen a kiwifruit cDNA library to isolate putative host targets of PsaNZV-13 

AvrPto5. To achieve that goal, firstly cDNA library generation from A. chinensis ‘Hort16A’ 

and characterization in yeast cells is essential.  
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3.1.1 Y2H system 

Y2H is a genetic approach used to discover a putative interaction between two proteins 

in yeast. In the assay, a successful interaction will result in the reformation of two domains of 

a transcription factor which induces the transcription of a reporter gene (Fields and Song, 

1989). This method can be used to study the interaction of two known proteins or explore the 

interacting partners of a particular protein of interest by cDNA library screening. In the latter 

case, generating a quality cDNA library is pivotal for Y2H screening. 

Two approaches for the development of cDNA libraries are available today; they are 

digestion-ligation and recombination procedures (Cao and Yan, 2013). In the digestion-ligation 

method, efficient restriction digestion of the vector is vital; sub-optimal digestion can cause 

reduced ligation efficiency and notable insert size variation in a library (Cao and Yan, 2013). 

Unlike the digestion-ligation procedure, the recombination method does not need restriction 

and ligation; instead RNA is reverse transcribed with adapter sequences at both ends. These 

adapter sequences correspond to the vector, and as a result, a recombination reaction between 

vector and template is feasible in the presence of a recombinase enzyme. Since the 

recombination method does not rely on restriction enzyme digestion, the presence or absence 

of restriction enzyme sites do not affect cDNA clone length. Further, it offers advantages of 

simplicity, improved transformation efficiency and ease of handling. Similarly, the occurrence 

of plasmid self-ligation and chimeric clones are less frequent. Hence, this method is now 

predominantly employed for cDNA library construction. Y2H cDNA library development 

through the recombination method has two options. 

One is an in vitro recombination technique (an example is the Gateway® system; 

www.invitrogen.com) that works by assembling cDNA into a designated entry vector followed 

by expression in a Y2H prey vector in the presence of recombinase enzyme. Though the 

technique is efficient in yielding a good quality cDNA library, the downside of the technique 

is that it is a lengthy process and costly if the method is used solely for Y2H library construction 

(Burkle et al., 2005; Cao et al., 2011). An in vivo cDNA library approach is another method 

(an example is the Clontech® system; www.clontech.com) wherein the recombination of cDNA 

template, and the prey vector occurs inside prey yeast cells upon transformation. It is not only 

a straightforward method but requires a shorter time for construction (Cao and Yan, 2013). In 

addition, once the library is developed in prey yeast cells, this can be aliquotted as 1 ml cultures 

in several vials for long-term storage. For screening that one ml cDNA library can be used with 

bait yeast cells harbouring a bait of interest. These advantages were primary drivers in the 
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selection of the in vivo library construction in this study. In this Y2H system, GAL4 DNA 

binding domain is generated as bait vector and GAL4 activation domain is made as prey vector. 

Our proteins of interest will be developed as bait and prey in the bait and prey vectors 

respectively and expressed in yeast cells. A potential bait and prey proteins interaction could 

bring DNA binding domain (bait) and activation domain (Prey) together and form a 

transcription factor. The bait construct is developed to have a nuclear localization signal, as a 

consequence, the bait and prey interaction complex will be transported to the nucleus where 

the transcription of the reporter genes will take place. Thereby yeast cell grows on a particular 

reporter media will be identified as a positive interaction. 

This chapter describes in vivo construction of an A. chinensis ‘Hort16A’ cDNA library 

from young leaves using the Make Your Own “Mate & Plate™” Library System (Clontech®; 

U.S.A). Also, it describes the characterization of kiwifruit RNA, mRNA and ds cDNA 

qualities, and the quality assessment of the library. 

3.2 Materials and Methods 

3.2.1 Extraction of kiwifruit total RNA 

Total RNA extraction from kiwifruit leaves, DNase treatment and the integrity of the extracted 

total RNA were performed as per the procedures described in sections 2.2.3, 2.2.4 and 2.2.5 

respectively. 

3.2.2 Isolation of poly (A) RNA from kiwifruit total RNA 

Total RNA samples with RIN values over 7 were utilized for poly (A) RNA isolation. A volume 

of 274 µl total RNA was taken in a 1.5 ml microcentrifuge tube (Axygen Scientific; Union 

City, CA, U.S.A) to extract poly (A) RNA using a NucleoTrap® mRNA kit (MACHEREY-

NAGEL, Germany). An equal volume of RM0 lysis buffer was added and mixed. 

Subsequently, 15 µl oligo (dT) latex beads were introduced and mixed thoroughly. This was 

incubated at 68°C for 5 minutes, then for 10 minutes at room temperature and in-between the 

tube was inverted every 2 minutes. The mixture was centrifuged at 2000g for 15 seconds 

followed by another centrifugation at 11,000g for 2 minutes in a 5424 R microcentrifuge 

(Eppendorf; Hamburg, Germany). The resulting supernatant was removed, oligo (dT) latex 

beads were resuspended in 600 µl wash buffer RM2 by gentle up and down pipetting. The 

resuspended oligo (dT) latex beads were transferred to a NucleoTrap® Microfilter positioned 
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in a 1.5 ml microcentrifuge tube and centrifuged at two different speeds as described above. 

The oligo (dT) latex beads were collected in the NucleoTrap® Microfilter, and the flow through 

was discarded. The microfilter was placed in a new 1.5 ml microcentrifuge tube, and further 

washing was carried out as follows: 500 µl wash buffer RM3 was added into the NucleoTrap® 

Microfilter containing oligo (dT) latex beads, resuspended and centrifuged at two different 

speeds as above. The flow-through was discarded and the NucleoTrap® Microfilter was placed 

again in a new 1.5 ml microcentrifuge tube, and the washing step was repeated. Additional 

centrifugation was carried out at 11,000g for 1 minute to remove residual wash buffer. For 

elution, 75 µl pre-heated (68°C) RNase-free water was added to the NucleoTrap® Microfilter 

within a new RNase-free 1.5 ml microcentrifuge tube, and incubated at 68°C for 7 minutes. 

Poly (A) RNA was eluted by centrifugation at 11,000g for 1 minute. 

3.2.3 Kiwifruit poly (A) RNA enrichment by ethanol precipitation  

An ethanol precipitation method was employed to concentrate poly (A) RNA. Isolated poly 

(A) RNA (60 µl) was added to a sterile RNase-free 1.5 ml microcentrifuge tube. To that 1/10th 

volume (6 µl) 3 M sodium acetate pH 5.2, glycogen (20 µg/µl; Invitrogen, U.S.A) 1/50th 

volume (1.2 µl) and two volumes (120 µl) 100% ice-cold ethanol were added, mixed and 

incubated overnight at -20°C. The content was centrifuged at 4°C for 25 minutes at 18,407g, 

and the supernatant was decanted. The pellet was washed gently once with 1 ml 70% ethanol, 

spun down at 4°C for 10-15 minutes, and the supernatant was removed. Poly (A) RNA pellet 

was dried in a laminar air flow cabinet to remove residual ethanol. Finally, 3.6 µl RNase-free 

ultra-pure water (Invitrogen, U.S.A) was added to resuspend the pellet. The concentration and 

purity of the enriched poly (A) RNA were determined by Nanodrop® (NanoDrop Technologies; 

Rockland, DE, USA), the integrity was verified on a 0.8% agarose gel according to section 

2.2.8.2. 

3.2.4 ds cDNA synthesis for library construction 

Isolated poly (A) RNA from the above section was used in ds cDNA synthesis using a Make 

Your Own “Mate & PlateTM library kit (User manual; Clontech, U.S.A). The following reagents 

were added to an RNase-free and sterile 0.2 ml PCR tube (Axygen Scientific; Union City, CA, 

U.S.A), 2 µl (550 ng) kiwifruit or 1 µl mouse liver (control) (1 µg) poly (A) RNA, 1 µl CDSIII 

oligo-dT primer (10 µM) (5’-ATTCTAGAGGCCGAGGCGGCCGACATG-d (T) 30VN-3’), 

1 µl deionized water and briefly mixed. The tube was incubated at 72°C for 2 minutes in a 
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Mastercycler® PCR machine (Eppendorf; Hamburg, Germany), cooled on the ice briefly and 

spun down at 18,407g for 10 seconds in a microcentrifuge. To this, 2 µl first strand buffer (5x), 

1 µl DTT (100 mM), 1 µl dNTP mix (10 mM) and 1 µl SMART MMLV (Moloney Murine 

Leukemia Virus) reverse transcriptase (200 unit/µl) were included, incubated for 10 minutes at 

42°C then placed on ice. Subsequently, one more oligo primer known as SMART III-modified 

oligo (5’-AAGCAGTGGTATCAACGCA GAGTGGCCATTATGGCCGGG-3’) 1 µl (10 µM) 

was included in the reaction, and the incubation continued for 1 hour at 42°C. First strand 

synthesis reaction was stopped by heating the reaction tube to 75°C for 10 minutes. When the 

PCR tube was returned to room temperature (20°C), 1 µl (2 unit/µl) RNase H was added and 

incubated for 20 minutes at 37°C to remove residual poly (A) RNA. Long distance PCR (LD-

PCR) was used to amplify ds cDNA. In total three reactions were performed, two for kiwifruit 

and one for control. An LD-PCR reaction of 100 µl was prepared for each sample in a sterile 

0.2 ml PCR tube adding 2 µl kiwifruit or mouse first strand cDNA,  70 µl deionized water, 10 

µl advantage 2 PCR buffer (10x), 2 µl  dNTP mix (50x), 2 µl (10 µM/ µl) 5’ PCR primer (5’-

TTCCACCCAAGCAGTGGTATCAACGCAGAGTGG-3’), 2 µl (10 µM/ µl) 3’ PCR primer 

(5’-GTATCGATGCCCACCCTCTAGAGGCCGAGGCGGCCGACA-3’), 10 µl melting 

solution (10x) and 2 µl advantage 2 polymerase mix (50x). LD-PCR was completed in the 

Mastercycler® PCR machine by adopting the following regime: initial denaturation at 95°C for 

30 seconds, afterwards 18 cycles of amplification comprising denaturation at 95°C for 10 

seconds, extension at 68°C for 6 minutes, but, each extension step was increased 5 seconds in 

the subsequent cycles and a final elongation for 5 minutes at 68°C.  From the resulting PCR 

reactions, an aliquot of 7 µl was used for electrophoresis in a 0.8% agarose gel and examined 

as per section 2.2.8.2. 

3.2.5 Kiwifruit ds cDNA purification  

CHROMA SPIN TE-400 columns (Clontech, U.S.A) were used for the purification of ds 

cDNA. The columns were prepared by inversion until the gel matrix in the column became 

homogenous. Both top and bottom column caps were removed and the column placed in a 2 

ml collection tube. The columns were centrifuged at 700g for 5 minutes in a microcentrifuge 

to remove the equilibration buffer and the collection tube discarded with the flow through. ds 

cDNA (93 µl) was introduced into the prepared CHROMA SPIN TE-400 column along with a 

new collection tube and centrifuged for 5 minutes at 700g to collect purified ds cDNA. Two 

purified kiwifruit ds cDNA samples were combined in a 1.5 ml microcentrifuge tube, likewise, 
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the purified ds cDNA of mouse liver was taken in a separate 1.5 ml microcentrifuge tube. 

Ethanol precipitation of ds cDNA was carried out by incorporating 1/10th volume of 3 M 

sodium acetate, 2.5 volume of 100% ice-cold ethanol. The content was briefly mixed and 

incubated for one hour at -20°C. Then, microcentrifugation was carried out at 18,407g for 20 

minutes at room temperature and the supernatant was removed without disturbing the pellet. 

Further centrifugation was carried out to empty out the remaining supernatant. Finally, the 

pellet was air-dried in a laminar airflow cabinet for 15 minutes, and 20 µl ultra-pure water was 

added to resuspend the ds cDNA. 

3.2.6 Construction of kiwifruit Y2H cDNA library 

3.2.6.1 Preparation of competent prey yeast cells 

Yeast competent cell preparation and cDNA library generation were performed as described in 

YeastmakarTM yeast transformation system 2 user manual (Clontech, U.S.A). A freshly 

prepared YPDA (Yeast extract, Peptone, Dextrose and Adenine) agar plate was used to streak 

a frozen stock of Y187 prey cells. It was then sealed with Parafilm® M (Bemis Flexible 

Packaging, Neenah, WI, U.S.A) and incubated upside down at 30°C for 3 days. From the plate, 

one colony was chosen with a size range from 2 to 3 mm to inoculate 3 ml YPDA liquid 

medium in a sterile 15 ml Falcon® tube (Corning brand, U.S.A). The tube was incubated for 

eight and half hours at 30°C and 200 rpm in an orbital incubator (Gallenkamp; UK). Five µl of 

the culture was taken and introduced into a 250 ml sterile conical flask containing 50 ml YPDA 

liquid medium and incubated for 17 hours at 200 rpm to get an OD600 value of 0.2. The culture 

was transferred to a sterile 50 ml Falcon® tube (Corning brand, U.S.A) and centrifuged at 

1,026g in a Sorvall®
 RC-5C Plus centrifuge (DuPont Instruments; Newtown, CT, U.S.A) for 5 

minutes at room temperature. The supernatant was discarded, and the yeast pellet was 

resuspended in 100 ml fresh YPDA liquid medium, incubated for 3.10 hours at 30°C to reach 

OD600  0.5. The cultures were then split into two sterile 50 ml Falcon® tubes and centrifuged 

for 5 minutes at 1,026g and room temperature. The supernatant was poured off, and the pellet 

resuspended in 30 ml sterile deionized water and the centrifugation step was repeated. LiAc/TE 

(1:1) solution 1.5 ml (v/v) was used to resuspend the pellet which was later transferred into 

sterile 1.5 ml microcentrifuge tubes and microcentrifuged at 3,968g for 15 seconds. The 

supernatant was removed, and finally, yeast cells were resuspended in 600 µl of LiAc/TE (1:1) 

solution.  



68 

 

 
Figure 3.1 A snapshot of in vivo cDNA library generation in yeast. 1. ds cDNA generation with sequences 

complementary to the prey vector for recombination. Upon co-transformation of ds cDNA and prey vector, Y187 

yeast cells use a homologous recombination machinery to perform the recombination 2. Yeast colonies that 

appeared out of the transformation are the potential cDNA prey clones. 3. The transformants are harvested and 

aliquoted in 1.5 ml microcentrifuge tubes and stored at -80°C. This picture is taken and modified from Make Your 

Own “Mate & Plate™” Library System User Manual, Clontech® U.S.A. 

3.2.6.2 Yeast co-transformation of kiwifruit ds cDNA and library prey vector 

In a sterile, pre-chilled 1.5 ml microcentrifuge tube the following were added: 20 µl ds cDNA, 

6 µl pGADT7-Rec prey vector (500 ng/µl; Clontech, U.S.A) and 20 µl denatured Yeastmaker 

carrier DNA (10 µg/µl). They were gently mixed by pipetting up and down, after which 600 

µl pre-chilled freshly prepared prey competent yeast cells were added and mixed by gentle 

pipetting. The mixture was transferred to a pre-chilled, and sterile 50 ml Falcon® tube,  to which 

2.5 ml freshly made 40% PEG/LiAc (Polyethylene glycol 3350/Lithium acetate) solution was 

added, mixed thoroughly and incubated for 45 minutes at 30°C with 15 minutes interval 

between regular hand mixing. This was followed by the addition of 160 µl DMSO (Invitrogen, 

U.S.A) and brief mixing. Yeast cells were heat shocked by placing the 50 ml Falcon® tube at 

42°C for 20 minutes. The content was centrifuged at 1,026g for 5 minutes in a Sorvall®
 RC-5C 

Plus centrifuge to pellet yeast cells. The supernatant was removed, 3 ml YPD Plus medium 

(Clontech, U.S.A) was used to resuspend the pellet, which was then incubated at 30°C for 1.30 

hours at 200 rpm in an orbital incubator. The centrifugation step was repeated to collect yeast 

cells, and the supernatant was discarded. Yeast cells were resuspended by adding 15 ml of 

0.9% (w/v) sodium chloride. 
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Figure 3.2 A map of pGADT7-Rec prey vector. SmaI site in the vector is used for in vivo recombination cloning 

in yeast.  

 

3.2.6.3 Plating transformed yeast cells 

Prey transformants that were resuspended in 0.9% (w/v) sodium chloride were serially diluted. 

Each dilution (100 µl) was plated on a Petri plate (150 mm x 20 mm) containing SD/-Leu agar 

medium. The remaining undiluted prey transformants were plated on 28 culture dishes of 500 

cm2 size, (Corning brand, U.S.A) for each plate 450 µl transformants were plated and incubated 

at 30°C for 5 days. Yeast transformation efficiency and the total number of independent clones 

in the library were calculated according to the manufacturer’s protocol (Clontech, U.S.A). 

3.2.6.4 Harvesting and collection of yeast transformants 

After 5 days incubation, all SD/-Leu agar plates with yeast transformants were incubated at 

4°C for 4 hours. Freezing medium (15 ml) (YPDA + 25% Glycerol) was added to each 500 

cm2 culture dish and 5 ml freezing medium was added to each 150 mm x 20 mm Petri plate. 

Yeast colonies were removed from all plates with a sterile glass spreader. In a sterile 500 ml 

Schott Duran®
 bottle (DURAN Group; Wertheim, Germany) all yeast transformants were 

collected, and the cell density of the cDNA library was determined by hemocytometer using 

the standard formula below. 

Average number of cells per 0.1 mm square x Dilution factor x 104 
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After the cell density assessment, many 1 ml cDNA libraries were aliquoted in 1.5 ml 

microcentrifuge tubes and snap frozen in liquid nitrogen, and placed at -80°C for long-term 

use. 

3.2.7 Determining quality parameters of kiwifruit cDNA library 

3.2.7.1 Plasmid isolation from yeast prey clones 

Twelve cDNA prey yeast clones were randomly selected from the SD/-Leu agar medium for 

plasmid extraction. The plasmids were isolated by the combination of initial freezing and 

thawing steps and the ZyppyTM plasmid miniprep kit (Zymo Research, U.S.A). In a 1.5 ml 

microcentrifuge tube 500 µl MQ water was taken to which half a volume of prey clones was 

added. The tube was frozen at -80°C for 10 minutes, then thawed at room temperature followed 

by vortexing the tube for 5 minutes in a vortexer (Lab dancer; IKA®, Germany). This step was 

repeated once, after which, the sample was incubated at 65°C for 10 minutes and cooled briefly 

on ice. The sample was once more frozen at -80°C for 10 minutes and thawed. Hereafter, the 

ZyppyTM plasmid miniprep protocol was used. Lysis buffer (7x; 100 µl) was introduced into 

the tube containing freeze-thawed yeast clones, and the content mixed by inverting 6-8 times 

followed by incubation for 12 minutes at room temperature. Cold neutralization buffer (350 

µl) was added and mixed thoroughly until the solution became homogeneous; the content was 

microcentrifuged at 13,523g for 5 minutes in a microcentrifuge. The supernatant of around 900 

µl was taken and transferred into a column (Zymo-Spin™ IIN, Zymo Research, U.S.A) placed 

in a collection tube and microcentrifuged for 15 seconds at 13,523g. The flow-through was 

decanted off, the column was washed twice with 200 µl endo-wash buffer, 400 µl wash buffer 

for 30 seconds and two minutes respectively at 13,523g. Finally, the column was placed in a 

new 1.5 ml microcentrifuge tube, 15-20 µl ultra-pure water was added to the column and the 

elution was carried out by microcentrifugation at 13,523g for one minute. 

3.2.7.2 E. coli transformation  

For electroporation, 5 µl prey plasmid DNA and 8 µl one shot® electrocompTM E. coli cells 

(Invitrogen, U.S.A) were used. Both were added to a pre-cooled 1.5 ml microcentrifuge tube 

and mixed gently. The mixture was transferred into a 0.1 cm cuvette (Bio-Rad; Hercules, 

California, U.S.A) ensuring the mixture touched both sides of the cuvette by gentle tapping. 

BioRad GenePulser® II electroporator (Bio-Rad; Hercules, California, U.S.A) was utilized for 

electroporation using 1800 kV, 200 Ω (Resistance) and 25 µF (Capacity) parameters. Upon 
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electroporation, 1 ml LB broth (Invitrogen, U.S.A) was used to resuspend the cells, which were 

then collected in a 1.5 ml microcentrifuge tube and incubated for one hour at 200 rpm and 37°C 

in an orbital incubator. After the incubation, E. coli cells were plated on LB agar containing 

ampicillin (100 µg/ml) and incubated overnight at 37°C. The transformants that emerged after 

electroporation were cultured overnight at 200 rpm and 37°C. The plasmid extraction was 

performed using the ZyppyTM plasmid miniprep kit (Zymo Research, U.S.A). The extracted 

plasmids were verified for the presence of cDNA insert by HindIII restriction digestion and 

fragmented on a 1% agarose gel as per section 2.2.8.2. These plasmids were sequenced 

(Macrogen, South Korea) and their cDNA inserts identified through nucleotide BLAST® query 

against the A. chinensis hybrid gene models and de novo transcript genome database (Plant & 

Food Research) and A. chinensis HY CK51F3_01 hybrid gene models. These two kiwifruit 

genome databases are generated from kiwifruit cDNA. 

 

3.3 Results 

3.3.1 Kiwifruit total RNA purity analysis 

Total RNA was isolated using the pine tree or CTAB method (Chang et al., 1993). 

Extractions were performed in 14 replicates of A. chinensis leaf sample because RNA isolation 

from kiwifruit is challenging due to the abundant presence of polysaccharide and polyphenol. 

The extracted total RNA purity was determined in a spectrophotometer by evaluating A260/280 

and A260/230 ratios. As a result kiwifruit total RNA samples showed the A260/280 ratio ranging 

from 1.89-2.13, and the A260/230 ratio of 2.04-2.65. The absorbance values obtained for kiwifruit 

total RNA samples indicated the occurrence of no contaminants. 

3.3.2 Kiwifruit total RNA integrity analysis  

Kiwifruit total RNA integrity examination was carried out in a Bioanalyzer 2100. The 

Bioanalyzer methodology is robust and able to determine RNA concentration, length and 

distribution simultaneously using fluorimetry, microfluidics and capillary electrophoresis 

platforms respectively. Based on RNA length and distribution, RNA integrity number (RIN) 

values were allocated 1 to 10 (Schroeder et al., 2006). Kiwifruit total RNA samples evaluated 

for the integrity displayed RIN values from 2.30 to 8.10 (Figure 3.3). The capillary gel 

electrophoresis of RNA samples in the Bioanalyzer 2100 showed distinct 25S and 18S rRNA 

bands. In spite of that, the distribution of chloroplast RNA at regular intervals with different 
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sizes were observed throughout total RNA (Figure 3.3). The Bioanalyzer 2100 which used 

relies on the integrity of mammalian 28S and 18S rRNA subunits to calculate a RIN. Whereas, 

plant total RNA has 25S and 18S rRNA units and ubiquitous chloroplast RNA. For this reason, 

the combination of RIN values and visual assessment of electropherogram are desirable to 

corroborate the integrity of plant RNA (Die and Roman, 2012). In this experiment, the visual 

inspection of the electropherogram was performed (Figure 3.4); consequently, clear 25S and 

18S rRNA peaks were observed in RNA samples 2, 3, 5, 8, 9, 11, 12 along with small peaks of 

chloroplast RNA. The observed rRNA and chloroplast RNA peaks in the electropherogram 

were equivalent to the size of the bands noted in the capillary gel electrophoresis. Further, it 

showed no indication of decline in 25S and 18S rRNA signal intensities. Thereby, the kiwifruit 

total RNA was intact, and total RNA samples that acquired RIN values greater than 7 were 

used in the subsequent experiment. 

 

Figure 3.3 Capillary gel electrophoresis of kiwifruit total RNA samples. L - RNA ladder (nt - nucleotide), 1 - 12 

lanes are kiwifruit total RNA samples. Red arrows indicate 25S and 18S rRNA bands. 
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Figure 3.4 Electropherogram of kiwifruit total RNA samples. Overall, this electropherogram assessment showed 

the presence of prominent 25S and 18S rRNA peaks.*** corresponds to three chloroplast RNA peaks (Krupp, 

2005). Some pictures are not marked with *** because the chloroplast peaks are not prominent enough. 

 

3.3.3 Poly (A) RNA enrichment and quality assessment 

Ribosomal RNA (rRNA) accounts for almost 90% of total RNA and poly (A) RNA 

represents 1-5% of total RNA (Bryant and Manning, 2000). The aim of this chapter was to 

develop a cDNA library from kiwifruit poly (A) RNA. For that poly (A) RNA was isolated 

from kiwifruit total RNA and found kiwifruit poly (A) RNA recovery of 2% in this study. 

Many cDNA synthesis protocols including the cDNA library synthesis kit that I used 

(Clontech, U.S.A) were optimized for low amount of concentrated total RNA or poly (A) RNA. 

Thus, poly (A) enrichment by ethanol precipitation was required and performed using 60 µl 

purified poly (A) RNA. After the enrichment, poly (A) RNA was resuspended in 3.6 µl RNase-
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free ultra-pure water and the concentration, purity were verified in a spectrophotometer. This 

results indicated a concentration of 275.7 ng/µl and A260:280 ratio of 1.89. After that, the 

integrity was verified by gel electrophoresis resolving 0.6 µl (approximately 165 ng) poly (A) 

RNA on a 0.8% agarose gel using kiwifruit total RNA as a control (Figure 3.5). Poly (A) RNA 

fractioned as a smear with the greatest concentration in the 2.5 - 0.5 kb range, suggesting 

negligible degradation. Some putative ribosomal RNA bands were also observed in the poly 

(A) RNA, but they were less prominent. The ethanol enrichment, purity and integrity 

assessments have suggested a good quality kiwifruit poly (A) RNA isolation.  

 
Figure 3.5. Kiwifruit poly (A) RNA integrity verification in agarose gel. Lane L - Kb plus ladder (Invitrogen, 

U.S.A), Lane 1 - Kiwifruit poly (A) RNA, Lane 2 - DNase untreated kiwifruit total RNA. 

 

3.3.4 Kiwifruit ds cDNA synthesis 

The enriched kiwifruit poly (A) RNA (section 3.3.3) was reverse transcribed into first 

strand cDNA. This was achieved utilizing MMLV (Moloney Murine Leukemia Virus) reverse 

transcriptase enzyme which has intrinsic reverse transcription and template switching features 

(Kulpa et al., 1997; Zhu et al., 2001). In the first strand synthesis, a modified oligo (dT) primer 

(CDS III) was used for reverse transcription of poly (A) RNA. As the enzyme approaches the 

5’ end of poly (A) RNA a small number of deoxycytidine nucleotides are integrated into the 3’ 

cDNA end because of the terminal transferase mechanism of the enzyme. Subsequent 
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incorporation of a SMART III oligonucleotide into the reaction, which harbours oligo (G) 

sequences on its 3’ end facilitate their binding to the 3’ deoxycytidine cDNA end and 

synthesizes prolonged template to the end of the oligonucleotide. Next, the reverse 

transcriptase switches template and resumes the synthesis of the extended template as above. 

In such a way first strand cDNA was synthesized with SmaI adaptor sequences at either end. 

These adaptor sequences were utilized in long distance PCR for amplification using 5’ and 3’ 

PCR primers. Lastly, the resulting kiwifruit and control (Mouse liver) ds cDNA reactions were 

resolved on a 0.8% agarose gel. From the gel, it was notable that ds cDNA reactions from 

kiwifruit exhibited an intense smear that located between 3 kb - 0.4 kb, and the highest 

representation of cDNA clones was observed within 2 kb - 0.4 kb (Figure 3.6). The mouse liver 

cDNA reaction was observed to have a higher cDNA size pattern of 4.0 kb - 0.3 kb.  

 
 

Figure 3.6 Kiwifruit ds cDNA synthesis verification in gel electrophoresis. Lane L - Kb plus ladder (Invitrogen, 

U.S.A), Lanes 1 and 2 - Kiwifruit ds cDNA, Lane 3 - Mouse liver ds cDNA. 

 

3.3.5 Kiwifruit cDNA library construction and quality assessment 

An in vivo cDNA library was generated in Y187 prey yeast cells (Clontech, U.S.A) by 

co-transforming kiwifruit ds cDNA, and SmaI linearized pGADT7-Rec prey vector. The prey 

vector had a leucine marker to select transformants in SD/-Leu agar medium. Y187 prey yeast 

cells had homologous recombination machinery (Clontech user manual, U.S.A) to execute in 
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vivo recombination. After co-transformation, the prey transformants grew on SD/-Leu medium 

after three days of incubation at 30°C.  

Subsequently, the quality parameters of the library were assessed, transformation 

efficiency was calculated from the prey transformant dilutions 10-1, 10-2, 10-3 and 10-4 on SD/-

Leu medium and found to be 7.1 x 105 CFU/µg of the prey vector. A total number of 

independent clones in the library was 2.15 x 106 CFU/library, and the titer of the cDNA library 

was > 1.8 x 107 as measured using a hemocytometer. Moreover, the recombination efficiency 

of the library was determined by randomly selecting twelve prey yeast transformants and 

isolating the prey plasmids from them. Restriction digestion of the prey plasmids by HindIII 

enzyme, subsequent agarose gel (1%) electrophoresis showed the presence of the insert in all 

prey plasmids (Figure 3.7). This demonstrated a high percentage of recombination reaction 

between ds cDNA and pGADT7-Rec prey vector in yeast. The highest and lowest insert sizes 

observed were 2.8 kb and 0.65 kb respectively, and the average cDNA insert of the library was 

1.52 kb. These twelve plasmids were sequenced (Macrogen, South Korea), the analysis of the 

sequenced data against the kiwifruit genome database revealed genes involved in a wide range 

of biological functions such as signalling, metabolism, growth and development (Table 3.2). 

 
Figure 3.7 Gel electrophoresis of HindIII restriction digested prey plasmids. L - Kb plus ladder (Invitrogen, 

U.S.A), 1 to 12 - Restriction digested prey plasmids. 
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         Table 3.1 Putative prey clones of Y2H kiwifruit cDNA library identified by sequencing 

Prey clones Identified putative cDNA clones through blast® in 

kiwifruit genome 

Score bits E-value 

Prey clone 1 Serine/threonine-protein phosphatase PP2A catalytic subunit 

 

311 2e-83 

Prey clone 2 Magnesium-chelatase subunit H  

 

906 0.0 

Prey clone 3 Fibrous sheath-interacting protein 1                                                                    345 1e-93 

Prey clone 4 Anion exchange protein 4 

 

42 0.013 

Prey clone 5 Histone H3.3 68 2e-10 

Prey clone 6 Polyadenylate-binding protein 1-B 194 3e-48 

Prey clone 7 Kynurenine 3-monooxygenase 62 4e-08 

Prey clone 8 CDGSH iron-sulfur domain-containing protein 2 430 e-119 

Prey clone 9 Shaggy-related protein kinase alpha 1915 0.0 

Prey clone 10 Chitinase-like protein 1653 0.0 

Prey clone 11 Ubiquitin domain-containing protein 1 38 0.58 

Prey clone 12 Elongation factor 1-gamma 113 1e-23 

 

         

         Table 3.2 Kiwifruit Y2H cDNA library parameters 

 

S.no 

 

cDNA library parameters 

 

Values  

1 Transformation efficiency 7.1 x 105 CFU/µg AD vector 

2 Total number of independent clones 2.15 x 106 CFU/library 

3 cDNA library titer > 1.8 x 107 cells/ml 

4 Minimum cDNA insert length  0.65 kb 

5 Maximum cDNA insert length 2.8 kb 

6 Average cDNA insert size 1.52  Kb 
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3.4 Discussion  

Plant disease-causing bacteria, fungi and oomycetes have an inventory of effectors 

which are secreted inside the plant; these can amend the important physiological and metabolic 

processes of the plant for pathogen adaptation (Block et al., 2008; Giraldo and Valent, 2013; 

Sharpee and Dean, 2016). In the kiwifruit and Psa interaction, there are more than 30 effector 

proteins believed to be encoded by the Psa genome (McCann et al., 2013). The role of these 

effectors in kiwifruit bacterial canker has not been established yet. Therefore, an effort was 

made to identify the host targets of Psa effectors AvrPto5 and HopF2 in A. chinensis by the 

Y2H screening of a A. chinensis variety ‘Hort16A’ cDNA library. ‘Hort16A’ is highly 

susceptible to Psa infection; therefore, it is presumed that identification of the host targets of 

those Psa effectors in ‘Hort16A’ would lay an initial base to understand the virulence strategy 

of Psa in kiwifruit. A good quality Y2H cDNA library is a crucial factor for a successful Y2H 

screen. This section of the thesis addressed the Y2H cDNA library development from kiwifruit 

mRNA. 

3.4.1 Kiwifruit total and poly (A) RNAs quality assessment 

mRNA is a fundamental component of a cell that carries and translates genetic 

information into functional units. In contrast to DNA, RNA is highly liable to degradation 

which is directly linked to its reactive 2’ hydroxyl (OH) group on the ribose sugar. This 

condition is exploited by several ribonucleases (RNases) without the need for metal ions 

resulting in the degradation of the RNA into smaller fragments. Using degraded RNA in 

downstream applications likely yields poor results (Imbeaud et al., 2005) and to circumvent 

this scenario RNA must be isolated free from contaminants. The purity and integrity are the 

two factors usually evaluated in relation to RNA quality, and those are directly correlated to 

the success of RNA derived analyses (Imbeaud et al., 2005). However, those two parameters 

are not interrelated; therefore, it is important to assess them individually through different 

methods (Taylor et al., 2010). In kiwifruit, the profusion of polysaccharides and polyphenols 

hinder the isolation of RNA using general RNA protocols. But, the pine-tree method developed 

by Chang et al. (1993) was successfully used for kiwifruit total RNA extraction. 

Kiwifruit total RNA samples were assessed for A260/280 and A260/230 absorbance values 

as a measure of purity. The A260/280 values registered between 1.89-2.13, and the A260/230 ratios 

between 2.0-2.65. A low A260/280 ratio usually denotes contamination by protein, with  an 

A260/280 ratio of 1.8-2.0 indicative of RNA without impurities (Taylor et al., 2010). Evidently, 
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the absorbance ratios obtained for kiwifruit total RNA matched those ascribed absorbance 

ratios of pure RNA.  

The integrity of plant RNA is usually analysed by formaldehyde agarose gel 

electrophoresis based on acute 25S:18S rRNA bands and a 25S rRNA band greater and more 

intense than the 18S band. Although the method is cost-effective, the interpretation of RNA 

integrity may be biased and for RNA to be visible in a gel, a high quantity needs to be used 

(Taylor et al., 2010). To overcome these inconsistencies, the Bioanalyzer 2100 was used for 

total RNA integrity assessment (Schroeder et al., 2006). The system works on a capillary gel 

electrophoresis of RNA with an intercalating dye in a nanochip; the integrity is determined 

assessing the whole RNA sample in the nanochip through fluorescence. Then, the integrity of 

RNA is resolved by a software algorithm which provides an RNA integrity number (RIN). This 

method analyses the intactness of RNA from the entire mass, instead of just relying exclusively 

on 25S:18S rRNA units (Schroeder et al., 2006). Therefore, the expected results from the 

analysis are most likely a true representation of RNA integrity. The Bioanalyzer 2100 has 10 

categories of RIN value depending on the integrity of RNA samples, 1 is completely degraded 

and 10 is highly intact RNA (Schroeder et al., 2006). The integrity assessment of kiwifruit total 

RNA samples in the Bioanalyzer 2100 yielded a range of RIN values, from 2.3 to 8.1 (Figure 

3.3). In contrast to animal RNA, plant RNA has characteristic 25S and 18S rRNA units and an 

abundance of chloroplast RNA. Since, the Bioanalyzer 2100 software is designed to measure 

the integrity of RNA from animal tissues (De Keyser et al., 2013), the characteristic features 

of plant RNA may result in an inaccurate RIN measurement, therefore, rRNA peaks in the 

electropherogram should also be visually examined (Die and Roman, 2012). The visual 

assessment of the electropherogram (Figure 3.4) revealed no sign of the reduction in signal 

magnitude in RNA samples 2, 3, 5, 8, 9, 11 and 12, indicating that the kiwifruit total RNA was 

intact. 

In this experiment, a kiwifruit cDNA library from mRNA was constructed using 

kiwifruit total RNA with RIN values above 7, when measured in the Bioanalyzer 2100, as a 

starting material, since a RIN value more than 7 is optimal for cDNA synthesis. Since the 

percentage of mRNA is between 1-5% of total RNA (Bryant and Manning, 2000) and the Mate 

and Plate cDNA synthesis kit used requires a high concentration of mRNA in a very small 

volume (1 or 2 µl) mRNA was enriched by ethanol precipitation. Following enrichment, the 

sizes of the mRNA species present, as observed following agarose gel electrophoresis, were 

between 0.4-3 kb and thus were presumed to represent intact, full-length mRNA. By and large, 
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the results of kiwifruit RNA purity and integrity analyses suggest the successful isolation of 

kiwifruit RNA. Furthermore, these results confirm that the pine tree method of total RNA 

isolation is robust and ensures adequate kiwifruit RNA quality. 

3.4.2 Kiwifruit ds cDNA synthesis for library generation 

Many challenges have been encountered while developing cDNA libraries through 

traditional methods. Among them, a poor representation of cDNA clone length which is 

apparent when mRNA length is more than 2 kb (Zhu et al., 2001). Adapter-based cloning 

incorporates unwanted inserts like chimeras and non-mRNA coding products (Sudo et al., 

1994), directional cloning dependency on the methylation process which sometime unable to 

protect the internal restriction sites; therefore, it is unable to be cloned (McClelland et al., 

1994). Aside from the above facts, the conventional way of constructing cDNA libraries is not 

appropriate when the starting material of RNA is at nanogram concentration. In this 

experiment, kiwifruit mRNA was reverse transcribed by SMARTTM cDNA synthesis 

technology. This particular method provides an edge over other methods with respect to 

developing a cDNA library with full-length clones (Cao and Yan, 2013) and it is feasible to 

construct the library from a low concentration of total RNA or mRNA (Zhu et al., 2001).  

The SMARTTM technology relies on MMLV (Moloney Murine Leukemia Virus) 

reverse transcriptase which concurrently uses oligo (dT) and SMARTTM III oligo primers for 

reverse transcription and template switching respectively in single strand cDNA synthesis (Zhu 

et al., 2001). As a result, SmaI adapter sequences were added to both ends of the single-stranded 

cDNA. The single-stranded cDNA that acquired SmaI anchor sequences was used as a template 

for LD-PCR amplification. Because of this reason, imperfectly reverse transcribed single strand 

cDNA without the adaptor sequences cannot be used in LD-PCR. This step eliminates small 

fragmented cDNA that might interfere with downstream processing. 

 While verifying ds cDNA in gel electrophoresis, a cDNA smear appeared between 3 

kb and 0.4 kb, and the intensity of the smear was greatest within the range 2 kb - 0.4 kb (Figure 

3.6). This suggests kiwifruit ds cDNA with a broad range of clones, which is presumably a 

suitable parameter for cDNA library generation. According to ds cDNA gel electrophoresis, 

the ds cDNA smear did not appear beneath 0.4 kb which is likely attributed to the CHROMA 

SPINTM TE-400 column (Clontech, USA) purification that could have eliminated small cDNA 

fragments and primer dimers from ds cDNA.  
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3.4.3 Kiwifruit cDNA library quality determination 

Y2H is a commonly utilized method for discovering protein-protein interactions 

(Auerbach and Stagljar, 2005; Stynen et al., 2012). In order to identify the host targets of Psa 

effectors AvrPto5 and HopF2 through Y2H screening, as a first step kiwifruit cDNA library in 

yeast cells was constructed by co-transforming the prey vector (pGADT7-Rec) and kiwifruit 

ds cDNA in prey yeast cells (Y187). The constructed cDNA library was studied to determine 

its quality attributes. The transformation efficiency of the library was 7.1 x 105 CFU/µg of the 

prey vector. The total number of the library independent clones assessment indicated 2.15 x 

106 CFU/library. These kiwifruit library findings are consistent with a study where cDNA 

library generation from vernalized winter wheat in yeast using the SMARTTM method showed 

a transformation efficiency of 5.25 x 105 CFU/µg of the prey vector, and a total number of 

independent clones of 2.52 x 106 CFU/library (Cao and Yan, 2013), suggesting the kiwifruit 

library findings are optimal.  

     The library titer assessment by hemocytometer revealed the presence of more than 1.8 

x 107 CFU/ml. A titer concentration of above 1 x 107 CFU/ml is the recommended titer for a 

Y2H library (Manufacturer information, Clontech, U.S.A), which suggests a sufficient library 

titer presence in the kiwifruit library. The verification of the cDNA insert in prey plasmids by 

restriction digestion demonstrated the occurrence of inserts in all prey plasmids analysed. This 

outcome illustrates a high level of recombination between the prey vector and ds cDNA in 

yeast (Figure 3.7). The highest and lowest cDNA sizes were 2.8 kb and 0.65 kb respectively 

and the average cDNA insert size of the library was 1.52 kb. This result is reminiscent of Y2H 

cDNA libraries of the wheat pathogenic fungi Zymoseptoria tritici and the poultry pathogen 

Eimeria tenella that exhibited cDNA insert sizes of  2 to 0.3 kb employing the same method of 

cDNA library construction (Han et al., 2016; Ma et al., 2015). Similarly, another cDNA library 

study using Agave sisalana showed the insert sizes within the range of 1-2 kb (Zhou et al., 

2012). The sequencing of the cDNA inserts and BLAST® analysis of them versus the kiwifruit 

genome revealed 12 cDNA insert sequences corresponding to annotated genes of kiwifruit. It 

also showed a range of genes from various biological processes of kiwifruit spanning 

signalling, metabolism, growth and development (Table 3.2). Overall, by considering the 

library parameter assessments, the constructed kiwifruit cDNA library was presumed to be 

good quality. 
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To summarize, total RNA isolated from kiwifruit leaves using the pine tree method 

showed a good quality of total RNA. The analysis of the quality parameters for mRNA also 

revealed a high quality. Co-transformation of kiwifruit ds cDNA and prey vector (pGADT7-

Rec) into prey yeast cells (Y187), subsequent characterization of the library regarding 

transformation efficiency, total number of independent clones, cDNA library titer, 

recombination efficiency and the cDNA insert sizes have demonstrated the prevalence of the 

optimum attributes that are necessary for a cDNA library to be employed in screening. 

Therefore, it is a potential molecular resource in general, and in particular a resource for Y2H 

screening with Psa effectors AvrPto5 and HopF2 which are discussed in chapters 4 and 5 

respectively. 
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Chapter 4 

PsaNZV-13 AvrPto5 host target identification in 

kiwifruit by Y2H screening 

 

4.1 Introduction 

AvrPto (AvrPto1) is an effector protein identified as an avirulence factor; it is 

recognized by a protein kinase resistance protein in tomato known as Pto (Resistance to 

Pseudomonas syringae pv. tomato) (Martin et al., 1993a). The combination of Pto and Prf 

proteins are required for resistance in tomato after the recognition of AvrPto (Mucyn et al., 

2006; Tang et al., 1996). Prf is an NB-LRR resistance gene located next to the Pto gene at the 

Pto locus (Salmeron et al., 1996). AvrPto-like sequences are commonly carried by several P. 

syringae pathovars (Lin and Martin, 2007; Sarkar et al., 2006). The kiwifruit bacterial canker 

causal agent Psa also has a member of AvrPto family effector which is annotated as AvrPto5 

(McCann et al., 2013). Within the AvrPto family, PtoDC3000 AvrPto1 has been widely analysed 

to understand the effector contribution to virulence of PtoDC3000. The primary role of PtoDC3000 

AvrPto1 in the host is to disrupt the activation of innate immunity pathways (Xiang et al., 2008; 

Yeam et al., 2010). Furthermore, AvrPto1 is one the important virulence elements of PtoDC3000 

(Cunnac et al., 2011). Based on these facts about PtoDC3000 AvrPto1, an AvrPto subfamily 

effector in Psa which is PsaNZV-13 AvrPto5 was chosen for study. In chapter two, a candidate 

host gene approach to isolate the host target of PsaNZV-13 AvrPto5 did not yield any convincing 

candidate. Therefore, Y2H screening of kiwifruit cDNA library was used to identify the host 

targets of PsaNZV-13 AvrPto5. 

4.2 Materials and Methods 

4.2.1 Generating PsaNZV-13 AvrPto5 bait plasmid 

PsaNZV-13 AvrPto5 entry plasmid from section 2.3.3 was used in an LR reaction with the bait 

vector pGBG2 (Maier et al., 2008) to develop a bait plasmid containing the AvrPto5 insert. 

The LR reaction was transformed into E. coli (section 2.2.10). The transformants were selected 

on LB agar medium with kanamycin 50 µg/ml and the plasmids were isolated (section 2.2.9) 

and verified for an in-frame presence of the insert by PCR. 
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4.2.2 Prediction of intrinsically disordered regions and MoRFs 

An online tool, PONDR® (www.pondr.com) was utilized to predict intrinsically disordered 

regions (IDRs) in PsaNZV-13 AvrPto5 and PtoDC3000 AvrPto1. Protein sequences of both 

effectors were inputted and VL-XT prediction option selected. To identify MoRFs in both 

effectors, the MoRFchibi-web online tool (http://morf.chibi.ubc.ca:8080/mcw/index.xhtml 

(Malhis et al., 2016)) was employed, with the MCW option chosen for analysis. 

4.2.3 Bait self-activation test 

The self-activation of the markers by the bait (PsaNZV-13 AvrPto5) was verified according to 

section 2.2.13. 

4.2.4 Bait toxicity assay 

Yeast transformation was carried out (section 3.2.6) to transform 200-300 ng bait plasmid 

(pBDG2: PsaNZV-13 AvrPto5) or bait vector (pBDG2) into the bait yeast strain (Y2H gold; 

Clontech, U.S.A). After transformation, yeast transformants were suspended in 200 µl 1x TE 

buffer and diluted to the concentration of 10-1. From which 100 µl yeast transformants were 

spread on SD/-Trp agar medium and incubated for 5 days at 30°C. Following incubation yeast 

growth was assessed. 

4.2.5 Y2H screening 

4.2.5.1 Y2H library screening using PsaNZV-13 AvrPto5 

Y2H screening of the kiwifruit cDNA library was performed based on the Matchmaker® Gold 

Yeast Two-Hybrid system protocol (Clontech, U.S.A) which was reliant on a yeast mating 

approach. A concentrated bait (PsaNZV-13 AvrPto5) culture was prepared for screening by 

inoculating a fresh, single, and 2-3 mm sized bait colony in a 250 ml sterile conical flask 

containing 50 ml SD/-Trp liquid medium. This was incubated for 21 hours at 30°C and 200 

rpm in an orbital incubator until an absorbance (OD600) value of 0.8 was reached. Next, the bait 

culture was pelleted in a Sorvall®
 RC-5C Plus centrifuge at 1026g and room temperature for 

five minutes, and the supernatant was discarded. Fresh SD/-Trp liquid medium (3.7 ml) was 

utilized to resuspend the pellet, and the bait culture density was determined using a 

hemocytometer. Meantime, 1 ml cDNA library was thawed at room temperature from which 

10 µl was serially diluted to assess the cDNA library titer. After that, 3.7 ml bait culture and 1 

ml cDNA library were mixed in a sterile 2 litre conical flask containing 45 ml 2x YPDA liquid 

http://www.pondr.com/
http://morf.chibi.ubc.ca:8080/mcw/index.xhtml
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medium (Yeast extract, Peptone, Dextrose and Adenine) with kanamycin 50 µg/ml. The culture 

was incubated at 30°C in an orbital incubator at 50 rpm for 21 and a half hours. After the 

incubation, yeast cells were pelleted by centrifugation and resuspended in 10 ml 0.9% sodium 

chloride (w/v). To calculate the number of the prey clones to be screened in Y2H screening, 

serial dilutions of 1/10, 1/100, 1/1,000 and 1/10,000 were prepared, 50 µl from each dilution 

was plated on SD/-Leu, SD/-Trp, SD/-Leu-Trp agar media. The rest of the culture was spread 

on SD/-Leu-Trp-His agar medium and incubated for 5 days at 30°C. The following formula 

was employed to determine the number of clones screened in Y2H screening, the number of 

screened clones = CFU/ml of diploids x resuspension volume (ml). The positively interacting 

clones appeared on SD/-Leu-Trp-His agar medium were further tested on SD/-Leu-Trp-His-

Ade agar medium. 

4.2.5.2 Preparation of electrocompetent E. coli cells 

A protocol from http://mcb.berkeley.edu/labs/krantz/protocols/electrocomp_cells.pdf was 

adopted for the preparation of electrocompetent E. coli cells. A fresh Petri dish containing LB 

agar medium was utilized to streak one shot® electrocompTM E. coli cells (Invitrogen, U.S.A) 

and incubated overnight at 37°C. A single colony was taken and used to inoculate 10 ml LB 

liquid medium, which was incubated at 200 rpm and 37°C overnight in an orbital incubator. In 

the morning, it was used to inoculate 1 litre LB liquid medium and the culturing was continued. 

When an absorbance (OD600) value of the culture reached 0.37, the culture was placed promptly 

on ice for 30 minutes and swirled intermittently. The 1 litre culture was divided between four 

250 ml cold centrifuge bottles and centrifuged for 20 minutes at 4°C and 1026g in a Sorvall®
 

RC-5C Plus centrifuge. The supernatant was removed from the bottles, and the cells were 

resuspended in 200 ml ice-cold sterile MQ water (Merck Millipore, U.S.A), and the 

centrifugation repeated. Upon decanting the supernatant, the cells were again resuspended in 

100 ml ice-cold sterile MQ water which were then combined in two cold centrifuge bottles and 

the centrifugation repeated. The supernatant was emptied, 40 ml ice-cold 10% glycerol was 

used to resuspend the cells that were eventually transferred to a sterile, pre-cooled and cold 

MQ water rinsed 50 ml Falcon® tube and centrifuged as previously described. The supernatant 

was carefully aspirated, each pellet was resuspended in 1 ml ice-cold 10% glycerol and 

aliquoted into pre-cooled sterile 1.5 ml microcentrifuge tubes, snap frozen in liquid nitrogen 

and stored at -80°C.   

http://mcb.berkeley.edu/labs/krantz/protocols/electrocomp_cells.pdf
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4.2.5.3 Yeast plasmid extraction 

The prey plasmids from the positively interacting yeast colonies were isolated using the 

protocol detailed in section 3.2.7.1. Subsequently, the isolated plasmids were transformed into 

E. coli and plasmids re-isolated as per sections 3.2.7.2 and 2.2.9 respectively. 

4.2.5.4 Yeast two-hybrid 

The extracted prey plasmids were transformed into the prey yeast cells according to section 

3.2.6. The mating was carried out between the bait and prey cells harbouring the bait and prey 

plasmids using the protocol described in section 2.2.13. Diploid yeast cells possessing both 

plasmids were plated along with controls for the interaction on SD/-Leu-Trp, SD/-Leu-Trp-

His, SD/-Leu-Trp-His + 3-AT 1 mM to 4 mM, SD/-Leu-Trp-Ade and SD/-Leu-Trp-Ade + X-

α-Gal 40 µg/ml agar media and incubated for 4-5 days at 30°C. 

4.2.6 Y2H assay of PsaNZV-13 AvrPto5 and kiwifruit genes 

Forward and reverse primers for AcHIPP26, AcATPase and AcPRP were designed from their 

coding sequences (Table 4.1) and amplified from kiwifruit cDNA by RT PCR. In a 0.2 ml PCR 

tube, 2.5 µl (10x) PCR amplification buffer, 1 µl cDNA,  1 µl (10 µM) forward and reverse 

primers, 0.75 µl (10 mM) dNTPs, 0.5 µl (50 mM) MgSO4, Platinum® Pfx DNA polymerase 

0.4 µl (2.5 units/µl) and ultrapure water to 25 µl were added. PCR cycles were carried out in a 

Techne thermocycler with an initial denaturation of 2-5 minutes at 94°C; the remaining 30 

cycles were performed adopting denaturation at 94°C for 30 seconds, annealing at 52-60°C for 

30 seconds, elongation at 68°C for 45 seconds to 1 minute and a final elongation at 68°C for 

10 minutes. The resulting PCR amplification was analysed by agarose gel (1%) electrophoresis 

and the DNA fragments assessed (section 2.2.8.2), and the entry plasmids of these genes 

developed (section 2.2.9). Using Gateway® LR reaction (section 2.2.10) those genes were 

cloned into the prey vector (pADG2) (Maier et al., 2008). Subsequently, these were 

transformed into the prey yeast cells and their interaction analysed with the bait (PsaNZV-13 

AvrPto5) as described in the previous section. PsaNZV-13 AvrPto5 and AcHIPP26 segments I, 

II, and III were also amplified from Psa genomic DNA and kiwifruit cDNA respectively. The 

PCR reaction was prepared by adding 1 µl gDNA (10 ng) or cDNA, 2.5 µl (10x) PCR buffer, 

1 µl (10 µM) forward and reverse primers, 0.5 µl (10 mM) dNTPs, 0.75 µl (50 mM) MgCl2, 

Platinum® DNA polymerase 0.1 µl (2.5 units/µl) and ultrapure water to 25 µl in a 0.2 ml PCR 

tube. To amplify the above gene segments the following PCR regime was used: initial 



88 

 

denaturation for 2 minutes at 94°C, then 30 cycles of denaturation at 94°C for 30 seconds, 

annealing at 49-55°C for 30 seconds, elongation for 30 seconds at 72°C and a final elongation 

for 5 minutes at 72°C. The analysis of the PCR reactions and subsequent downstream analyses 

were performed as described previously in sections 2.2.8.2 and 2.2.9 respectively. 

Table 4.1 The primers used to amplify kiwifruit genes and PsaNZV-13 AvrPto5 fragments. 

S.no Primers name Nucleotide sequence 

1 AcHIPP26 forward primer ATGGGGGCTTTGGATCATCT 

2 AcHIPP26 reverse primer TCACATGACAACACAAGCGG 

3 AcATPase forward primer ATGCCGACGGAACATGCTGA 

4 AcATPase reverse primer TTAAGCCTGCAAAAAGCTCG 

5 AcPRP forward primer ATGGGGATTAATTCCCTTTG 

6 AcPRP reverse primer CTAAGGATGATGGTAAGGAG 

7 AcHIPP26 SI forward primer ATGGGGGCTTTGGATCATCT 

8 AcHIPP26 SI reverse primer CTTCACCTTTATCTCCACCG 

9 AcHIPP26 SII forward primer ATTGACTGCGAAGGCTGCGA 

10 AcHIPP26 SII reverse primer CACACGGGCAACCACCTTTT 

11 AcHIPP26 SIII forward primer GCCCACCGCACCGGCAAGAA 

12 AcHIPP26 SIII reverse primer TCACATGACAACACAAGCGG 

13 PsaNZV-13 AvrPto5 SI forward primer ATGGGAAACGTATGCGTTGG 

14 PsaNZV-13 AvrPto5 SI reverse primer AGTGAGGCCAGCCGCATTAT 

15 PsaNZV-13 AvrPto5 SII forward primer CGGCCTCAGTTGCATTTTAT 

16 PsaNZV-13 AvrPto5 SII reverse primer CTGCTGGACAATGTTTTCAG 

17 PsaNZV-13 AvrPto5 SIII forward primer ATCAGCACCAAGCTGACTGA 

18 PsaNZV-13 AvrPto5 SIII reverse primer CTAGCCGTTGCGGGGAGCGA 

       Bold letters are the start and stop codons of the primer. 

 

4.2.7 Plant expression studies 

4.2.7.1 Agrobacterium tumefaciens (GV3101) electrocompetent cells preparation 

A. tumefaciens strain GV3101 glycerol stock (Kindly provided by Dr Minsoo Yoon, Plant & 

Food Research, Auckland) was streaked on LB agar medium with gentamicin 20 µg/ml 

(Duchefa Biochemie) and rifampicin 10 µg/ml (Sigma-Aldrich; U.S.A) in a sterile plastic Petri 

dish, and incubated at 28°C for two days. A single colony was used to inoculate an overnight 

culture of 2 ml LB liquid medium containing gentamicin 20 µg/ml, and rifampicin 10 µg/ml in 

a sterile 15 ml Falcon® tube, incubated at 28°C and 200 rpm in an orbital incubator. Following 



89 

 

this, the overnight culture was utilized to inoculate 200 ml fresh LB liquid medium with the 

same antibiotics, grown at 28°C and 200 rpm until the absorbance (OD600) value of the culture 

was 0.3 (approximately 7 hours of incubation). It was then divided into four pre-chilled sterile 

50 ml Falcon® tubes and cooled on ice for 10 minutes. The cells were harvested at 2011g and 

4°C for 10 minutes in a Sorvall®
 RC-5C Plus centrifuge, and the supernatant was discarded. 

Subsequently, Agrobacterium cells from the four Falcon® tubes were pooled in two Falcon® 

tubes and resuspended in 25 ml ice-chilled sterile MQ water. This step was repeated. After that, 

2 ml ice-cold glycerol 10% (v/v) solution was used to resuspend the cells. Aliquots of the cells 

were prepared in sterile 1.5 ml microcentrifuge tubes, using liquid nitrogen the tubes were 

frozen and stored at -80°C for long-term use. 

4.2.7.2 A. tumefaciens transformation 

The binary plant expression vectors pGWB15 N-terminus 3xHA tag and pGWB18 N-terminus 

4xMyc tag (Kindly provided by Tsuyoshi Nakagawa, Shimane University, Japan) with the 35S 

cauliflower mosaic virus promoter were used in an LR reaction (section 2.2.10) to generate 

pGWB15 N-terminus 3xHA: PsaNZV-13 AvrPto5 and pGWB18 N-terminus 4xMyc: AcHIPP26 

plasmids. For transformation, plasmid DNA 1 µl (50 to 100 ng) and Agrobacterium cells 10 µl 

were added to a pre-chilled 1.5 ml microcentrifuge tube, mixed and transferred to a pre-cooled 

0.1 cm cuvette (Bio-Rad; Hercules, California, U.S.A) ensuring the cells touched both 

electrodes of the cuvette. Electroporation was carried out in a Bio-Rad GenePulser® II 

electroporator (Bio-Rad; Hercules, California, U.S.A) set at 1800 kV, 200 Ω (Resistance) and 

25 µF (Capacity). After the electroporation, the cells were resuspended in 1 ml LB broth, 

transferred to a new 1.5 ml microcentrifuge tube, and incubated in an orbital incubator for 3 

hours at 28°C and 200 rpm. The cells were plated on LB agar medium containing kanamycin 

50 µg/ml (Duchefa Biochemie), gentamicin 20 µg/ml and rifampicin 10 µg/ml in a sterile 

plastic Petri dish and allowed to grow for 2 days at 28°C. The resulting Agrobacterium colonies 

in the medium were employed to infiltrate N. benthamiana or N. tabacum plants. 

4.2.7.3 Plant transient expression 

To achieve the transient expression of the gene of interest in N. benthamiana or N. tabacum, a 

fresh Agrobacterium transformant was cultured overnight in 3 ml LB liquid medium containing 

kanamycin 50 µg/ml, gentamicin 20 µg/ml and rifampicin 10 µg/ml in a sterile 15 ml Falcon® 

tube at 28°C and 200 rpm in an orbital incubator. From this, 1 ml culture was used to inoculate 

a sterile 50 ml Falcon® tube containing 9 ml fresh LB liquid medium with the antibiotics, and 
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10 µl of 100 mM (100 µM) acetosyringone (Sigma-Aldrich; U.S.A). This culture was 

incubated for about 5 hours at 28°C and 200 rpm, centrifuged to collect the cells for 10 minutes 

at 1478g in a Sorvall®
 RC-5C Plus centrifuge. The supernatant was removed and the pellet was 

diluted to the required absorbance (an OD600 ranging from 1 to 0.01) A 1 ml needleless syringe 

was used to infiltrate Agrobacterium cells on the lower leaf surface of two or three-week old 

N. benthamiana or N. tabacum plants, which were maintained at 16 hours of light, 8 hours of 

dark and a temperature of 22°C. After 48 hours, leaves were assessed or harvested and frozen 

in liquid nitrogen for storage at -80°C. 

4.2.8 Protein manipulations 

4.2.8.1 Protein extraction from agro-infiltrated N. benthamiana leaves 

N. benthamiana agro-infiltrated with the appropriate gene of interest (PsaNZV-13 AvrPto5 and 

AcHIPP26) and positive controls (N-terminus 3xHA tagged PsaNZV-13 AvrRpm1, and N-

terminus 4xMyc tagged YFP) were used for protein extraction (150-300 mg leaf tissue) with 1 

ml soluble protein buffer containing 40 mM Tris-HCl (pH-7.4) and 50 µl protease inhibitors 

(Roche; Basel, Switzerland). The leaf tissues were grounded to a powder in liquid nitrogen and 

transferred to a 2 ml microcentrifuge tube containing 1 or 2 ml chilled soluble protein buffer 

and resuspended thoroughly. This was centrifuged at 4°C and 18,400g for 15 minutes in a 5424 

R Eppendorf microcentrifuge (Hamburg, Germany). The supernatant was collected (soluble 

fraction) and the pellet was resuspended in 100 µl insoluble protein buffer containing 40 mM 

Tris-HCl (pH-7.4), 75 mM DTT (dithiothreitol), 1% digitonin and protease inhibitors. The 

resulting supernatant after centrifugation was the insoluble membrane protein fraction. For 

each protein sample, a 20 µl aliquot and an equal volume of NuPAGE® LDS sample buffer 

were mixed (Novex®; Thermo Fisher Scientific, U.S.A) and denatured at 90°C for 10 minutes 

in an Eppendorf thermal block (Hamburg, Germany). Protein samples were analysed by SDS-

PAGE (Sodium dodecyl sulfate-polyacrylamide gel electrophoresis). All the protein samples 

were loaded in 12% BoltTM Bis-Tris 12 well gel pack (Novex®; Thermo Fisher Scientific, 

U.S.A) and electrophoresed in 1x MES buffer (50 mM MES, 50 mM Tris Base, 1 mM EDTA, 

0.1% SDS,  pH-7.3) for 30 minutes supplying 165 V in a protein gel electrophoresis apparatus 

(Novex®; Thermo Fisher Scientific, U.S.A).  
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4.2.8.2 SDS-PAGE and western blotting 

The SDS-PAGE gel was removed carefully from the gel pack and washed in MQ water for 5 

minutes. The gel was placed on an Immobilon-P polyvinylidene fluoride (PVDF) membrane 

(0.2 μm, Millipore) wetted with methanol. Two pieces of Whatman® grade No. 3 filter paper 

soaked in transfer buffer (Bicine - 25 mM, Bis-Tris - 25 mM, EDTA - 1 mM and Methanol - 

10%) were placed on the bottom and top of the membrane and gel. This package was 

transferred to a protein transfer apparatus (Bio-Rad) where the protein transfer to the blot 

membrane was carried out at 5V for 3 hours. After that, the membrane was removed from the 

transfer device and immersed in 10 ml blocking solution (50 ml 1x PBS (Phosphate-buffered 

saline), I-block - 100 mg (2%) and 50 µl Tween-20® (0.1%) for 2 hours at room temperature 

with gentle shaking. Hemagglutinin or Myc mouse monoclonal antibody (Santa Cruz 

Biotechnology; Dallas, Texas, U.S.A) was diluted in 1:1000 ratio in 10 ml blocking solution 

in that the membrane was incubated for another 2 hours at room temperature with gentle 

shaking. Washing solution (10 ml of 1x PBS containing 0.1% Tween-20®) was used to wash 

the membrane for 5 minutes with gentle shaking, and this was repeated 5 times. Horseradish 

peroxidase associated secondary antibody (1:5000 dilution in 10 ml 1x PBS containing 0.1% 

Tween-20®) was added and incubated at room temperature for 1 hour with gentle shaking. The 

membrane was washed 4 times with 1x PBS containing 0.1% Tween-20® solution. The 

immunoreactivity of the proteins was detected by western lightning® Plus ECL kit 

(PerkinElmer, U.S.A) and the picture was taken using Bio-Rad chemidoc (Bio-Rad, U.S.A). 

4.2.8.3 Co-immunoprecipitation assay 

To analyse the in planta association of PsaNZV-13 AvrPto5 and AcHIPP26 proteins, a co-

immunoprecipitation assay was carried out using the Dynabeads® Protein G protocol (Novex®; 

Thermo Fisher Scientific, U.S.A). Dynabeads®
 50 µl (1.5 mg) were transferred to a 1.5 ml 

microcentrifuge tube and the buffer was removed facilitated by placing the tube on a magnet. 

Hemagglutinin or Myc mouse monoclonal antibody (5 µg) diluted in 200 µl 1x PBS 

(Phosphate-buffered saline pH 7.4) with 0.1% Tween-20® was added and incubated for 30 

minutes by regular hand mixing at room temperature. The solution was then removed 

facilitated by placing the tube on the magnet. The beads-antibody complex was resuspended in 

200 µl 1x PBS containing 0.1% Tween-20® and washed by pipetting up and down; the solution 

was discarded from the beads-antibody complex as described earlier. Insoluble membrane 

protein fraction (1 ml) containing proteins of interest was added to the tube containing the 
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beads-antibody complex and incubated for 45 minutes at room temperature with regular hand 

mixing. The tube was placed on the magnet, and the supernatant was collected. The beads-

antibody-antigen complex was washed thrice using 200 µl 1x PBS containing 0.1% Tween-

20® through gentle pipetting, and the supernatant was removed from the beads. After the wash, 

the beads were resuspended in 100 µl 1x PBS containing 0.1% Tween-20®, transferred to a 

new 1.5 ml microcentrifuge tube and the supernatant was removed. To that 20 µl 1x PBS 

containing 0.1% Tween-20® and 10 µl NuPAGE® LDS sample buffer (Novex®; Thermo Fisher 

Scientific, U.S.A) were added to resuspend the beads complex. To elute the antibody-antigen 

complex, the tube was incubated at 90°C for 5 minutes, cooled down at room temperature for 

10 minutes and then centrifuged at 18,400g for 5 minutes in a 5424 R centrifuge. The 

supernatant was collected and analysed for the interaction in a western blot as described in the 

previous section. 

 

4.3 Results 

4.3.1 Analysis of the bait toxicity in yeast 

The toxicity of the bait (PsaNZV-13 AvrPto5) expression in bait yeast cells was 

investigated. This is an essential parameter for a Y2H library screening to have a bait with no 

harmful effect on yeast; otherwise, it could hamper Y2H screening efficiency. The growth of 

yeast cells harbouring the bait (PsaNZV-13 AvrPto5) was monitored alongside yeast cells 

expressing the bait vector on SD/-Trp agar medium. The result indicated a similar growth 

pattern for both yeast colonies (Figure 4.1). This implied the bait (PsaNZV-13 AvrPto5) 

expression in the bait yeast cells did not interfere with yeast growth, and therefore, the bait can 

be used in the screening. 
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Figure 4.1 The bait toxicity (PsaNZV-13 AvrPto5) assay in bait yeast cells. A - Bait yeast cells expressing the bait 

vector (pBDG2); B - Bait yeast cells expressing the bait (PsaNZV-13 AvrPto5). 

4.3.2 The bait autoactivation test 

One of the salient features of a bait in Y2H is that it should not autoactivate the markers 

without a prey. The bait autoactivation test should be carried out before using the bait in Y2H 

screening. By performing this test, it will be discovered whether the bait is ‘sticky’ or not; if it 

is sticky, an appropriate reporter yeast medium will be identified by the autoactivation test. The 

bait (PsaNZV-13 AvrPto5) autoactivation property was investigated by plating yeast cells co-

expressing the bait (PsaNZV-13 AvrPto5) and prey vector (pGADT7-Rec) on SD/-Leu-Trp and 

SD/-Leu-Trp-His agar media together with necessary controls. After four days of incubation, 

all yeast combinations grew on SD/-Leu-Trp medium. In SD/-Leu-Trp-His medium, only the 

positive controls harbouring yeast cells grew, and the rest showed no growth including the bait 

(PsaNZV-13 AvrPto5) and prey vector (pGADT7-Rec) co-expressing yeast cells (Figure 4.2). 

This demonstrated the bait (PsaNZV-13 AvrPto5) did not induce the histidine marker. Thus, SD/-

Leu-Trp-His medium was used in Y2H screening to discover putative interacting partners of 

the bait. 
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Figure 4.2 The bait (PsaNZV-13 AvrPto5) autoactivation assay. I - SD/-Leu-Trp medium; II - SD/-Leu-Trp-His 

medium. 1 - Positive interaction control (Murine p53+SV40 large T-antigen); 2 - Negative interaction control 

(Lamin + SV40 large T-antigen); 3 - Negative self-activation control (Bait and Prey vectors); 4 - True positive 

interaction control (Pgy AvrB and AtRIN4); 5 - Bait (PsaNZV-13 AvrPto5) and Prey vector (pGADT7-Rec). 

4.3.3 Y2H screening of kiwifruit cDNA library with PsaNZV-13 AvrPto5 

‘Make Your Own Mate & Plate’ (Clontech, USA) library system was used to generate 

kiwifruit cDNA library for Y2H screening. Unlike other methods, the Mate & Plate system 

relies on in vivo cDNA library generation. It involves reverse transcription of total RNA or 

mRNA into ds cDNA using the SMARTTM method. This is followed by co-transformation of 

ds cDNA and Mate & Plate prey vector (pGADT7-Rec) into the prey yeast cells leading to a 

recombination reaction between these two by a homologous recombination machinery of Y187 

prey yeast cells. After the successful transformation, the prey clones were harvested, aliquoted 

in several 1 ml tubes and stored at -80°C. In this way, kiwifruit cDNA library in prey yeast 

cells was generated (Chapter three). For screening, cDNA library (1 ml) and a concentrated 

bait culture should be co-cultured in rich medium (for instance - 2x YPDA). Then, yeast cells 

emanating from the mating will be plated on the appropriate selective medium to identify the 

positive interaction. This method of screening is convenient, and one-time generation of cDNA 

library in prey yeast cells will be used for several screenings using different baits. 

As described above, the screening was conducted using the bait yeast cells harbouring 

bait (PsaNZV-13 AvrPto5), and prey yeast cells harbouring the kiwifruit cDNA library (1 ml). 

Before the screening, the cDNA library concentration was verified on SD/-Leu medium by 

serial dilution and determined to be 2.36 x 107 CFU/ml. After the mating, an aliquot of yeast 

culture was serially diluted and plated on SD/-Leu, SD/-Trp, and SD/-Leu-Trp agar media to 
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assess the viability. The viability was 1.9 x 106 CFU/ml for the cDNA prey clones, and the bait 

viability was 1.5 x 108 CFU/ml. The total number of prey clones screened was 5.3 x 106 

CFU/ml. The remaining mated yeast culture was plated on SD/-Leu-Trp-His reporter medium 

to identify positive interactions. After five days of incubation, 55 positive colonies grew on the 

reporter medium. All the positive interactors were streaked on SD/-Leu-Trp-His-Ade medium 

to verify the positive interaction strength and 53 strong positive interactions were identified 

(Figure 4.3).  

 

Figure 4.3 Y2H screening of kiwifruit cDNA library with PsaNZV-13 AvrPto5. The screening showed 53 positive 

interactions on SD/-Leu-Trp-His-Ade medium (I, II and III). A - Positive interaction control (Murine p53 + SV40 

large T-antigen); B - Negative interaction control (Lamin + SV40 large T-antigen). 
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4.3.4 Characterization of the positively interacting prey clones of PsaNZV-13 AvrPto5 

The Matchmaker® Gold Y2H system (Clontech; USA) was the Y2H system employed 

in this study, with four different markers, namely inositol phosphoryl ceramide synthase 

(AUR1-C), histidine (HIS3), adenine (ADE2) and α-galactosidase (MEL1) that are activated 

when the bait and prey interact in yeast. The histidine marker is sensitive, a weak interaction 

between the bait and prey can generate a sufficient number of transcription factors for 

activation. As a result, yeast cells can grow on SD/-Leu-Trp-His media. In contrast, the 

activation of the other markers requires a strong interaction between the bait and prey. It is 

believed that the stronger interaction is required to generate a large number of transcription 

factors, able to saturate the UAS region for maximum transcription initiation.  

Fifty-three positive interactions were identified in this study. To determine whether 

those positively interacting prey clones of PsaNZV-13 AvrPto5 were genuine, the prey plasmids 

were first isolated from all positive yeast colonies. After plasmid isolation, HindIII restriction 

digestion was used to verify the presence of an insert in all prey vectors. The prey plasmid 

analyses were performed in three phases. Initially, 15 prey plasmids were isolated, re-

transformed into prey yeast cells and then, through mating with the bait (PsaNZV-13 AvrPto5), 

diploid yeast cells harbouring both the bait and prey plasmids were generated. These yeast cells 

were tested on SD/-Leu-Trp, SD/-Leu-Trp-His, SD/-Leu-Trp-His + 3-AT 1 mM to 5 mM, and 

SD/-Leu-Trp-Ade agar media with positive, negative interaction, negative self-activation and 

bait and prey self-activation controls. However, none of the prey clones showed an interaction 

with the bait in this second round of screening. The inserts in these clones were therefore 

sequenced and the inserts were identified as membralin, actinidin, rRNA large subunit 

methyltransferase, 1-aminocyclopropane-1-carboxylate oxidase, SLAIN motif-containing 

protein and an ABC transporter protein. A further 17 prey plasmids were isolated and 

subsequent sequencing revealed the prevalence of the above clones. Therefore, these 32 prey 

plasmids were excluded from further screening. The remaining 21 prey plasmids were 

extracted from the positive clones and incorporated in further Y2H screening with the bait. The 

outcome of the assay revealed six prey clones were observed to have a positive interaction with 

PsaNZV-13 AvrPto5. Of which four activated only the histidine marker, one activated both 

histidine and adenine; the remaining one induced the adenine marker only (Figure 4.4 & 4.5). 

The six positively interacting prey plasmids were sequenced, subsequently, nucleotide blast 

queried against the A. chinensis CK51F3_01 hybrid gene models and de novo transcript 

genome database. Four of the six proteins were identified as heavy metal-associated 
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isoprenylated plant protein 26, one as V-type proton ATPase subunit H, and the last as a proline 

rich-plant protein (Table 4.2). 

 

Figure 4.4 Y2H analysis of PsaNZV-13 AvrPto5 and prey clones. Plates 1 & 2 - SD/-Leu-Trp medium; Plate 3 & 4 

- SD/-Leu-Trp-His media. A - Positive interaction control (Murine p53 + SV40 large T-antigen); B - Negative 

interaction control (Lamin + SV40 large T-antigen); C - Negative self-activation control (Bait and Prey vectors); 

D - Bait self-activation control (PsaNZV-13 AvrPto5 + Prey vector (pGADT7-Rec)); E - True positive interaction 

control (Pgy AvrB + AtRIN4). A - Prey control (Bait vector + Prey), B - Bait (PsaNZV-13 AvrPto5) and Prey 

(Kiwifruit proteins). Red boxes indicate the positive interaction between the bait (PsaNZV-13 AvrPto5) and kiwifruit 

prey clones in yeast. 
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Figure 4.5 Y2H analysis of PsaNZV-13 AvrPto5 and prey clones. Plates 5 & 6 - SD/-Leu-Trp-His + 3-AT 1mM 

medium; Plate 7 - SD/-Leu-Trp-His + 3-AT 2 mM medium; Plate 8 - SD/-Leu-Trp-His + 3-AT 3mM medium; 

Plate 9 & 10 - SD-Leu-Trp-His-Ade medium. A - Positive interaction control (Murine p53 + SV40 large T-

antigen); B - Negative interaction control (Lamin + SV40 large T-antigen); C - Negative self-activation control 

(Bait and Prey vectors); D - Bait self-activation control (PsaNZV-13 AvrPto5 + Prey vector (pGADT7-Rec)); E - 

True positive interaction control (Pgy AvrB + AtRIN4). A - Prey control (Bait vector + Prey), B - Bait (PsaNZV-13 

AvrPto5) and Prey (Kiwifruit proteins). Red boxes indicate the positive interaction between the bait (PsaNZV-13 

AvrPto5) and kiwifruit prey clones in yeast. The prey clones 31B, 39B, 46B, 50B, 51B and 54B were sequenced, 

blastn queried on A. chinensis hybrid gene models and de novo transcript genome database and the clones are 
finished in the table 4.2. 
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           Table 4.2 Positively interacting prey clones of PsaNZV-13 AvrPto5 in Y2H screening. 

S.no The putative prey clones identified by 

sequencing  

Score 

bits 

E-value 

 

Putative 

localization 

Fragment 

length during 

isolation 

1 Heavy metal-associated isoprenylated plant 

protein 26 (AcHIPP26) (39B, 46B, 50B and 

51B) (Gene accession no. 6119919) 

688 0.0 Plasma 

membrane 

Partial length 

(C-terminus 85 

to 465 bp (total 

size -465 bp) 

 

2 V-type proton ATPase subunit H 

(AcATPase) (31B) (Gene accession 

no.5531254) 

1988 0.0 Cytoplasm Partial length 

(C-terminus 

249 to 1365 bp 

(total size -1365 

bp) 

 

3 Proline rich-plant protein (AcPRP) (54B) 

(Gene accession no. 6140809)  

936 0.0 Extracellular 

region 

Partial length 

(C-terminus 

468 to 1065 bp 

(total size -1065 

bp) 

 

 

4.3.5 RT-PCR of kiwifruit genes 

Kiwifruit genes AcHIPP26, AcATPase and AcPRP were identified as putative 

interacting partners of PsaNZV-13 AvrPto5 by Y2H screening. The prevalence of false positives 

is common in Y2H, so there is a necessity to verify the interaction of those three proteins with 

bait once again using full-length cDNAs to avoid false positive interaction. The primers were 

designed for these three genes on their coding sequences and RT-PCR amplified from kiwifruit 

cDNA. Once the RT-PCR was completed, reactions were fractionated on a 1% agarose gel. 

Fragment sizes were 465, 1365 and 1065 base pairs in AcHIPP26, AcATPase, and AcPRP 

amplifications respectively (Figure 4.6). The gel purified PCR products of those three genes 

were used in entry cloning, and the entry clones developed. Subsequently, the entry clones 

were sequenced and analysed with the reference genes of AcHIPP26, AcATPase, and AcPRP 

in Geneious v8.1.2 (Kearse et al., 2012). As a result, the presence of the identical sequence in 

the entry clones was confirmed. These entry clones were utilized to develop prey clones in 

pADG2 prey vector by LR reaction. The resulting LR reaction was transformed into E. coli, 

the plasmids were extracted from the transformants and an in-frame insert confirmed by PCR. 

Similarly, the bait vector (pBDG2) containing PsaNZV-13 AvrPto5 was generated by LR reaction 

between the bait vector (pBDG2) and PsaNZV-13 AvrPto5 containing entry clone. Eventually, 

an in-frame insert was confirmed by PCR. 
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Figure 4.6 RT-PCR amplification of kiwifruit genes. 1 - Kb plus ladder (Invitrogen; USA); 2 - AcHIPP26 (465 

bp); 3 - AcATPase (1365 bp); 4 - AcPRP (1065 bp); 5 - Negative control (Water as template); 6 - Positive control 

(AcUBQ - 447 bp). 

4.3.6 PsaNZV-13 AvrPto5 and full-length AcHIPP26, AcATPase, AcPRP Y2H interaction 

To confirm whether the AcHIPP26, AcATPase, and AcPRP interactions with PsaNZV-

13 AvrPto5 are genuine, the full-length RT-PCR amplified sequences from kiwifruit cDNA 

were developed as prey. Yeast cells co-expressing PsaNZV-13 AvrPto5 and AcATPase, PsaNZV-

13 AvrPto5 and AcPRP were investigated for the interaction using controls on SD/-Leu-Trp, 

SD/-Leu-Trp-His, SD/-Leu-Trp-Ade, SD/-Leu-Trp-His + 3-AT 1 mM, 2 mM, 3 mM and 4 mM 

agar media. The marker plates SD/-Leu-Trp-His, SD/-Leu-Trp-Ade did not show the growth 

of yeast cells harbouring PsaNZV-13 AvrPto5 and AcATPase or PsaNZV-13 AvrPto5 and AcPRP 

(Figure 4.7). This finding indicated the full-length AcATPase, and AcPRP proteins did not 

interact with PsaNZV-13 AvrPto5. Later, the full-length AcHIPP26 (Heavy metal-associated 

isoprenylated plant protein 26) was investigated for interaction with PsaNZV-13 AvrPto5 by 

plating yeast cells harbouring PsaNZV-13 AvrPto5 and AcHIPP26 and controls on SD/-Leu-Trp, 

SD/-Leu-Trp-His + 3-AT 1 mM, 2 mM, 3 mM and 4 mM, SD/-Leu-Trp-Ade reporter agar 

media (Figure 4.8). This assay revealed the growth of PsaNZV-13 AvrPto5 and AcHIPP26 

harbouring yeast cells on SD/-Leu-Trp-His + 3-AT 1 mM to 4 mM. This observation inferred 

the interaction of the two proteins in Y2H. Consequently, to confirm this interaction further, 

PsaNZV-13 AvrPto5 was switched to prey and AcHIPP26 as bait, and following the expression 
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of these in yeast cells, the growth was analyzed on SD/-Leu-Trp, SD/-Leu-Trp-His + 3-AT 4 

mM, 5 mM, 10 mM, 11 mM and 12 mM agar media.  Before using AcHIPP26 as bait in the 

assay, an autoactivation assay of AcHIPP26 was performed using yeast cells harbouring 

AcHIPP26 and prey vector on SD/-Leu-Trp-His + 3-AT 1 mM, 2 mM, 3 mM and 4 mM. In 

this assay, 3-AT 4 mM was effectively arrested the autoactivation of histidine by AcHIPP26. 

Therefore, SD/-Leu-Trp-His + 3-AT 4 mM and further concentrations were employed to detect 

the interaction. The outcome of the assay showed the growth of yeast cells co-expressing 

AcHIPP26 and PsaNZV-13 AvrPto5 on SD/-Leu-Trp-His + 4 mM to 12 mM 3-AT reporter media 

(Figure 4.9). The AcHIPP26 protein interaction with PsaNZV-13 AvrPto5 as both prey and bait 

strengthens the hypothesis that the interaction is genuine.  

 

 

Figure 4.7 Y2H analysis of PsaNZV-13 AvrPto5 (bait) and AcATPase, AcPRP (preys). Plate I - SD/-Leu-Trp 

medium; Plate II - SD/-Leu-Trp-His medium; Plate III - SD/-Leu-Trp-Ade medium.  1 - Positive interaction 

control (Murine p53 + SV40 large T-antigen); 2 - Negative interaction control (Lamin + SV40 large T-antigen); 

3 - Negative self-activation control (Bait and Prey vectors); 4 - Bait self-activation control (PsaNZV-13 AvrPto5 + 

Prey vector (pADG2); 5 - True positive interaction control (Pgy AvrB + AtRIN4); 6 - Prey self-activation control 

(Bait vector + AcATPase); 7 -  Bait (PsaNZV-13 AvrPto5) + AcATPase; 8 - Prey self-activation control (Bait vector 

+ AcPRP); 9 - Bait (PsaNZV-13 AvrPto5) + AcPRP. The interaction table of this assay can be found in table A1-4 

of the Appendix - 1. 
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Figure 4.8 Y2H analysis of PsaNZV-13 AvrPto5 (bait) and AcHIPP26 (prey). Plate I - SD/-Leu-Trp medium; Plate 

II - SD/-Leu-Trp-His + 3-AT 1 mM medium; Plate III - SD/-Leu-Trp-His + 3-AT 2 mM medium; Plate IV - SD/-

Leu-Trp-His + 3-AT 3 mM medium; Plate V - SD/-Leu-Trp-His + 3-AT 4 mM medium; Plate VI - SD/-Leu-Trp-

Ade medium.  1 - Positive interaction control (Murine p53 + SV40 large T-antigen); 2 - Negative interaction 

control (Lamin + SV40 large T-antigen); 3 - Negative self-activation control (Bait and Prey vectors); 4 - Bait self-

activation control (PsaNZV-13 AvrPto5 + Prey vector (pADG2); 5 - Prey self-activation control (Bait vector + 

AcHIPP26); 6 - True positive interaction control (Pgy AvrB + AtRIN4); 7 - Bait (PsaNZV-13 AvrPto5) + Prey 

(AcHIPP26).The interaction table of this assay can be found in table A1-5 of the Appendix - 1. 
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Figure 4.9 Y2H analysis of AcHIPP26 (bait) and PsaNZV-13 AvrPto5 (prey). Plate I - SD/-Leu-Trp medium; Plate 

II - SD/-Leu-Trp-His + 3-AT 4 mM medium; Plate III - SD/-Leu-Trp-His + 3-AT 10 mM medium; Plate IV - 

SD/-Leu-Trp-His + 3-AT 11 mM medium; Plate V - SD/-Leu-Trp-His + 3-AT 12 mM medium; 1 - Positive 

interaction control (Murine p53 + SV40 large T-antigen); 2 - Negative interaction control (Lamin + SV40 large 

T-antigen); 3 - Negative self-activation control (Bait and Prey vectors); 4 - True positive interaction control (Pgy 

AvrB + AtRIN4); 5 - Bait self-activation control (AcHIPP26 + prey vector (pADG2); 6 - Prey self-activation 

control (Bait vector + PsaNZV-13 AvrPto5); 7 - Bait (AcHIPP26) + Prey (PsaNZV-13 AvrPto5). The interaction table 

of this assay can be found in table A1-6 of the Appendix - 1. 
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4.3.7 The fragment-wise Y2H of PsaNZV-13 AvrPto5 and AcHIPP26 proteins 

After the establishment of the interaction between the full-length copies of PsaNZV-13 

AvrPto5 and AcHIPP26 in Y2H, a fragment-wise Y2H was performed to dissect a region in 

both proteins that promotes the interaction. PsaNZV-13 AvrPto5 and PtoDC3000 AvrPto1 protein 

sequences were aligned in Geneious v8.1.2 (Figure 4.10) (Kearse et al., 2012). This was 

performed to fragment PsaNZV-13 AvrPto5 according to the critical domains of PtoDC3000 

AvrPto1 namely the myristoylation motif, CD loop and CT domain. The myristoylation motif 

in PtoDC3000 AvrPto1 is essential for plasma membrane localization by which the effector takes 

part in virulence or avirulence activity (Shan et al., 2000). The CD loop and CT domain are 

important for virulence in susceptible tomato. At the same time, the CD loop induces resistance 

in tomato cultivar carrying Pto/Prf resistance proteins (Xing et al., 2007) and the CT domain 

also induces resistance in N. tabacum (Anderson et al., 2006).  

PsaNZV-13 AvrPto5 was delineated into three segments: SI - 1-50 residues containing 

the myristoylation motif but may include other binding motifs, SII - 51-108 residues, SIII - 

109-158 residues. The three fragments were PCR amplified from Psa genomic DNA and 

cloned into the bait vector (pBDG2). The AcHIPP26 was also separated into three fragments. 

The first segment contains a putative myristoylation motif but includes additional residues (1- 

34 residues), the second segment consisted of the heavy metal-associated domain (35-81 

residues), and the third region (82-154 residues) had a farnesylation motif at the end (151-154). 

These fragments were RT-PCR amplified from kiwifruit cDNA and cloned as prey in the 

pADG2 prey vector. Each prey or bait plasmid was expressed in the appropriate yeast cells, 

which were then developed as diploid yeast cells possessing both bait and prey plasmids by 

mating. Afterwards, these were analysed for interactions by plating on SD/-Leu-Trp, SD/-Leu-

Trp-His-Ade and SD/-Leu-Trp-His-Ade+X-α-Gal 40 µg/ml media. X-α-Gal is a chromogenic 

compound which is usually added into SD/-Leu-Trp-His-Ade media. The activation of MEL1 

marker in a yeast cell induces the production of α-galactosidase which hydrolyses X-α-Gal and 

consequently the yeast cell acquire blue colour. This marker could be used alongside histidine 

and adenine reporter dropout media to verify the strong interaction. X-α-Gal was not used in 

the previous Y2H experiments of this chapter, because, the interactions found in the Y2H were 

not strong to enough to verify the MEL-1 marker activation. The bait and prey plasmids 

harbouring yeast cells, and all controls showed growth in SD/-Leu-Trp medium. An 

observation on SD/-Leu-Trp-His-Ade and SD/-Leu-Trp-His-Ade + X-α-Gal 40 µg/ml reporter 

medium demonstrated PsaNZV-13 AvrPto5 segment - I was ‘sticky’ even on high stringency 
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media and autoactivated all the markers without a prey, and therefore it was excluded from the 

assay. The PsaNZV-13 AvrPto5 segment II did not interact with any of the three AcHIPP26 

fragments (Figure 4.12). However, an interaction was found between PsaNZV-13 AvrPto5 

segment - III and AcHIPP26 fragment - I on SD/-Leu-Trp-His-Ade, and SD/-Leu-Trp-His-Ade 

+ X-α-Gal 40 µg/ml reporter media (Figure 4.13). This finding illustrates that the third segment 

of PsaNZV-13 AvrPto5 and the AcHIPP26 first segment were associating in Y2H (Figure 4.11), 

and thus these could be the interaction domains in both proteins. This result prompted the use 

of these proteins in Co-IP for analysis of an in planta interaction (4.3.10). In addition, the 

prediction of IDRs and MoRFs in PsaNZV-13 AvrPto5 was carried out. Because, some studies 

on host-pathogen interaction have claimed the function and translocation of the bacterial 

effectors are directly related to their IDRs (Marin et al., 2013). Therefore, the prediction was 

performed to verify whether PsaNZV-13 AvrPto5 has IDRs, particularly C-terminus to correlate 

segment - III function with IDRs. 

 

Figure 4.10 Protein sequence comparison of PsaNZV-13 AvrPto5 and PtoDC3000 AvrPto1. Based on which PsaNZV-13 

AvrPto5 was divided into three fragments. Fragment I - 1 to 50 AA, fragment II - 51 to 108 AA and fragment III 

- 109 to 158 AA. PtoDC3000 AvrPto1 was annotated by its myristoylation motif (2-9 AA), CD loop - (82-101 AA) 

and CT domain - (145-164 AA). 

 

Figure 4.11 Schematic illustration of PsaNZV-13 AvrPto5 and AcHIPP26 segment Y2H interaction. Among the 

segments tested, PsaNZV-13 AvrPto5 III and AcHIPP26 I segments were observed to have an interaction. 



106 

 

 

Figure 4.12 Y2H analysis of PsaNZV-13 AvrPto5 segment - II (bait) and three segments of AcHIPP26 (preys). Plate 

I - SD/-Leu-Trp medium; Plate II - SD/-Leu-Trp-His-Ade medium; Plate III - SD/-Leu-Trp-His-Ade + X-α-Gal 

40 µg/ml medium. 1 - Positive interaction control (Murine p53 + SV40 large T-antigen); 2 - Negative interaction 

control (Lamin + SV40 large T-antigen); 3 - Negative self-activation control (Bait and Prey vectors); 4 - Bait self-

activation control (PsaNZV-13 AvrPto5 SII + Prey vector (pADG2); 5 - Prey self-activation control (Bait vector + 

AcHIPP26 SI); 6 - Prey self-activation control (Bait vector + AcHIPP26 SII); 7 - Prey self-activation control (Bait 

vector + AcHIPP26 SIII); 8 - Bait (PsaNZV-13 AvrPto5 SII) + Prey (AcHIPP26 SI); 9 - Bait (PsaNZV-13 AvrPto5 

SII) + Prey (AcHIPP26 SII); 10 - Bait (PsaNZV-13 AvrPto5 SII) + Prey (AcHIPP26 SIII). The interaction table of 

this assay can be found in table A1-7 of the Appendix - 1. 
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Figure 4. 13 Y2H analysis of PsaNZV-13 AvrPto5 segment - III (bait) and three AcHIPP26 segments (prey). Plate 

I - SD/-Leu-Trp medium; Plate II - SD/-Leu-Trp-His-Ade medium; Plate III - SD/-Leu-Trp-His-Ade + X-α-Gal 

40 µg/ml medium. 1 - Positive interaction control (Murine p53 + SV40 large T-antigen); 2 - Negative interaction 

control (Lamin + SV40 large T-antigen); 3 - Negative self-activation control (Bait and Prey vectors); 4 - Bait self-

activation control (PsaNZV-13 AvrPto5 SIII + Prey vector (pADG2); 5 - Prey self-activation control (Bait vector + 

AcHIPP26 SI); 6 - Prey self-activation control (Bait vector + AcHIPP26 SII); 7 - Prey self-activation control (Bait 

vector + AcHIPP26 SIII); 8 - Bait (PsaNZV-13 AvrPto5 SIII) + Prey (AcHIPP26 SI); 9 - Bait (PsaNZV-13 AvrPto5 

SIII) + Prey (AcHIPP26 SII); 10 - Bait (PsaNZV-13 AvrPto5 SIII) + Prey (AcHIPP26 SIII). The interaction table of 

this assay can be found in table A1-8 of the Appendix - 1. 

4.3.8 Investigation of ID regions and MoRFs in PsaNZV-13 AvrPto5 

The PONDR® VL-XT (www.pondr.com; Predictor Of Naturally Disordered Regions) 

online tool was employed to look for intrinsically disordered regions (IDRs) in PtoDC3000 

AvrPto1 and PsaNZV-13 AvrPto5. The identification of IDRs in both effectors is based on a 

predominant presence of serine, glycine, proline, glutamate, glutamine, asparagine, arginine, 

aspartic acid, histidine and lysine amino acids; in contrast, methionine, phenylalanine and 

cysteine residues were less common. PtoDC3000 effector AvrPto1 has been demonstrated 

http://www.pondr.com/
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previously to possess IDRs (Wulf et al., 2004). The functionally significant myristoylation 

motif and CT domain were situated in IDRs of PtoDC3000 AvrPto1. Hence, IDRs prediction in 

PsaNZV-13 AvrPto5 was compared with that of PtoDC3000 AvrPto1 to elucidate common ID 

residue patterns. The amino acid lengths of PsaNZV-13 AvrPto5 and PtoDC3000 AvrPto1 were 158 

and 164 respectively. PtoDC3000 AvrPto1 prediction showed the four IDRs encompassing 

residues 12-55, 67-72, 87-105 and 128-164 (Figure 4.15) with a total of 64.6% ID residues. 

Within the IDRs, a high percentage were observed in the N and C-termini with 44 and 34 

residues respectively (Table 4.4).  

PsaNZV-13 AvrPto5 IDR prediction indicated the presence of 28.4% ID residues. Further 

observation of the prediction showed three IDRs. A comparison of PsaNZV-13 AvrPto5 and 

PtoDC3000 AvrPto1 IDR predictions revealed a comparatively low percentage of ID residues in 

PsaNZV-13 AvrPto5. The N-terminus part of PsaNZV-13 AvrPto5 has 30 ID residues (10 - 40) 

(Figure 4.14 & Table 4.3), which was comparable to the PtoDC3000 AvrPto1 N-terminus. 

However, the C-terminus region of PsaNZV-13 AvrPto5 did not show any reasonable ID residues 

compared with PtoDC3000 AvrPto1. This analysis suggested PsaNZV-13 AvrPto5 has ID regions 

in the PONDR® VL-XT prediction, with an especially high representation in the N-terminus 

region.  

To investigate the IDRs further a MoRF prediction was performed. A MoRF is a short 

disordered protein fragment within an IDR, which alters from disorder to order condition upon 

binding to a potential protein partner (Vacic et al., 2007). This characteristic MoRF region in 

an ID protein is critical for promiscuous interactions. To identify MoRF segments an online 

tool named MoRFchibi-web was utilized (Malhis et al., 2016). It is a recently developed software 

package that predicts MoRFs using three independent MoRF components such as 

physiochemical property, conserved MoRF sequence and that long IDRs tend to have a MoRF. 

An analysis of PtoDC3000 AvrPto1 for MoRF regions exhibited MoRFs at six places that are 

evenly distributed across the effector (Figure 4.17). The N-terminus had two MoRFs (1 - 9, 37 

- 43), two more MoRFs were present in the central region (64-73, 85-90) and the C-terminus 

had two longer MoRFs (117-130, 146-163) compared to others. In contrast, the MoRFs 

prediction in PsaNZV-13 AvrPto5 showed one predicted MoRF (133-157) at the C-terminus 

region (Figure 4.16). However, the MoRF had 25 amino acids (133-157) and a propensity score 

of >0.830, higher than the scores for the MoRFs identified in PtoDC3000 AvrPto1. In all, the 

MoRF prediction in both effectors illustrates a significant variability which might explain their 

different putative functions. 
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Figure 4.14 Intrinsically disordered regions prediction in PsaNZV-13 AvrPto5. A protein segment that lie 0.5 and 

above the PONDR score indicates a high probability of being ID region. The PONDR score between 0.0 – 0.4 

implies the ordered region of the protein. 

 

 

 

 

 

 

 

 

Figure 4.15 Intrinsically disordered regions prediction in PtoDC3000 AvrPto1. A thick black line in the prediction 

indicates a high chance of being ID region.  
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Table 4.3 The details on the predicted ID residues of PsaNZV-13 AvrPto5 

S.no Results of VL-XT prediction off PsaNZV-13 AvrPto5 

1 Predicted residues: 158 Number of disordered regions: 3 

2 Number of residues disordered: 45 Longest disordered region: 31 

3 Overall disordered percentage: 28.48 Average prediction score: 0.3711 

4 Predicted disorder region 10 – 40 Average strength = 0.7677 

5 Predicted disorder region 125 – 131 Average strength = 0.5564 

6 Predicted disorder region 152 – 158 Average strength = 0.7499 

 

 

 

 

Table 4.4 The details on the predicted ID residues of PtoDC3000 AvrPto1 

S.no Results of VL-XT prediction of PtoDC3000 AvrPto1 

1 Predicted residues: 164 Number of disordered regions: 4 

2 Number of residues disordered: 106 Longest disordered region: 44 

3 Overall disordered percentage: 64.63 Average prediction score: 0.5298 

4 Predicted disorder region 12 – 55 Average strength = 0.6694 

5 Predicted disorder region 67 – 72 Average strength = 0.5553 

6 Predicted disorder region 87 – 105 Average strength = 0.7783 

7 Predicted disorder region 128 – 164 Average strength = 0.6616 
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Figure 4.16 The prediction of MoRFs in PsaNZV-13 AvrPto5 using the MoRFchibi-web (MCW) tool. To identify the 

MoRF region in an ID protein a threshold point of 0.725 propensity score (orange line) is used. A light blue bar 

is the potential MoRF region. There are two peaks where the propensity score is 0.725 and more. However, these 

two peaks have less than five residues in length, the MoRF region is defined to have 5-25 residues length (Sharma 

et al., 2016) and 0.725 propensity score (Malhis et al., 2016). Hence, the regions with a high propensity score, but 

less than five residues length are not picked by the MoRFchibi-web tool as a MoRF. 

 

Figure 4.17 The prediction of MoRFs in PtoDC3000 AvrPto1 using the MoRFchibi-web (MCW) tool. A threshold 

propensity score of 0.725 is used for MoRF identification. Light blue bars denote the potential MoRF regions. 

There is discrepancy observed between the positions 10-20 and 40. The position 40 is marked as MoRF, but not 

the position 10-20. The MoRF prediction software is a bioinformatics tool developed based on the protein 

structures solved by X-ray and other protein structural analysis methods. Since it is the bioinformatics predicton 

tool based on the previously available data, a certain percentage of discrepancy could be expected in the prediction.  
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4.3.9 Western blotting of PsaNZV-13 AvrPto5 and AcHIPP26 

PsaNZV-13 AvrPto5 and AcHIPP26 proteins were found to be interacting when used as 

either bait or prey in Y2H (section 4.3.6). However, further evidence is required to confirm 

that these proteins interact in planta. As part of an in planta interaction assay, initially, a 

western blot was performed to determine PsaNZV-13 AvrPto5 and AcHIPP26 expression, as the 

basis for a Co-IP analysis. PsaNZV-13 AvrPto5 was cloned into the pGWB15 N-terminus 3xHA 

vector, and the pGWB18 N-terminus 4xMyc vector was utilized to clone AcHIPP26. These 

plant expression plasmids were transformed into A. tumefaciens (GV3101) and transiently 

expressed in N. benthamiana.  

The soluble and insoluble membrane proteins were isolated from N. benthamiana 

leaves infiltrated with PsaNZV-13 AvrPto5 and AcHIPP26. Both fractions were resolved on an 

SDS-PAGE gel and analyzed for expression by western blotting using HA and Myc antibodies 

independently. The insoluble membrane protein from PsaNZV-13 AvrPto5 infiltrated leaves 

showed an 18 kDa protein band which was an equivalent size to PsaNZV-13 AvrPto5 (Figure 

4.18). This protein band was not observed in the negative control (non-infiltrated leaves). 

Therefore, expression of PsaNZV-13 AvrPto5 in the insoluble membrane protein was confirmed. 

Western blotting of the insoluble membrane protein from AcHIPP26 infiltrated leaves showed 

no expression of AcHIPP26. There were protein bands, however, these bands did not 

correspond to the actual size of the protein (18 kDa) and they also appeared in the negative 

control. So, it was concluded that the expression of AcHIPP26 was not sufficient to be detected 

in tobacco leaves. 
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Figure 4.18 Western blotting of PsaNZV-13 AvrPto5 and AcHIPP26. 1 & 6 - Insoluble membrane protein of N-

terminus 3xHA: PsaNZV-13 AvrPto5 infiltrated leaves; 2 & 7 - Insoluble membrane protein of N-terminus 4xMyc: 

AcHIPP26 infiltrated leaves; 3 & 8 - Insoluble membrane protein of N-terminus 3xHA: PsaNZV-13 AvrPto5 and 

N-terminus 4xMyc: AcHIPP26 co-infiltrated leaves; 4 & 9 - Insoluble membrane protein from leaves without 

infiltration (Negative control); 5 - Positive control (N-terminus 3xHA: PsaNZV-13 AvrRpm1 around 24 kDa); 10 - 

Positive control (4xMyc: YFP around 26 kDa). Expected sizes of PsaNZV-13 AvrPto5 and AcHIPP26 were 18 kDa 

and 17.2 kDa respectively. Black arrow marks PsaNZV-13 AvrPto5 protein band whose size is 18 kDa.  

4.3.10 in planta verification of PsaNZV-13 AvrPto5 and AcHIPP26 interaction 

The result of the immunoblotting indicated PsaNZV-13 AvrPto5 expression in the 

insoluble membrane fraction (Figure 4.18). This prompted the utilization of insoluble 

membrane protein for co-immunoprecipitation. The insoluble membrane proteins were isolated 

from PsaNZV-13 AvrPto5, and AcHIPP26 co-expressing N. benthamiana leaves. The 

immunoprecipitation (IP) of the proteins was carried out using α-HA and α-Myc beads 

independently. In SDS-PAGE, the gel was divided into two parts, on one part, 

immunoprecipitated proteins by α-HA and α-Myc beads and the negative control were loaded. 

In another part, the same protein loading pattern was also followed. The two parts of protein 

loading in SDS-PAGE was to probe the immunoprecipitated proteins with both HA and Myc 

antibodies independently to verify the interaction. These proteins were separated by SDS-

PAGE gel electrophoresis and transferred to the blot membranes. The immunoblotting of the 

HA and Myc blots was independently carried out using HA and Myc horseradish peroxidase 

antibodies respectively. In a potential interaction scenario, an 18 kDa PsaNZV-13 AvrPto5 

protein band should appear in HA immunoprecipitated protein as well as in Myc 

immunoprecipitated protein. Similarly, the AcHIPP26 protein band (17.2 kDa) should also be 

visible in both HA and Myc immunoprecipitated proteins. This scenario was not observed, only 
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PsaNZV-13 AvrPto5 or AcHIPP26 protein band was found in immunoblotting using respective 

antibodies (Figure 4.19). Thus, it is summarized that PsaNZV-13 AvrPto5 and AcHIPP26 

interaction could not be detected in planta. This finding is incongruent from Y2H result, a 

prime reason for not observing the similar result as Y2H in Co-IP could be the reaction 

condition, i.e., the detergent used in the Co-IP to solubilize the proteins sometime might break 

the protein complex.  

 

Figure 4.19 in planta co-immunoprecipitation of PsaNZV-13 AvrPto5 and AcHIPP26. Transiently N-terminus 

3xHA pGWB15: PsaNZV-13 AvrPto5 and N-terminus 4xMyc pGWB18: AcHIPP26 were expressed in N. 

benthamiana which followed by the insoluble protein fraction was extracted. The insoluble protein was 

immunoprecipitated using α-HA or α-Myc beads, and western blotted with α-HA or α-Myc antibodies. In Co-IP, 

the expression of PsaNZV-13 AvrPto5 and AcHIPP26 with N-terminus tags was consistent with Y2H assay where 

PsaNZV-13 AvrPto5 (bait) and AcHIPP26 (prey) were generated with N-terminus DNA Binding Domain (DBD) 

and Activation Domain (AD). 

4.3.11 Agrobacterium-mediated infiltration of PsaNZV-13 AvrPto5 in tobacco species 

Three days following the infiltration of N. benthamiana and N. tabacum leaves with 

Agrobacterium harbouring N-terminus 3xHA pGWB15: PsaNZV-13 AvrPto5 no HR was 

observed in either species (Figure 4.20). This result suggests a non-host resistant response via 

resistance protein recognition of PsaNZV-13 AvrPto5 may be absent in both species of tobacco.  
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Figure 4.20 Transient expression of PsaNZV-13 AvrPto5 in tobacco species. N. benthamiana (A) and N. tabacum 

(B). A1 and B1 - Empty vector (Negative control); A2 and B2 - PsaNZV-13 HopZ5 (Positive control); A3 and B3 - 

PsaNZV-13 AvrPto5. 

 

4.4 Discussion 

4.4.1 Y2H system to identify PsaNZV-13 AvrPto5 host targets in kiwifruit 

The use of the Y2H system is valuable in uncovering potential protein-protein 

interactions (Auberch and Stagljar, 2005). It is one of the methods alongside affinity 

purification & mass spectrometry used to study the interaction of proteins in Arabidopsis, yeast 

and human (Lu, 2012). In plant-pathogen interactions, Y2H is a commonly adopted method by 

which the targets of bacterial, oomycete and fungal effectors have been identified (Cesari et 

al., 2013; Mukhtar et al., 2011). Therefore, the Y2H system was employed in this study to mine 

the host targets of PsaNZV-13 AvrPto5 in kiwifruit. The yeast mating methodology was used to 

screen a kiwifruit cDNA library with PsaNZV-13 AvrPto5. To adopt this method, firstly a cDNA 

library (prey) was developed in vivo, i.e. in prey yeast cells. The bait to be used in the screening 

was expressed in the bait yeast strain and studied for its autoactivation and toxicity. In this 

study, the bait (PsaNZV-13 AvrPto5) showed neither autoactivation nor toxicity in yeast (Figure 

4.1 & 4.2), indicating PsaNZV-13 AvrPto5 is an appropriate bait for screening. Since the bait and 
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prey yeast strains are opposite mating types, these can be mated and results in diploid yeast 

cells harbouring both bait and prey constructs. The resulting diploid yeast cells can be plated 

on appropriate selection medium to identify the interaction.  

As described above, Y2H screening was carried out and 53 positive interactions 

identified. More than one million prey clones must be screened with the bait to find out the 

genuine genuine. In this experiment, 5.3 million prey clones were screened, which was five 

times higher than the recommended criteria, suggesting an efficient cDNA library screening. 

This calculation is based on the diploid yeast cells generated in the screening. After the 

screening experiment, 100 µl diploid cells were serially diluted on SD/-Leu-Trp media, the 

diploid colonies appear on the media will be counted. Later, it was used to calculate CFU/ml 

and multiplied by the volume of solution used to resuspend cells after the mating. It was evident 

that a large number of the positive interactions obtained while screening a cDNA library, but 

some may be false positives. To authenticate the interaction, the prey plasmids were isolated 

from the 53 positive interactions and restriction digested. The insert pattern in the restriction 

digestion demonstrated a significant number of duplicate inserts. Many of the positive 

interactions found during the screening were confirmed as false positives in subsequent Y2H 

assays. The sequencing of a few of the false positives showed an abundantly expressed 

actinidin, pyruvate decarboxylase and ACC oxidase proteins. In fact, this trend corresponds to 

Y2H vulnerability to false positives and low positive interaction reproducibility (Auberch and 

Stagljar, 2005). For that reason, a positive interaction control, a negative interaction control, a 

true interaction control (Pgy AvrB + AtRIN4), a negative self-activation control, a bait self-

activation control and a prey self-activation control were used while identifying positive 

interactions. As a result, AcHIPP26, AcATPase and AcPRP proteins were confidentially 

identified as potential positive interactors of PsaNZV-13 AvrPto5.  

4.4.2 PsaNZV-13 AvrPto5 and kiwifruit proteins interaction in Y2H 

 Y2H screening of a kiwifruit cDNA library concluded AcATPase, AcPRP and 

AcHIPP26 proteins were the putative interacting partners of PsaNZV-13 AvrPto5. These were all 

the partial length proteins at the time of their identification in Y2H screening. RT-PCR 

amplified full-length copies of those genes was used once more to verify the interaction with 

the bait. The full-length AcATPase and AcPRP proteins did not interact (Figure 4.7). The 

discrepancy observed in the full-length AcATPase and AcPRP interactions were possibly due 
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to domain interaction being prevented by steric hindrance caused by the folding of other 

portions of the protein (Auberch and Stagljar, 2005). 

The full-length copy of AcHIPP26 interacted with PsaNZV-13 AvrPto5 as prey and bait 

(Figure 4.8 & 4.9). This indicates a true interaction between the two proteins in Y2H. 

Moreover, in the fragment-wise Y2H analysis, the putative domains (AvrPto5 III and 

AcHIPP26 I segments) of these proteins responsible for the interaction were identified (Figure 

4.13). PsaNZV-13 AvrPto5 segment - III consists of residues from 109 to 158 which includes the 

C-terminus region. In Y2H, the protein-protein interaction occurs in the nucleus. Thus the Y2H 

system may not be suitable for transmembrane and secreted proteins. Because the 

transmembrane proteins need to be embedded in the plasma membrane to acquire a native 

structure for function and the secreted proteins require a signal for activation (Li et al., 2016). 

In this study, PsaNZV-13 AvrPto5 and AcHIPP26 proteins are neither transmembrane nor 

secreted proteins. Instead, both have a putative plasma membrane localization adjacent to the 

cytoplasm. Hence, neither need any special requirements to study their interactions by Y2H. 

So the interaction identified between PsaNZV-13 AvrPto5 and AcHIPP26 in Y2H is biologically 

plausible.  

The AcHIPP26 is a putative metallochaperone protein based on protein sequence; it has 

a heavy metal-associated domain (HMA) and a C-terminus isoprenylation motif (CaaX) (Barth 

et al., 2009). In Arabidopsis, the metallochaperone proteins form a family of 67 members in 

which 45 of them are heavy metal-associated isoprenylated plant proteins (HIPPs), and 22 are 

heavy metal-associated plant proteins (HPP) that lack an isoprenylation motif (Barth et al., 

2009; Tehseen et al., 2010). Little is known about the heavy metal-associated proteins; some 

studies on HIPPs in Arabidopsis show they have roles in sustaining metal ion balance and 

detoxification, (Chandran et al., 2008; Gao et al., 2009; Suzuki et al., 2002; Tehseen et al., 

2010) and regulating abiotic stress responses (Barth et al., 2009; Barth et al., 2004). The 

AcHIPP26 protein sequence has the characteristic feature of an HIPP protein (Figure 4.21) that 

indicate it may have the roles outlined above in kiwifruit. 
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Figure 4.21 HIPP proteins sequence alignment. The HIPP proteins from kiwifruit, Arabidopsis, rice, grape, 

tomato and barley were compared in Geneious v8.1.2 (Kearse et al., 2012). The conserved heavy metal domain 

35-81 amino acids is indicated in red and isoprenylation motif 152 - 155 amino acids is indicated in red. 

 

 

Figure 4.22  Protein sequence alignment of AcHIPP26 and Pikp-1 heavy metal-associated (HMA) domains. A 

pairwise amino acid identity of 28.6% is observed between the two domains. 

 

Several strands of evidence suggest that the metallochaperones may have a role in plant 

defence and hence be a target for effectors. In the rice and Xanthomonas oryzae pv. oryzae 

(Xoo) interaction, PXO99 is a Xoo strain susceptible to copper ions that secrete a TAL effector 

PthXo1 into rice cells. The effector induces Xa13, a susceptibility gene, which then activates 

COPT1 and COPT5 metallochaperones to lower copper levels and favour pathogen spread 

(Yuan et al., 2010). In another study, small heavy metal-associated proteins (sHMA) in rice 

were isolated as the host targets of Magnaporthe oryzae effector AVR-Pik in Y2H screening. 

Further investigations showed that the sHMA proteins were necessary for pathogen virulence 

(Kanzaki et al., 2016).  

AtHIPP3 is a HIPP protein in Arabidopsis and was observed to be expressed at high 

levels when the plant was inoculated with PtoDC3000 in parallel with other pathogen response 

genes used in the study (Zschiesche et al., 2015). A recent and emerging concept of disease 

resistance is known as the integrated decoy model, whereby, the pathogen effector host target 

domain is fused to a resistance protein. The host target domain acts as a mimic of the host target 

for pathogen effector interaction, and upon interaction, the resistance protein is activated. Pikp-

1 is a rice CC-NLR resistance protein which has an unusual heavy metal-associated (HMA) 

domain fusion in-between the CC-NLR domains (Maqbool et al., 2015). The HMA domain is 

targeted by M. oryzae effector AVR-Pik D (Maqbool et al., 2015); thereby, the resistance 

response develops by activating an associated CC-NLR protein Pikp-2 (Kanzaki et al., 2012). 
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Given the fact that sHMA proteins are the virulence targets of M. oryzae and the presence of 

the HMA domain (decoy) in Pikp-1 resistance protein suggests rice may have undergone 

coevolution with the pathogen. As a result, the host target (sHMA) domain has been 

incorporated into the Pikp-1 to mimic a host target of the effector so that rice could halt 

pathogen infection by recognizing that effector. Overall, this information provides convincing 

evidence that AcHIPP26 could be a genuine host target of PsaNZV-13 AvrPto5. This interaction 

needs to be confirmed in planta. 

4.4.3 PsaNZV-13 AvrPto5 and AcHIPP26 in planta interaction 

To investigate the in planta interaction of PsaNZV-13 AvrPto5 and AcHIPP26, as a first 

step an immunoblotting experiment was performed to ascertain the expression of the proteins 

and the state of their expression whether in the soluble or insoluble fraction. PsaNZV-13 AvrPto5 

was expressed in the insoluble membrane fraction (Figure 4.18). This is possible because of 

the putative myristoylation motif of the effector. In myristoylation, a myristate group is 

irreversibly incorporated to the N-terminus glycine2 residue of a protein by N-

myristoyltransferase (Martin et al., 2011; Resh, 1999). Consequently, the protein associates 

with a membrane that facilitates the interaction of the protein with other proteins (Martin et al., 

2011). PtoDC3000 AvrPto1 has also been found to have the N-myristoylation motif, a protein gel 

blot of that from tobacco showed the expression in the membrane fraction (Shan et al., 2000). 

Further, this motif is required for PtoDC3000 AvrPto1 virulence and avirulence functions in 

tobacco and tomato (Shan et al., 2000). The prevalence of the myristoylation motif in PsaNZV-

13 AvrPto5 and its expression in the insoluble state may indicate the existence of a similar 

membrane localization as PtoDC3000 AvrPto1.  

AcHIPP26 also has a myristoylation motif in the N-terminus region (Gly2) and an 

isoprenylation motif (CaaX) at the C-terminus that would promote membrane localization. As 

described PsaNZV-13 AvrPto5 expression was in the insoluble membrane fraction and the 

presence of the myristoylation motif in AcHIPP26 supports a sensible prediction of the putative 

interaction localized at a membrane between these two proteins in planta. AcHIPP26 

expression in the insoluble membrane fraction was not detected by western blot. HIPP proteins 

have different expression profiles (de Abreu-Neto et al., 2013), and AtHIPP26 is the best match 

to AcHIPP26 in BLAST® searches and is induced only during abiotic stress conditions (Barth 

et al., 2009). This indicates AcHIPP26 expression might be low under normal circumstances, 

and expression may only occur during abiotic stress conditions as for AtHIPP26. Despite using 
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35S promoter to express the AcHIPP26 in this study, still there is a possibility that plant may 

suppress the expression of protein due to its role. Therefore, this may have accounted for the 

inability to detect AcHIPP26 expression by western blot assay. In Co-IP, no evidence for the 

in planta interaction between PsaNZV-13 AvrPto5 and AcHIPP26 was observed (Figure 4.19). 

Though Co-IP is a robust and sensitive method for detecting protein-protein interactions, 

sometimes weak interactions may not be detected. Moreover, a detergent which was used to 

solubilize the insoluble membrane protein fraction may have affected the PsaNZV-13 AvrPto5 

and AcHIPP26 interaction complex. 

4.4.4 Intrinsically disordered residues in PsaNZV-13 AvrPto5 

The role of intrinsically disordered proteins is well characterized in plants. This has 

been documented from a bioinformatics study of the Arabidopsis proteome that illustrated that 

proteins required for plant development, signaling, stress and cell cycle orchestration have 

acquired intrinsically disordered regions (IDRs) (Pietrosemoli et al., 2013). Intrinsically 

disordered (ID) proteins or regions are identified as partially or fully devoid of ordered 

secondary or tertiary structure (Marin and Ott, 2014; Pietrosemoli et al., 2013). Due to their 

lack of structure, these can be fundamentally pliable in protein interactions (Pietrosemoli et al., 

2013). In recent times, IDRs have also been identified in plant bacterial effector proteins (Marin 

et al., 2013), suggesting the effectors may have evolved to associate with several plant proteins. 

The N and C-termini of PtoDC3000 effector AvrPto1 have been predicted to be intrinsically 

disordered (Wulf et al., 2004). It is noteworthy that the critical regions in PtoDC3000 AvrPto1 

such as the myristoylation motif, T3S signal, and CT domain were located in IDRs (Anderson 

et al., 2006; Marin and Ott, 2014). The myristoylation motif is essential for virulence and 

avirulence activities in tomato and tobacco (Shan et al., 2000). The T3S signal assists the 

translocation of the effector from the bacterial cytoplasm into the plant cell cytoplasm. The CT 

domain is an important virulence inducing element in tomato, and this domain also induces an 

Rpa mediated (Recognition of phosphorylated avrPto) HR in tobacco (Yeam et al., 2010). In 

all, this suggests the existence of a direct correlation between the function of PtoDC3000 AvrPto1 

and IDRs. Thus, IDRs predicted in PtoDC3000 AvrPto1 was compared with PsaNZV-13 AvrPto5 

so that the comparison would provide a basic clue about PsaNZV-13 AvrPto5 functionality with 

respect to IDRs.     

 PsaNZV-13 AvrPto5 was predicted to have 45 ID residues (28%) and a MoRF fragment 

at the C-terminus. IDRs of PsaNZV-13 AvrPto5 were characterized by the disorder enhancing 
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residues such as serine, glycine, glutamate, glutamine, proline, arginine and aspartate (Hansen 

et al., 2006; Marin and Ott, 2014) (Figure 4.14 & Table 4.3). While PtoDC3000 AvrPto1 was 

observed with 64% ID residues that include a long section of the N and C-termini (Wulf et al., 

2004) and six MoRF fragments scattered evenly throughout the effector. If the PsaNZV-13 

AvrPto5 prediction was compared with PtoDC3000 AvrPto1, a striking difference was observed 

concerning the percentage of ID residues and MoRFs. The MoRF is a small disordered protein 

segment of 5 to 25 amino acids in length (Sharma et al., 2016) usually present in long stretches 

of IDRs. After binding with a protein partner, the MoRF can change from disordered to ordered 

(Vacic et al., 2007). This property is believed to offer the promiscuity and flexibility for IDPs 

to interact with many partner proteins (Marin and Ott, 2014). In the fragment-wise Y2H study 

PsaNZV-13 AvrPto5 segment - III interacted with the AcHIPP26 segment - I. The segment - III 

of PsaNZV-13 AvrPto5 has been predicted to possess ID residues and a long fragment of MoRF 

(133-157 AA). Since the IDRs in effectors are believed to correlate positively with function 

and the MoRF is the protein binding region of IDP. There is a high probability that these two 

features of the PsaNZV-13 AvrPto5 segment - III favour the interaction with the AcHIPP26 

segment - I. Thus, IDRs in plant bacterial effector proteins could be a fitness factor for bacteria 

at the time of the host manipulation. 

4.4.5 PsaNZV-13 AvrPto5 non-host resistance in tobacco species 

 Transient expression of PsaNZV-13 AvrPto5 in tobacco species N. benthamiana 

and N. tabacum did not result in an HR. This observation may be due to an absence of a 

corresponding resistance gene in both species (Figure 4.20). In contrast, expression of the 

carboxyl terminus (146-164 residues) of PtoDC3000 AvrPto1 causes an HR in N. sylvestris and 

N. tabacum (Shan et al., 2000; Yeam et al., 2010). The phosphorylation of AvrPto1 by the 

action of a plant kinase (Avk)  following delivery into the plant cell (Martin, 2012) is thought 

to enable recognition of the effector by a putative resistance protein Rpa (Resistance to 

phosphorylated avrPto) (Yeam et al., 2010). The absence of a similar response following 

PsaNZV-13 AvrPto5 transient expression indicates the carboxyl terminus of this effector may be 

lacking key residues responsible for HR in tobacco, with PsaNZV-13 AvrPto5  having a different 

function to PtoDC3000 AvrPto1. 

In summary, PsaNZV-13 AvrPto5 screening of a kiwifruit cDNA library revealed several 

positive interactions. Convincing evidence was obtained from Y2H experiments that a heavy 

metal-associated isoprenylated plant protein 26 (AcHIPP26) was making a complex with 
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PsaNZV-13 AvrPto5. Also, PsaNZV-13 AvrPto5 SIII and AcHIPP26 SI domains were likely 

required for the interaction in Y2H. However, proof of this interaction in planta remained 

elusive.  Similarly, no evidence was found for PsaNZV-13 AvrPto5 mediated non-host resistance 

in N. benthamiana and N. tabacum. Future work may be undertaken to ascertain whether 

kiwifruit HIPP proteins are the host targets of Psa. 
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Chapter 5 

Functional analysis of PsaNZV-13 HopF2 

 

5.1 Introduction 

Pseudomonas syringae is a phytopathogenic organism that causes disease in various 

crops around the world. This capability of the pathogen is possible because of its diverse type 

III secretion system effector weaponry. It has around 60 different effector families of which 

the HopF family is one that has more than 100 different alleles (Lo et al., 2017) and is 

widespread in P. syringae pathovars (Hurley et al., 2014). HopF1 of P. syringae pv. 

phaseolicola 1449B was the first effector in the HopF family to be characterized; it triggers an 

HR in bean varieties which harbour the R1 resistance gene. In the absence of the R1 resistance 

gene, the disease develops (Tsiamis et al., 2000). HopF2 is another effector in the family that 

is found in P. syringae pv. tomato DC3000. It was demonstrated to target the RIN4 host protein 

and enhance virulence in A. thaliana (Wilton et al., 2010). On the other hand, the transient 

expression of PtoDC3000 HopF2 in N. tabacum (W38) induced the hypersensitive response 

(Robert-Seilaniantz et al., 2006). Even though several alleles of HopF are conserved across P. 

syringae pathovars, Pph1449B HopF1 and PtoDC3000 HopF2 are the only two effectors studied 

until now.  

In chapter four, the analysis of PsaNZV-13 AvrPto5 identified putative host targets 

notably the AcHIPP26 protein in Y2H screening. Unfortunately, corroborating evidence for 

their interaction in planta was not observed. In addition, a non-host resistance response was 

not observed while transiently expressing PsaNZV-13 AvrPto5 in tobacco species. These two 

outcomes have hindered further analysis of PsaNZV-13 AvrPto5. Hence, another effector from 

Psa was considered for analysis. In Psa biovar3, a HopF2 allele has been identified which is 

also conserved in other canker-causing Psa biovars such as 1, 2 and 5, as is PsaNZV-13 AvrPto5 

(Fujikawa and Sawada, 2016; McCann et al., 2013). The distinctive conservation of HopF2 in 

Psa biovars and precursor studies on the role of PtoDC3000 HopF2 in suppressing early immune 

signalling mechanism makes a good case for choosing HopF2 for further analysis. Thus, two 

research goals are addressed in this chapter; one is whether PsaNZV-13 HopF2 has a similar 
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function as PtoDC3000 HopF2 in tobacco species. The second is to identify the host targets of 

PsaNZV-13 HopF2 in kiwifruit by Y2H screening.  

5.2 Materials and Methods  

5.2.1 PCR amplification of PsaNZV-13 HopF2  

To amplify PsaNZV-13 HopF2 from PsaNZV-13 genomic DNA, primers were designed 

corresponding to the PsaNZV-13 HopF2 DNA coding sequence (Table 5.1). PCR was performed 

by adopting initial denaturation for 3 minutes at 95°C. Subsequently, 32 PCR cycles consisting 

of denaturation for 30 seconds at 95°C, annealing for 30 seconds at 52°C, elongation for 55 

seconds at 72°C and a final elongation of 8 minutes at 72°C in a TC 412 thermocycler (Techne). 

The PCR reaction was analysed on a 1% agarose gel and visualised for the expected product 

(section 2.2.8.2), later it was gel purified, ligated into entry vector (pCRTM8/GW/TOPO®; 

Invitrogen, U.S.A) and transformed in E. coli (section 2.2.9). Ultimately, the plasmids isolated 

from positive transformants were sequenced (Macrogen, South Korea) and their identity 

verified in Geneious v8.1.2 (Kearse et al., 2012). Then, PsaNZV-13 HopF2 entry clones were 

included in an LR reaction (section 2.2.10) together with the bait vector (pBDG2) (Maier et 

al., 2008) to generate bait plasmids which were later verified for the in-frame insert presence 

by PCR. 

5.2.2 HopF2 effector sequence comparison and identification of IDRs and MoRFs 

PsaNZV-13 HopF2 and PtoDC3000 HopF2 protein sequences were aligned in Geneious v8.1.2 

(Kearse et al., 2012) to reveal the percentage sequence identity and confirm the conservation 

of critical amino acids. To identify intrinsically disordered regions (IDRs) in both effectors, 

the protein sequences were analysed using an online tool, PONDR® (www.pondr.com), with 

the prediction performed by choosing VL-XT. Similarly, to find MoRFs in either effector an 

online tool, MoRFchibi-web (http://morf.chibi.ubc.ca:8080/mcw/index.xhtml (Malhis et al., 

2016), was employed. 

5.2.3 Bait autoactivation test 

The autoactivation of the histidine marker by the bait (PsaNZV-13 HopF2) was tested as per 

section 2.2.13. 

http://www.pondr.com/
http://morf.chibi.ubc.ca:8080/mcw/index.xhtml
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5.2.4 Bait toxicity test  

Bait plasmid (pBDG2: PsaNZV-13 HopF2) or bait vector (pBDG2) was transformed into the bait 

yeast strain (Y2H gold; Clontech, U.S.A) according to the protocol employed previously 

(section 3.2.6.2). Yeast cells (100 µl) from the transformation were plated on SD/-Trp agar 

medium, incubated for 4 days at 30°C. The bait yeast strain harbouring PsaNZV-13 HopF2, 

HopF2R72A, HopF2D174A and the bait vector (pBDG2) were independently assessed for mating 

efficiency with the prey vector (pGADT7-Rec) harbouring prey yeast cells. A scoop of the bait 

and prey yeast cells were dotted together on YPDA agar medium and incubated for about six 

hours at 30°C. Then, sterile water (200 µl) was used to suspend yeast cells that were 

subsequently spread on SD /-Leu-Trp medium and incubated for 4 days at 30°C. 

5.2.5 Y2H screening 

Y2H screening of the kiwifruit cDNA library with PsaNZV-13 HopF2 was performed based on 

Matchmaker® Gold Yeast Two-Hybrid system protocol (Clontech, U.S.A) as detailed in 

section 4.2.5. 

5.2.6 Yeast plasmid isolation 

A small scoop of yeast cells harbouring prey plasmid was suspended in a 0.2 ml PCR tube 

containing 50 µl 20 mM NaOH. This tube was incubated for 10 minutes at 98°C, then 

immediately cooled on ice for 5 minutes and centrifuged in a desktop centrifuge (Scilogex) for 

about 2 minutes. Supernatant (45 µl) was collected in a new 1.5 ml microcentrifuge tube to 

which 2.5 volumes of ice-cold 100% ethanol were added followed by 15 minutes incubation 

on ice. The tube was centrifuged at 18,000g at 4°C for 20 minutes in a 5424 R microcentrifuge. 

The supernatant was aspirated, and 70% ethanol was used to wash the pellet. Finally, the tube 

was dried for 10-15 minutes at room temperature. The pellet was resuspended using 15 µl MQ 

water; the extracted plasmid was transformed into E. coli, and the plasmids were re-isolated as 

per section 2.2.9. 

5.2.7 Y2H assay  

A Y2H assay was performed as elaborated in section 4.2.5.4 to discover the interaction between 

PsaNZV-13 HopF2 and prey clones. An identified prey clone AcSUB from the Y2H screening 

was RT-PCR amplified from kiwifruit cDNA. In a 0.2 ml PCR tube, 1 µl cDNA, 2.5 µl 10x 

PCR buffer, 1 µl 10 µM forward and reverse primers, 0.5 µl 10 mM dNTPs, 0.75 µl 50 mM 
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MgCl2 and 0.1 µl (2.5 units/µl) Platinum® Taq DNA polymerase (Invitrogen, U.S.A) and PCR 

water to 25 µl were added. The PCR amplification began with an initial denaturation at 94°C 

for 3 minutes, and subsequent 30 cycles of denaturation for 30 seconds at 94°C, annealing for 

30 seconds at 52°C and elongation for 50 seconds at 72°C and a final elongation for 10 minutes 

at 72°C in a Bio-Rad thermocycler (Bio-Rad, U.S.A). After that, the PCR reaction was 

fractionated on a 1% agarose gel by electrophoresis and verified for the DNA fragment (section 

2.2.8.2). The fragment was cloned into the entry vector, which was subsequently cloned into 

the prey (pADG2) and bait (pBDG2) vectors by LR reaction, and expressed in prey and bait 

yeast strains respectively. Similarly, AtRIN4, AcRIN4-1, 2 and 3 prey constructs were 

developed as above. The entry clones of these were kindly provided by Dr Minsoo Yoon, Plant 

& Food Research. Later, these prey plasmids were expressed in prey yeast cells and a Y2H 

assay performed with PsaNZV-13 HopF2 according to section 4.2.5.4. 

5.2.8 Plant expression studies and protein manipulation 

Electroporation of A. tumefaciens with appropriate plasmids was performed according to 

section 4.2.7.2. Similarly, the transient expression of Agrobacterium clones in tobacco was 

carried out as per section 4.2.7.3. Protein extraction, western blotting and co-

immunoprecipitation of PsaNZV-13 HopF2 and AcSUB were performed as described in section 

4.2.8. 

5.2.9 Gene mutagenesis analysis 

5.2.9.1 Site-directed mutagenesis PCR of PsaNZV-13 HopF2 

Entry plasmid (pCR™8/GW/TOPO®; Invitrogen, U.S.A) containing PsaNZV-13 HopF2 was 

utilized as a template for site-directed mutagenesis PCR. To introduce alanine mutations to 

PsaNZV-13 HopF2 G2, R72 and D174 residues a protocol of QuickChange® site-directed 

mutagenesis PCR was adopted (Stratagene; U.S.A). The PCR primers for three mutations were 

designed according to the mutation requirements in PsaNZV-13 HopF2 (Table 5.1). The PCR 

amplification was performed in a 25 µl reaction volume, and the reagents were prepared as 

followed: 1 µl template (100 ng), 2.5 µl 10x Pfx amplification buffer, 0.6 µl 10 µM of both 

primers, 0.75 µl 50 mM MgSO4, 2 µl 10 mM dNTPs, 1 µl (2.5 units/µl) of Platinum® Pfx DNA 

polymerase and PCR grade water to 25 µl. The PCR amplification was carried out by an initial 

denaturation at 94°C for 2 minutes, and 18 cycles of denaturation at 94°C for 30 seconds, 

annealing at 52°C for 30 seconds, elongation at 68°C for 4 minutes and a final elongation at 
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68°C for 10 minutes in a thermocycler (Techne). PCR reaction (5 µl) from each was resolved 

on a 1% agarose gel and the PCR products were analysed as per section 2.2.8.2. Later, the 

remaining PCR reaction was purified by DNA Clean and ConcentratorTM-5 (Zymo Research; 

U.S.A) and digested with DpnI (Invitrogen; U.S.A) by adding 17 µl PCR product, 2 µl 10x 

Tango buffer and 1 µl (10 units) DpnI enzyme, and incubated overnight at 37°C to eliminate 

non-mutated plasmids. The fragments were further evaluated on a 1% agarose gel by 

electrophoresis, then purified using the ZymocleanTM Gel DNA recovery kit. To confirm 

whether the expected mutations occurred in the plasmid, E. coli transformation was carried out 

(section 2.2.9). The plasmids were isolated from the transformants, sequenced (Macrogen; 

South Korea) and the expected sequence corroborated using Geneious v8.1.2 (Kearse et al., 

2012) before use. 

Table 5.1  PsaNZV-13 HopF2 PCR primers for site-directed mutagenesis 

S.no PsaNZV-13 HopF2 Nucleotide sequence 

1 G2A forward primer GAATTCGCCCTTATGGCTAATGTTTGTGGTACT 

2 G2A reverse primer AGTACCACAAACATTAGCCATAAGGGCGAATTC 

3 R72A forward primer ACTCTGAGACTGCCCTTTATGCAACAACGGATAAAACATACTT 

4 R72A reverse primer AAGTATGTTTTATCCGTTGTTGCATAAAGGGCAGTCTCAGAGT 

5 D174A forward primer GGTAAGGTTTATTCTGCTGTCTCGGCAGTAGCC 

6 D174A reverse primer GGCTACTGCCGAGACAGCAGAATAAACCTTACC 

Note - Underlined letters indicate the mutation that is going to be incorporated in PsaNZV-13 HopF2 by PCR. 

5.2.9.2 Agro-infiltration of wild-type or mutated PsaNZV-13 HopF2 

Wild type or mutated versions of PsaNZV-13 HopF2 were cloned into a 35S CMV promoter 

containing pGWB15 binary plant expression vector by LR reaction. The resulting plasmids 

were successively expressed in the A. tumefaciens GV3101 strain according to section 4.2.7.2. 

Then, A. tumefaciens clones were cultured and infiltrated on three-week old N. tabacum or N. 

benthamiana leaves as described in section 4.2.7.3. 

5.2.10 Co-infiltration of PsaNZV-13 HopF2 and NbRIN4 RNAi silencing construct 

RNAi RIN4 silencing construct (pTKO2 NbRIN4 - Kindly provided by Dr Minsoo Yoon, Plant 

& Food Research, Auckland) that silences the expression of the RIN4 protein in N. 

benthamiana was used in N. tabacum. A. tumefaciens clone harbouring RNAi RIN4 or RNAi 

empty vector silencing construct was cultured and diluted to 3.2 x 108 CFU (OD600 - 0.4). 
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Similarly, A. tumefaciens expressing PsaNZV-13 HopF2 or HopF2G2A construct was prepared at 

different CFU concentrations of 8 x 107 (OD600 - 0.1), 4 x107 (OD600 - 0.05), 1.6 x 107 (OD600 

- 0.02) and 8 x 106 (OD600 - 0.01) to which 3.2 x 108 (OD600 - 0.4) CFU of RNAi RIN4 or RNAi 

empty vector silencing construct was mixed into each dilution.  The effector alone was 

infiltrated on one part of the leaf, and either effector and RNAi RIN4 or RNAi empty vector 

silencing construct combination were infiltrated on the other side of three-week old N. tabacum 

leaves. Three days post infiltration, the phenotype at each infiltration site was verified. 

5.3 Results 

5.3.1 PsaNZV-13 HopF2 and PtoDC3000 HopF2 protein sequence comparison 

PsaNZV-13 HopF2 was compared to the PtoDC3000 HopF2 protein sequence to explore 

sequence identity and verify that amino acids shown to be critical in PtoDC3000 HopF2 were 

conserved in PsaNZV-13 HopF2. Firstly, the protein sequences of both effectors were aligned in 

Geneious v8.1.2 using a global alignment (Kearse et al., 2012) (Figure 5.1). The length of 

PtoDC3000 HopF2 and PsaNZV-13 HopF2 effectors were 204 and 205 amino acids respectively. 

The alignment showed 57.6% amino acid identity, and the identical amino acids were 

reasonably distributed across the sequence in the alignment and were not confined to a single 

domain. However, the C-terminus region exhibited a slightly higher identity than the rest of 

the protein.  

Based on the protein sequence alignment, the critical residues in PtoDC3000 HopF2 

namely glycine 2, arginine 71 and aspartic acid 175 residues were also present in PsaNZV-13 

HopF2 at glycine 2, arginine 72 and aspartic acid 174 positions (Figure 5.1). The glycine 2 

residue in PtoDC3000 HopF2 is required for plasma membrane localization (Robert-Seilaniantz 

et al., 2006).  The ADP-ribosyltransferase residues arginine 71 and aspartic acid 175 are vital 

for RIN4 mediated virulence in Arabidopsis (Wilton et al., 2010) and induce the hypersensitive 

response in N. tabacum (Wang et al., 2010). PtoDC3000 HopF2 has an atypical ATA start codon 

(Shan et al., 2004), which was absent in PsaNZV-13 HopF2 which has an ATG start codon. 

Altogether, this result shows a reasonable level of identity between these two effectors. 
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Figure 5.1 The protein sequence alignment of PsaNZV-13 HopF2 and PtoDC3000 HopF2. Black bands in the figure 

represents M-Myristoylation motif (2-9 AA), R and D - ADP-ribosyltransferase amino acids in both effectors. 

5.3.2 Identification of ID regions in PsaNZV-13 HopF2 and PtoDC3000 HopF2 

To identify intrinsically disordered regions (IDRs) in PsaNZV-13 HopF2 and PtoDC3000 

HopF2, their protein sequences were submitted to an online tool, PONDR® (Predictor Of 

Natural Disordered Regions; www.pondr.com), and IDRs predicted (Figure 5.2 and 5.3). 

According to the prediction, PsaNZV-13 HopF2 was observed to have 97 ID residues that were 

scattered in four IDRs. While PtoDC3000 HopF2 was found to have seven IDRs with 83 ID 

residues. Collectively, PsaNZV-13 HopF2 and PtoDC3000 HopF2 effectors had 47.32% and 

40.69% ID residues respectively. The four ID regions in PsaNZV-13 HopF2 were present 

between 11-42, 86-114, 142-149 and 178-205 residues (Table 5.2). In PtoDC3000 HopF2, the 

seven ID regions were located between residues of 12-38, 81, 89-98, 100-105, 116-127, 175-

190 and 194-204 (Table 5.3). The IDRs of both effectors were annotated and compared using 

a global alignment in Geneious v8.1.2 (Kearse et al., 2012) (Figure 5.4). The longest disordered 

region was found in the N-terminus region of both effectors; in PsaNZV-13 HopF2 this consisted 

of 32 amino acids (11 to 42), and 27 amino acids (12 to 38) in PtoDC3000 HopF2. It was also 

noted that PsaNZV-13 HopF2 IDRs 11-42, 86-114, and 178-205 were overlapped with the 

corresponding IDRs (12-38, 89-98, 100-105, 175-190 and 194-204) in PtoDC3000 HopF2. These 

results indicate a reasonable conservation of IDRs between the two effectors. Also, it 

highlighted that more than one-third of the HopF2 effectors residues were predicted to be 

intrinsically disordered. 

As the presence of IDRs was confirmed in both effectors by PONDR® VL-XT, this lead 

to a study of the IDRs for the presence of MoRFs (Molecular Recognition Features). To 

ascertain MoRFs in PsaNZV-13 HopF2 and PtoDC3000 HopF2, the MoRFchibi-web (MCW) (Malhis 

et al., 2016) online tool was utilized. The MoRFchibi-web prediction of PtoDC3000 HopF2 showed 

five MoRFs, of which two MoRF fragments were located in the N-terminus (10-14, 69-77), 

with the other three MoRFs in the C-terminus (140-149, 161-175, 191-202) (Figure 5.5). 

PsaNZV-13 HopF2 had one MoRF fragment which was also located at the C-terminus end (188-
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196) (Figure 5.6). However, the regions marked in red arrows of PsaNZV-13 HopF2 prediction 

also indicate the probability for MoRFs.  

 

 

Figure 5.2 IDR prediction in PsaNZV-13 HopF2. The PONDR score of 0.0-0.4 indicates the ordered state of the 

protein region. 0.5 and above PONDR score denotes the high probality of being the disordered regions.  

 

 

Figure 5.3 IDR prediction in PtoDC3000 HopF2. Based on the prediction, seven areas in the effector were predicted 

to be intrinsically disordered. The PONDR score of 0.0 - 0.4 indicates the ordered state of the protein region and 

0.5 and above PONDR score denotes the disordered regions. 

 

 

Figure 5.4 The comparison of IDRs of PsaNZV-13 HopF2 and PtoDC3000 HopF2. The IDRS from both proteins were 

annotated as per the PONDR prediction and compared using Geneious v8.1.2 (Kearse et al., 2012). 
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     Table 5.2 The details of the predicted ID residues of PsaNZV-13 HopF2 

S.no Results of VL-XT prediction of PsaNZV-13 HopF2 

 

1 Predicted residues: 205    Number of disordered regions: 4 

 

2 Number of residues disordered: 97 

 

Longest disordered region: 32 

 

3 Overall percent disordered: 47.32 

 

Average prediction score: 0.5146 

 

4 Predicted disorder segment [11]-[42]  Average strength = 0.8686 

 

5 Predicted disorder segment [86]-[114]  Average strength = 0.6286 

 

6 Predicted disorder segment [142]-[149]  Average strength = 0.5676 

 

7 Predicted disorder segment [178]-[205]  Average strength = 0.7044 

 

    

    

     Table 5.3 The details of the predicted ID residues of PtoDC3000 HopF2 

S.no Results of VL-XT prediction of PtoDC3000 HopF2 

 

1 Predicted residues: 204  

 

Number disordered regions: 7 

 

2 Number of residues disordered: 83 Longest disordered region: 27 

 

3 Overall percent disordered: 40.69  Average prediction score: 0.4623 

 

4 Predicted disorder segment [12]-[38]  Average strength= 0.8473 

 

5 Predicted disorder segment [81]-[81]  Average strength= 0.5055 

 

6 Predicted disorder segment [89]-[98]  Average strength= 0.5933 

 

7 Predicted disorder segment [100]-[105]  Average strength= 0.5249 

 

8 Predicted disorder segment [116]-[127]  Average strength= 0.6302 

 

9 Predicted disorder segment [175]-[190]  Average strength= 0.6310 

 

10 Predicted disorder segment [194]-[204]  Average strength= 0.8171 
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Figure 5.5 The prediction of MoRFs in PsaNZV-13 HopF2 using the MoRFchibi-web tool. A propensity score of 0.725 

(orange line) is used as a threshold point to identify the MoRF region. A light blue bar indicates the potential 

MoRF region.  Red arrows highlight the peaks which have the MoRF propensity score of 0.725. But, these peaks 

have less than five amino acids length and a protein segment to be called as a MoRF it should have 5-25 amino 

acids length (Sharma et al., 2016) and 0.725 propensity score (Malhis et al., 2016). Since, those regions are less 

than five amino acids in length and therefore, those regions are not marked as a potential MoRF by the MoRFchibi-

web tool. 

 

 

Figure 5.6 The prediction of MoRFs in PtoDC3000 HopF2 using the MoRFchibi-web tool. A propensity score of 0.725 

(orange line) is used as a threshold point to identify the MoRF region. Light blue bars indicate the potential MoRF 

regions.  
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5.3.3 Generating a PsaNZV-13 HopF2 bait construct for Y2H screening 

A PsaNZV-13 HopF2 fragment was successfully PCR amplified from PsaNZV-13 genomic 

DNA. Gel electrophoresis of the PCR reaction identified a 618 bp DNA fragment (Figure 5.7). 

This was the expected size of PsaNZV-13 HopF2, hence, the fragment was excised and used in a 

ligation reaction to generate an entry clone. The ligated reaction was transformed into E. coli 

and the entry plasmid extracted. DNA sequencing of the plasmid showed there were no PCR 

generated errors. Later, the sequenced entry clone was cloned into the pBDG2 bait vector 

(Maier et al., 2008) by LR reaction which was then transformed into E. coli. The plasmid 

isolated from the transformant was analysed by PCR using sequencing primers that confirmed 

the PsaNZV-13 HopF2 insert was in-frame.  

 

Figure 5.7 PCR amplification and gel electrophoresis of PsaNZV-13 HopF2. L - Kb plus ladder (Invitrogen; USA); 

1 - PsaNZV-13 HopF2 (618 bp); 2 - Negative control (Water as template); 3 - Positive control (PsaNZV-13 AvrPto5 - 

477 bp). 

5.3.4 Autoactivation assay of the bait (PsaNZV-13 HopF2) 

Before the Y2H screening experiment, the determination of the bait autoactivation and 

toxicity in yeast is imperative for better Y2H screening outcome. In this section, the 

autoactivation of the bait (PsaNZV-13 HopF2) was analysed. The bait and prey vector (pGADT7-

Rec) harbouring yeast cells were tested on SD/-Leu-Trp-His agar medium with all appropriate 

controls.  The outcome of the experiment showed the growth of yeast cells harbouring bait and 
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prey vector (pGADT7-Rec) on SD/-Leu-Trp-His agar medium (Figure 5.8 - I). This suggested 

the bait autonomously induced the histidine marker without the availability of a prey protein. 

Thus, to determine an optimum medium condition that arrests the histidine autoactivation, the 

bait was tested further as above on SD/-Leu-Trp-His agar medium incorporated with 1 mM, 2 

mM and 3 mM 3-AT. 3-AT (3-amino-1,2,4-triazole) is a chemical compound able to suppress 

the histidine activation in Y2H. The autoactivation of the histidine was detected until 2 mM 3-

AT; however, 3 mM 3-AT effectively prevented the autoactivation (Figure 5.8 - II). As a 

consequence, the SD/-Leu-Trp-His + 3-AT 3 mM was used as a minimum reporter medium in 

Y2H screening to identify the bait interacting partners. 

 

Figure 5.8 The bait (PsaNZV-13 HopF2) autoactivation assay. I - SD/-Leu-Trp medium; II - SD/-Leu-Trp-His + 3 

mM 3-AT medium. 1 - Positive interaction control (Murine p53 + SV40 large T-antigen); 2 - Negative interaction 

control (Lamin + SV40 large T-antigen); 3 - Negative activation control (Bait and Prey vectors); 4 - True positive 

interaction control (Pgy AvrB and AtRIN4); 5 - Bait (PsaNZV-13 HopF2) and Prey vector (pGADT7-Rec). 

5.3.5 Bait (PsaNZV-13 HopF2) toxicity assay in yeast 

After determining the bait (PsaNZV-13 HopF2) autoactivation in the previous section 

(section 5.3.4), the potential toxicity of the bait (PsaNZV-13 HopF2) was tested in yeast. The bait 

plasmid (pBDG2: PsaNZV-13 HopF2) or bait vector (pBDG2) expressing Y2H gold bait cells 

was diluted to 10-1 concentration and spread on SD/-Trp agar medium. After five days 

incubation, a healthy growth of yeast cells containing the bait vector was observed on SD/-Trp 

agar medium (Figure 5.9-1). PsaNZV-13 HopF2 expressing yeast cells displayed slow growth on 

SD/-Trp medium (Figure 5.9-2), and the average size of yeast colony was smaller as compared 

to the bait vector expressing yeast cells.  Even though the PsaNZV-13 HopF2 was inhibiting yeast 
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growth, the mating assay of the bait yeast cells expressing PsaNZV-13 HopF2 and prey yeast 

cells expressing prey vector (pGADT7-Rec) showed a diploid yeast cell phenotype on SD/-

Leu-Trp medium (Figure 5.24-II), suggesting PsaNZV-13 HopF2 expressing yeast cells still have 

the ability to mate with prey cells. Thus, PsaNZV-13 HopF2 was used to perform Y2H screening 

by the mating approach to identify the host targets. The growth suppression in bait yeast cells 

due to the expression of PsaNZV-13 HopF2 was investigated in section 5.3.15. 

 

Figure 5.9 Evaluation of the bait (PsaNZV-13 HopF2) toxicity in bait yeast cells. 1 - Bait yeast cells expressing the 

bait vector (pBDG2); 2 - Bait yeast cells expressing the bait (PsaNZV-13 HopF2). The difference in the number of 

the colonies in PsaNZV-13 HopF2 is likely due to a slight variation in the plasmid concentration used at the time of 

transformation. 

 

5.3.6 Y2H kiwifruit cDNA library screening with PsaNZV-13 HopF2 

Y2H screening of the kiwifruit cDNA library was performed to discover A. chinensis 

host proteins that could be potentially targeted by PsaNZV-13 HopF2 during infection. For 

screening, the kiwifruit cDNA library (prey) that was constructed in vivo in prey yeast cells 

(Chapter three), and the bait yeast cells expressing PsaNZV-13 HopF2 (bait) were utilized. In an 

initial phase of the screening, kiwifruit cDNA library titer was determined by serially diluting 

10 µl of the cDNA library and plating on SD/-Leu agar medium. The titer was found to be 2.39 

x 106 CFU/ml. The mating was performed between the bait and prey in rich liquid medium 

(2xYPDA). The resulting yeast cells were spread on SD/-Leu, SD/-Trp and SD/-Leu-Trp agar 

media by serial dilution to find the viability of the clones and the number of prey clones 

screened by the bait. The viability of the prey, bait and diploid clones was 4.5 x 105, 3.2 x 107 

and 6 x 102 CFUs/ml respectively. The total number of screened clones was 7.5 x 103 CFU/ml. 
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SD/-Leu-Trp-His + 3-AT 3 mM reporter medium was used to plate the remaining yeast cells 

followed by incubation at 30°C for five days. This screening revealed 92 positive interactions 

in SD/-Leu-Trp-His + 3-AT 3 mM agar medium. Later, all the positive interactions were tested 

further on SD/-Leu-Trp, SD/-Leu-Trp-His + 3-AT 3 mM and SD/-Leu-Trp-His-Ade + X-α-gal 

40 µg/ml media (Figure 5.10). Of all the positive interactions tested, 64 positive interactions 

appeared on SD/-Leu-Trp-His + 3-AT 3 mM, and 57 positive interactions grew on SD/-Leu-

Trp-His-Ade + X-α-gal 40 µg/ml medium, suggesting the different strength of the prey clones 

interaction with the bait. The 57 positive interactions that appeared on SD/-Leu-Trp-His-Ade 

+ X-α-gal 40 µg/ml activated all the markers (histidine, adenine and MEL1 (α-galactosidase)). 

Thus, the possibility of isolating genuine interactors from the 57 positive colonies was high, 

leading to the 57 yeast colonies being chosen for further analysis.  
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Figure 5.10 Y2H screening of kiwifruit cDNA library with PsaNZV-13 HopF2. The screening showed 92 positive 

interaction which were then verified on SD/-Leu-Trp medium (I, II, III, IV); SD/-Leu-Trp-His + 3-AT 3 mM 

medium (V, VI, VII, VIII) and SD/-Leu-Trp-His-Ade + X-α-Gal 40 µg/ml medium (IX, X, XI, XII). A - Positive 

interaction control (Murine p53 + SV40 large T-antigen); B - Negative interaction control (Lamin + SV40 large 

T-antigen); C - Negative self-activation control (Bait and Prey vectors); D - Bait self-activation control (PsaNZV-

13 HopF2 + Prey vector (pGADT7-Rec); E - True positive interaction control (Pgy AvrB + AtRIN4).  

The 57 positive yeast colonies were analysed by colony PCR. The primers 

corresponding to the insert region of the prey plasmid were employed in order to verify the 

insert presence and distinguish duplicate prey inserts. The outcome of the colony PCR was 

promising; single inserts were present in all the positive clones analysed (Figure 5.11 - A, B, 

C, D). However, 15 positive interaction clones appeared to have duplicate inserts according to 

the insert size and sequencing. This step of the colony PCR on yeast colonies confirmed the 

prey insert presence as well as discriminated the duplicate prey clones resulting in the 

identification of 42 prey plasmids for subsequent Y2H assay. To enable identification of false 

positives prey plasmids were isolated and analysed again by Y2H against PsaNZV-13 HopF2. 
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Figure 5.11 The colony PCR of PsaNZV-13 HopF2 interacting prey yeast colonies. In total, 57 prey yeast colonies 

were tested in the colony PCR, and later all PCR reactions were resolved on a 1% agarose gel (A, B, C and D -

Kb plus ladder). * indicates the duplicate inserts identified by PCR and later it was confirmed by sequencing. The 

expected size of pGADT7-Rec empty vector restriction digestion with HindIII is 871 base pairs. 

5.3.7 Determination of PsaNZV-13 HopF2 positive interacting prey clones 

To determine whether the interaction found between PsaNZV-13 HopF2 and prey clones 

in the Y2H screening was positive or not, the prey plasmids from the positive interactions were 

isolated using the NaOH lysis method. Next, these plasmids were transformed into E. coli for 

amplification; the plasmids were re-isolated and investigated for insert presence by HindIII 

restriction digestion. In total 42 prey plasmids were tested in the restriction digestion (Figure 

5.12 - A, B, C, D, E). The result of the restriction digestion showed no differences in the insert 

size between the two plasmid preparations from each positive interaction. This indicated the 

positively interacting yeast colonies probably had a single prey plasmid in them. Some lanes 

have two bands which are likely due to the internal HindIII restriction sites of the prey insert. 
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Figure 5.12 HindIII restriction digestion of PsaNZV-13 HopF2 interacting prey plasmids. Overall 42 prey plasmids 

were studied for the insert presence. After the restriction digestion, all reactions were fractioned on 1% agarose 

gel (A, B, C, D and E). Samples A and B are replicates. 

After analysing the 42 prey plasmids by restriction digestion, they were expressed in 

Y187 prey yeast cells which were then mated with the bait (PsaNZV-13 HopF2) yeast cells, 

generating yeast cells expressing the prey and bait plasmids. By using these yeast cells, a Y2H 

assay was performed to verify whether the observed positive interactions in the Y2H screening 

could be repeated. In the Y2H assay, yeast cells expressing the positive interaction control, 

negative interaction control, empty bait and prey vectors, the bait (PsaNZV-13 HopF2) and prey 

vector, the bait vector and corresponding prey clone were used as controls to validate the 

interaction. The assay results indicated 12 prey clones which strongly interacted with the bait 

on SD/-Leu-Trp-His-Ade + X-α-Gal 40 µg/ml medium. Of these 12 prey clones, eight only 

activated one other marker, histidine, on SD/Leu-Trp-His + 3-AT 3 mM to 10 mM 

concentrations and the remaining four prey clones did not show an interaction. Therefore, in 

summary, of the 42 plasmids tested in the assay, eight prey clones appeared to have a positive 

interaction with the bait (Figure 5.13 and 5.14), and the remainder were false positives. These 

eight positive interaction prey plasmids were sequenced and analysed by BLAST® N query 

against the A. chinensis CK51F3_01 hybrid gene models and de novo transcript genome 

database, A. chinensis HY CK51F3_01 hybrid gene models (Plant & Food Research) (Table 

5.4).  
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Figure 5.13 Y2H analysis of PsaNZV-13 HopF2 and 42 prey plasmids. A - Positive interaction control (Murine p53 

+ SV40 large T-antigen); B - Negative interaction control (Lamin + SV40 large T-antigen); C - Negative self-

activation control (Bait and Prey vectors); D - Bait self-activation control (PsaNZV-13 HopF2 + Prey vector 

(pGADT7-Rec); E - True positive interaction control (Pgy AvrB + AtRIN4). Plates 1, 2, 3 - SD/-Leu-Trp agar 

medium to select the bait and prey plasmids in yeast. Plates 4, 5, 6 - SD/-Leu-Trp-His + 3-AT 3 mM medium; 

Plates 7, 8, 9 - SD/-Leu-Trp-His + 3-AT 4 mM medium; Plates 10, 11, 12 - SD/-Leu-Trp-His + 3-AT 5 mM 

medium. A number with ‘A’ denotes prey self-activation control (the bait vector and an appropriate prey clone) 

(Example - 1A). Whereas, a number with ‘B’ implies the bait (PsaNZV-13 HopF2) and prey clone (For instance - 

1B). The red boxes indicate a positive interaction between the bait and prey in reporter plates. 
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Figure 5.14 Y2H analysis of PsaNZV-13 HopF2 and 42 prey plasmids. Plates 13, 14, 15 - SD/-Leu-Trp-His + 3-AT 

10 mM medium; Plates 16, 17, 18 - SD/-Leu-Trp-His-Ade medium; Plates 19, 20, 21 - SD/-Leu-Trp-His-Ade + 

X-α-Gal 40 µg/ml medium. A - Positive interaction control (Murine p53 + SV40 large T-antigen); B - Negative 

interaction control (Lamin + SV40 large T-antigen); C - Negative self-activation control (Bait and Prey vectors); 

D - Bait self-activation control (PsaNZV-13 HopF2 + Prey vector (pGADT7-Rec); E - True positive interaction 

control (Pgy AvrB + AtRIN4). A number with ‘A’ denotes prey self-activation control (the bait vector and an 

appropriate prey clone) (Example - 1A). Whereas, a number with ‘B’ implies the bait (PsaNZV-13 HopF2) and prey 

clone (For instance - 1B). The red boxes indicate a positive interaction between the bait and prey in reporter plates. 

The positively interacting prey clones (11B, 16B, 35B, 39B, 40B, 46B, 51B and 55B) were sequenced and their 

details are found in the table 5.4. 
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               Table 5.4 PsaNZV-13 HopF2 interacting prey clones in Y2H screening 

S.no Prey plasmids identified by sequencing  Score 

bits 

E-value 

 

Putative 

localization 

Fragment length 

during the isolation 

1 AcSUB (Subtilisin-like protease, precursor) 

(55B) (Gene accession no. 6150747) 

1047 0.0 Plasma membrane Full length (Total size -

528 bp) 

2 Ornithine carbamoyltransferase, chloroplastic 

(46B) (Gene accession no. 5536078) 

924 0.0 Cytoplasm  Full length (Total size -

1272 bp) 

3 Ubiquitin-conjugating enzyme E2-17 kDa 

(51B) (Gene accession no. 6141652) 

377 0.0 Cytoplasm and 

nucleus 

Full length (Total size -

486 bp) 

4 CLK4-associating serine/arginine-rich 

protein (39B) (Gene accession no. 6126088) 

426 e-118 Cytoplasm  Partial length (C-

terminus 1426 -1778 bp 

(Total size -1778 bp)) 

5 Protein phosphatase methylesterase-1 (16B) 

(Gene accession no. 5537989) 

470 0.0 Cytoplasm Full length (Total size - 

1062 bp) 

6 Gibberellin-regulated protein-6 precursor 

(40B) (Gene accession no. 5571855) 

509 e-142 Cytoplasm and 

nucleus 

Partial length (N-

terminus 1-137 bp 

(Total size - 320 bp)) 

7 FAM10 family protein (11B) 

(Gene accession no. 6129470) 

581 e-164 Cytoplasm  Partial length (C-

terminus 894-1287 bp 

(Total size - 1287 bp)) 

8 Intracellular protein transport protein US01 

(35B) (Gene accession no. 6149557) 

609 e-173 Cytoplasm  Partial length (N-

terminus 1-1164 bp 

(3726 bp)) 

 

Of the eight different interacting clones, AcSUB (Subtilisin-like serine protease) was 

chosen for further investigation based on the following reasons. AcSUB was a full-length gene 

interacting with PsaNZV-13 HopF2 in Y2H screening. In addition, genes homologous to AcSUB 

from other plant species are involved in immunity against plant pathogens (Figueiredo et al., 

2014). Thus, AcSUB was selected for Y2H analysis once again with PsaNZV-13 HopF2. The 

sections (5.3.8 & 5.3.9) will discuss RT-PCR amplification of AcSUB and Y2H of PsaNZV-13 

HopF2 and AcSUB. 

5.3.8 AcSUB (Subtilisin-like serine protease) prey construct generation  

AcSUB was one of the positive interacting clones in the PsaNZV-13 HopF2 screening of 

the kiwifruit cDNA library. AcSUB gene was RT-PCR amplified from A. chinensis cDNA and 

agarose gel (1%) electrophoresis of the RT-PCR reaction revealed a DNA fragment of 528 bp 

(Figure 5.15). This size matched the 528 bp expected size of AcSUB; therefore, it was used in 

an entry ligation reaction with pCRTM 8/GW/TOPO® TA entry vector to develop the entry 

plasmid containing the AcSUB insert. Subsequently, the prey clone of AcSUB was generated 

by an LR reaction between AcSUB entry clone and pADG2 prey vector. The resulting LR 

reaction was transformed into E. coli, the plasmids were isolated from the transformants and 

an in-frame orientation of the AcSUB insert was confirmed by PCR.  
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Figure 5.15 RT-PCR amplification of AcSUB gene. L - Kb plus ladder (Invitrogen; USA), 1 - AcSUB (528 bp); 2 

- Negative control (Water as template); 3 - Positive control (AcTIFY6B - 1143 bp). 

 

5.3.9 Y2H of PsaNZV-13 HopF2 and AcSUB 

In Y2H, false positives and to lesser extend reproducibility of the positive interaction 

are common. To overcome these problems, an isolated prey clone from Y2H screening should 

be RT-PCR amplified from cDNA, developed into a prey clone and the Y2H repeated with the 

bait. The Y2H needs to show a positive interaction with the bait and prey in both vectors. As 

such AcSUB was RT-PCR amplified and developed as prey for Y2H with PsaNZV-13 HopF2. To 

investigate PsaNZV-13 HopF2 and AcSUB interaction, both proteins were co-expressed in yeast 

and analysed for the interaction along with appropriate controls on selective yeast medium such 

as SD/-Leu-Trp, SD/-Leu-Trp-His + 3-AT 3 mM, 4 mM, 5 mM and SD/-Leu-Trp-His-Ade + 

3-AT 2.5 mM + X-α-gal 40 µg/ml. This investigation revealed yeast cells expressing the 

positive, negative interaction controls and negative activation controls exhibiting the 

appropriate growth on the relevant yeast medium. Yeast cells harbouring PsaNZV-13 HopF2 and 

AcSUB grew on all the reporter media activating histidine, adenine and MEL1 markers (Figure 

5.16), this demonstrating a strong interaction between the two proteins in Y2H. A reciprocal 

interaction of these proteins was tested by cloning AcSUB and PsaNZV-13 HopF2 into the bait 

and prey vectors respectively. Then, these plasmids were expressed in respective yeast cells 



149 

 

and investigated for the interaction on SD/-Leu-Trp, SD/-Leu-Trp-His, SD/-Leu-Trp-His-Ade 

agar media. As expected the controls followed the appropriate growth pattern on all yeast 

media. However, yeast cells expressing AcSUB and PsaNZV-13 HopF2 did not grow on SD/-

Leu-Trp-His and SD/-Leu-Trp-His-Ade reporter media, indicating no interaction between the 

two proteins (Figure 5.17). So, this result suggested the interaction of PsaNZV-13 HopF2 and 

AcSUB was dependent on whether the proteins were used as either bait or prey since no 

interaction was identified following a reciprocal bait/prey swap.  
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Figure 5.16 Y2H analysis of PsaNZV-13 HopF2 (Bait) and AcSUB (Prey). Plate I - SD/-Leu-Trp medium; Plate II 

- SD/-Leu-Trp-His + 3-AT 3 mM; Plate III - SD/-Leu-Trp-His + 3-AT 4 mM; Plate IV - SD/-Leu-Trp-His + 3-

AT 5 mM; Plate V - SD/-Leu-Trp-His-Ade + 3-AT 2.5 mM + X-α-Gal 40 µg/ml. 1 - Positive interaction control 

(Murine p53 + SV40 large T-antigen); 2 - Negative interaction control (Lamin + SV40 large T-antigen); 3 - 

Negative self-activation control (Bait and Prey vectors); 4 - Bait self-activation control (PsaNZV-13 HopF2 + Prey 

vector (pADG2); 5 - Prey self-activation control (Bait vector + AcSUB); 6 - True positive interaction control (Pgy 

AvrB + AtRIN4); 7 - Bait (PsaNZV-13 HopF2) + Prey (AcSUB). The interaction table of this assay can be found in 

table A1-9 of the Appendix - 1. 
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Figure 5.17 Y2H analysis of AcSUB (Bait) and PsaNZV-13 HopF2 (Prey). Plate I - SD/-Leu-Trp medium; Plate II 

- SD/-Leu-Trp-His; Plate III - SD/-Leu-Trp-His-Ade. 1 - Positive interaction control (Murine p53 + SV40 large 

T-antigen); 2 - Negative interaction control (Lamin + SV40 large T-antigen); 3 - Negative self-activation control 

(Bait and Prey vectors); 4 - Bait self-activation control (AcSUB + Prey vector (pADG2); 5 - Prey self-activation 

control (Bait vector + PsaNZV-13 HopF2); 6 - True positive interaction control (Pgy AvrB + AtRIN4); 7 - Bait 

(AcSUB) + Prey (PsaNZV-13 HopF2). The interaction table of this assay can be found in table A1-10 of the 

Appendix - 1. 

5.3.10 Western blotting of PsaNZV-13 HopF2 and AcSUB  

Y2H of PsaNZV-13 HopF2 and AcSUB suggested an interaction. But this interaction 

occurs in vivo in a yeast cell, therefore, it is essential to verify the interaction in planta. 

Therefore, the Y2H finding was used as a base to study the interaction in planta. Initially, the 

expression of both proteins in N. benthamiana was determined by western blot. A. tumefaciens 

expressing PsaNZV-13 HopF2 with N-terminus 3x HA tag and AcSUB tagged by N-terminus 4x 

Myc were co-infiltrated in N. benthamiana leaves. After two days of the infiltration, soluble 

and insoluble fractions of the protein were isolated and resolved by SDS-PAGE together with 

the positive and negative controls. These proteins were transferred onto immunoblotting 

membrane. The incubation of the blot membranes independently with anti-HA and anti-Myc 

monoclonal antibodies, subsequent incubation with horseradish containing mouse secondary 

antibody indicated there was no binding of either antibody to the soluble fractions of both HA 

and Myc blots. But, the protein bands were observed in the insoluble fraction of both blots. 

This suggested the expression of both proteins may be occurring in the insoluble fraction. 

Further investigation of the insoluble fractions showed the expected protein bands were not 

found, a few bands were observed at 26 kDa size in the PsaNZV-13 HopF2 insoluble protein 

fraction of the HA blot (Figure 5.18). However, this pattern was observed in the negative 

control as well. So those observed protein bands were ruled out and therefore, the PsaNZV-13 

HopF2 expression could not be found. In the Myc blot, the unspecific antibody binding resulted 

in protein bands; but, such protein bands were also located in the negative control (Figure 5.18), 

demonstrating AcSUB was not expressed either. The positive controls used in the experiment 

showed the expression in both blots suggesting PsaNZV-13 HopF2 and AcSUB proteins did not 

express to a detectable level in tobacco leaves. 
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Figure 5.18 in planta western blotting of PsaNZV-13 HopF2 and AcSUB. 1 and 6 - Protein ladder; 2 - Insoluble 

protein of PsaNZV-13 HopF2 (expected size - 22 kDa) alone infiltrated leaves; 3 and 8 - Insoluble protein of PsaNZV-

13 HopF2 and AcSUB co-infiltration; 4 - Positive control (PsaNZV-13 AvrRpm1 HA-tagged-24 kDa size); 5 and 10 

- Negative control (Without infiltration); 7 - Insoluble protein of AcSUB (expected size-19 kDa) alone infiltrated 

leaves; 9 - Positive control (Yellow fluorescent protein Myc tagged-26 kDa). 

 

5.3.11 Co-immunoprecipitation of PsaNZV-13 HopF2 and AcSUB 

In the western blot assay, the insoluble membrane protein fraction showed unspecific 

protein bands, whereas, the soluble fraction revealed no protein bands. This may suggest that 

PsaNZV-13 HopF2 and AcSUB expression occurs in the insoluble protein state. So, the insoluble 

protein fractions of PsaNZV-13 HopF2 and AcSUB were used to verify in planta interaction by 

co-immunoprecipitation. The insoluble fraction containing PsaNZV-13 HopF2, and AcSUB was 

enriched 100 times and immunoprecipitated with α-HA and α-Myc beads independently. These 

proteins were resolved by SDS-PAGE, and western blotting was performed with HA and Myc 

antibodies. As a result, the unspecific association of the antibody was observed in all reactions 

of the Myc probed blot. In contrast, the HA blot showed no protein bands. In all, the co-

immunoprecipitation results indicated the expression of both proteins were not observed in HA 

and Myc blots. Therefore, in planta interaction of PsaNZV-13 HopF2 and AcSUB cannot be 

confirmed (Figure 5.19). 
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Figure 5.19 in planta co-immunoprecipitation of PsaNZV-13 HopF2 and AcSUB. HA - No detection of protein 

bands; cMyc 1 - Insoluble protein of AcSUB and PsaNZV-13 HopF2 before Co-IP; 2 - Insoluble protein of AcSUB 

and PsaNZV-13 HopF2 after Co-IP; 3 - Co-immunoprecipitated AcSUB and PsaNZV-13 HopF2 insoluble protein; 4 - 

Co-immunoprecipitated PsaNZV-13 HopF2 and AcSUB insoluble protein; 5 - Negative control. 

5.3.12 Transient expression of PsaNZV-13 HopF2 in N. benthamiana and N. tabacum 

HopF2 from PtoDC3000 has an HR inducing ability in N. tabacum (W38) plants (Robert-

Seilaniantz et al., 2006). In PsaNZV-13, a homolog of HopF2 is present whose protein sequence 

shares 57.6% identity with PtoDC3000 HopF2 and has critical amino acids such as glycine 2, 

arginine 72 and aspartic acid 174. Therefore, this existing knowledge about PsaNZV-13 HopF2 

stimulated a study of the HR through transient expression in N. benthamiana and N. tabacum. 

PsaNZV-13 HopF2 containing binary plant expression plasmid (pGWB15), positive control 

(pGWB15: PsaNZV-13 HopZ5) and negative control (empty vector - pGWB15) were expressed 

in A. tumefaciens. These were infiltrated on three-week old N. benthamiana and N. tabacum 

plants. Three days following infiltration, the symptoms were visually inspected on the 

infiltrated areas of both plants. There was no HR observed on N. benthamiana leaves infiltrated 

with PsaNZV-13 HopF2 (Figure 5.20 - A). The induction of chlorosis and cell death was observed 

in an area where PsaNZV-13 HopF2 had been infiltrated in N. tabacum leaves (Figure 5.20 - B), 

indicating PsaNZV-13 HopF2 triggered a hypersensitive-like response in N. tabacum.  
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Figure 5.20 The transient expression of PsaNZV-13 HopF2 in N. benthamiana (A) and N. tabacum (B). A1, B1 - 

empty vector; A2, B2 - PsaNZV-13 HopZ5; A3, B3 - PsaNZV-13 HopF2. 

5.3.13 Generation of PsaNZV-13 HopF2 mutants 

The entry clone of PsaNZV-13 HopF2 was used as a template to generate PsaNZV-13 

HopF2G2A, HopF2R72A and HopF2D174A mutants independently by QuikChange® site-directed 

mutagenesis PCR. Overlapping forward and reverse primers of the mutant were designed 

(Table 5.1) and utilized in PCR amplification (Figure 5.21). The reliability of the PCR was 

verified by DpnI restriction digestion of three PsaNZV-13 HopF2 mutants PCR reaction (Figure 

5.22). The plasmids that has not acquired the mutation were restriction digested, and unable to 

be transformed into E. coli; whereas, the mutated version of the plasmids remain undigested. 

Further downstream analyses of the plasmids following E. coli transformation, subsequent 

plasmid re-isolation and sequencing of the plasmids confirmed the mutation in the expected 

PsaNZV-13 HopF2G2A, HopF2R72A and HopF2D174A sites.   
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Figure 5.21 Gel electrophoresis of PsaNZV-13 HopF2 site-directed mutagenesis PCR reactions. 1 - Kb plus ladder 

(Invitrogen; USA); 2 & 3 - PsaNZV-13 HopF2G2A; 4 & 5 - PsaNZV-13 HopF2R72A; 6 & 7 - PsaNZV-13 HopF2D174A; 8 - 

Control (without reverse transcriptase). 

 

 

Figure 5.22 DpnI restriction digestion of the mutagenesis PCR reactions. 1 - Kb plus ladder (Invitrogen; USA); 

2 - PsaNZV-13 HopF2G2A; 3 - PsaNZV-13 HopF2R72A; 4 - PsaNZV-13 HopF2D174A; 5 - Control (without reverse 

transcriptase). 
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5.3.14 Transient expression of PsaNZV-13 HopF2 mutants in N. tabacum 

The mutation experiments on glycine 2, arginine 71 and aspartic acid 175 residues of 

PtoDC3000 HopF2 confirmed these residues were critical for the hypersensitive response in N. 

tabacum (Robert-Seilaniantz et al., 2006; Wang et al., 2010). The HopF2 effector from Psa 

induced the hypersensitive response when transiently expressed in N. tabacum. To ensure that 

this reaction was due to the activity of the effector and not by a random recognition event, a 

site-directed mutagenesis experiment was carried out. Mutations to alanine were generated at 

glycine 2, arginine 72 and aspartic acid 174. The PsaNZV-13 HopF2 mutant inserts were 

recombined as wild type PsaNZV-13 HopF2 in the pGWB15 plant expression vector with N-

terminus 3x His tag by LR reaction and the role of these residues in triggering an HR was 

investigated. A. tumefaciens expressing empty vector (pGWB15), wild-type PsaNZV-13 HopF2, 

HopF2G2A, HopF2R72A and HopF2D174A constructs were infiltrated independently on N. 

tabacum leaves. After three days, the infiltrated leaf was evaluated, and as predicted no HR 

was initiated with the empty vector. But, an HR was observed in wild-type PsaNZV-13 HopF2 

(Figure 5.23). PsaNZV-13 HopF2R72A and PsaNZV-13 HopF2D174A infiltrated areas of the leaf did 

not exhibit an HR (Figure 5.23). This demonstrated the putative ADP-ribosyltransferase 

residues arginine 72 and aspartic acid 174 were required to elicit the HR in N. tabacum. In the 

case of PsaNZV-13 HopF2G2A infiltration, the HR was observed which was similar to wild-type 

PsaNZV-13 HopF2 induced HR. This observation was unexpected because the similar 

myristoylation residue (G2) mutation of PtoDC3000 HopF2 did not cause an HR in N. tabacum 

(Robert-Seilaniantz et al., 2006). Thus, PsaNZV-13 HopF2G2A triggered HR was further 

investigated in section 5.3.17. 
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Figure 5.23 PsaNZV-13 HopF2 mutants infiltration in N. tabacum. 1 - Empty vector; 2 - Wild type PsaNZV-13 HopF2; 

3 - PsaNZV-13 HopF2G2A; 4 - PsaNZV-13 HopF2R72A; 5 - PsaNZV-13 HopF2D174A.. This experiment was repeated four 

times with similar results. 

5.3.15 Investigation of PsaNZV-13 HopF2 mutants role in yeast 

The putative ADP-ribosyltransferase residues (R72 and D174) of PsaNZV-13 HopF2 are 

critical for inducing HR in N. tabacum. As previously shown (section 5.3.5) PsaNZV-13 HopF2 

expression in yeast appeared to suppress growth. The suppression of growth in yeast by PsaNZV-

13 HopF2 may be due to the ADP-ribosyltransferase activity interfering with signal transduction 

during normal growth. To corroborate the role of the putative ADP-ribosyltransferase residues 

in yeast growth, a yeast mating experiment was carried out. In this experiment, the bait vector 

(pBDG2), wild-type PsaNZV-13 HopF2, PsaNZV-13 HopF2R72A and PsaNZV-13 HopF2D174A 

constructs were expressed in bait yeast cells. The prey vector (pGADT7-Rec) was expressed 

in prey yeast cells. Then, these bait and prey yeast cells harbouring appropriate constructs were 

mated and plated on SD/-Leu-Trp medium. This revealed a significant variation between the 

wild-type PsaNZV-13 HopF2 and bait vector mating with the prey vector in terms of diploid yeast 

colonies (Figure 5.24 - I, II). The number of diploid yeast colonies was high in the bait and 

prey vectors mating, on the other hand, the wild-type PsaNZV-13 HopF2 and prey vector mating 

exhibited far fewer diploid colonies. PsaNZV-13 HopF2R72A and PsaNZV-13 HopF2D174A mutants 

followed the same pattern of yeast mating as the bait vector (Figure 5.24 - III, IV). This shows 
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the R72 and D174 residues in PsaNZV-13 HopF2 are most likely involved in yeast growth 

suppression. As a result, the mating efficiency of PsaNZV-13 HopF2 could be reduced. 

 

Figure 5.24 Yeast mating assay to verify putative ADP-ribosyltransferase residues of PsaNZV-13 HopF2. I - Bait 

vector + Prey vector; II - PsaNZV-13 HopF2 + Prey vector; III - PsaNZV-13 HopF2R72A + Prey vector; IV - PsaNZV-13 

HopF2D174A + Prey vector. This mating assay was replicated four times and found similar outcomes. Six hours 

after mating, diploid yeast cells were suspended in 500µl 1x TE buffer and then 100 µl cells from each were plated 

on SD/-Trp agar medium.   

5.3.16 Y2H of PsaNZV-13 HopF2 and RIN4s 

RIN4 protein from Arabidopsis is the host target of the PtoDC3000 HopF2 effector 

(Wilton et al., 2010). During Y2H screening of the kiwifruit cDNA library using PsaNZV-13 

HopF2, AcRIN4s were not identified as one of the interacting partners. Therefore, an attempt 

was made to investigate the PsaNZV-13 HopF2 association with three variants of AcRIN4 and 

AtRIN4. PsaNZV-13 HopF2 containing bait plasmid was expressed in the bait yeast strain.  

Likewise, the prey plasmid containing AcRIN4s or AtRIN4 was expressed in the prey yeast 

strain. Through the mating of the bait and prey yeast cells, diploid yeast cells harbouring both 
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plasmids were generated and tested for the interaction along with controls on SD/-Leu-Trp, 

SD/-Leu-Trp-His + 3-AT 3 mM and SD/-Leu-Trp-Ade agar media. After four days of 

incubation, an appropriate growth from all yeast combinations was observed on SD/-Leu-Trp 

agar medium (Figure 5.25 - I). Similarly, the positive control harbouring yeast cells showed 

appropriate growth at SD/-Leu-Trp-His + 3-AT 3 mM and SD/-Leu-Trp-Ade agar media. 

However, no growth was found of yeast cells harbouring PsaNZV-13 HopF2 and AcRIN4s or 

AtRIN4 on SD/-Leu-Trp-His + 3-AT 3 mM and SD/-Leu-Trp-Ade reporter media (Figure 5.25 

- II & III). This suggested that neither three AcRIN4s nor AtRIN4 interact with PsaNZV-13 

HopF2 in Y2H. 

 

Figure 5.25 Y2H analysis of PsaNZV-13 HopF2 (Bait) and AtRIN4, AcRIN4-I, II, III (Prey). I - SD/-Leu-Trp 

medium; II - SD/-Leu-Trp-His + 3-AT 3mM medium; III - SD/-Leu-Trp-Ade medium. 1 - Positive interaction 

control (Murine p53 + SV40 large T-antigen); 2 - Negative interaction control (Lamin + SV40 large T-antigen); 

3 - Negative self-activation control (Bait and Prey vectors); 4 - Bait self-activation control (PsaNZV-13 HopF2 + 

Prey vector (pADG2)); 5 - True positive interaction control (Pgy AvrB + AtRIN4); 6 - Prey self-activation control 

(Bait vector + AtRIN4); 7 - Prey self-activation control (Bait vector + AcRIN4-I); 8 - Prey self-activation control 

(Bait vector + AcRIN4-II); 9 - Prey self-activation control (Bait vector + AcRIN4-III); 10 - Bait (PsaNZV-13 HopF2) 

+ Prey (AtRIN4); 11 - Bait (PsaNZV-13 HopF2) + Prey (AcRIN4-I); 12 - Bait (PsaNZV-13 HopF2) + Prey (AcRIN4-

II); 13 - Bait (PsaNZV-13 HopF2) + Prey (AcRIN4-III). The interaction table of this assay can be found in table A1-

11 of the Appendix - 1. 
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5.3.17 Role of NtRIN4 in PsaNZV-13 HopF2 mediated HR 

The HopF family effectors PtoDC3000 HopF2 and Pph1449B HopF1 have been shown to 

modulate RIN4 proteins to cause virulence (Hou et al., 2011; Wilton et al., 2010). This 

interaction could not be verified using PsaNZV-13 HopF2 and RIN4s. To determine whether the 

PsaNZV-13 HopF2-mediated HR in N. tabacum has any direct connection with NtRIN4, a 

silencing study of RIN4 in N. tabacum using an NbRIN4 silencing construct was carried out. 

The RIN4 silencing construct which I used in this study was developed for silencing RIN4 gene 

in N. benthamiana. NbRIN4 has a high sequence identity of 99% with NtRIN4. This indicates 

NbRIN4 silencing construct should work for NtRIN4 silencing. Thus, the NbRIN4 silencing 

construct was employed in N. tabacum. On the side of one leaf, Agrobacterium harbouring 

PsaNZV-13 HopF2 alone was infiltrated at four different cell densities of 8 x 107 (OD600 - 0.1), 4 

x107 (OD600 - 0.05), 1.6 x 107 (OD600 - 0.02) and 8 x 106 (OD600 - 0.01). On the other side, 

those four concentrations of PsaNZV-13 HopF2 were mixed with Agrobacterium harbouring 

RIN4 silencing construct 3.2 x 108 (OD600 0.4) and the infiltration performed. Three days later, 

it was observed that a low cell density (8 x 106) of PsaNZV-13 HopF2 alone induced the 

hypersensitive response (Figure 5.26 - 1). While co-infiltration of PsaNZV-13 HopF2 and RIN4 

silencing construct revealed a significant alteration in the HR. The loss of the HR was observed 

at 1.6 x 107 (OD600 - 0.02) and 8 x 106 (OD600 - 0.01) cell densities of the effector combined 

with 3.2 x 108 (OD600 0.4) cell density of RIN4 silencing construct (Figure 5.26 - 1). Some 

negligible HR was detected at 8 x 107 (OD600 - 0.1), 4 x107 (OD600 - 0.05) PsaNZV-13 HopF2, 

and 3.2 x 108 (OD600 0.4) RIN4 silencing construct concentrations; this may be related to a 

strong response of the plant to combat the high level of the effector. In this scenario, the RIN4 

silencing construct may not be silencing RIN4 completely. 

To verify HR abolition by the RIN4 silencing construct, co-infiltration of PsaNZV-13 

HopF2 and empty silencing vector was performed along with PsaNZV-13 HopF2 and RIN4 

silencing construct in N. tabacum. After three days of incubation, the bottom leaf surface was 

observed under UV light to clearly distinguish the HR response. The evaluation of PsaNZV-13 

HopF2 and empty silencing vector co-infiltration showed a strong HR response at 8 x 107 

(OD600 - 0.1) and 4 x107 (OD600 - 0.05) effector cell densities. In addition, 1.6 x 107 (OD600 - 

0.02) effector cell density displayed a reasonable HR response. On the other side, PsaNZV-13 

HopF2 and RIN4 silencing construct co-infiltration also revealed the HR at 8 x 107 (OD600 - 

0.1) and 4 x107 (OD600 - 0.05) cell densities. But, the HR was not as intense as PsaNZV-13 HopF2 

and empty silencing vector co-infiltration. Furthermore, from 1.6 x 107 (OD600 - 0.02) and 8 x 
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106 (OD600 - 0.01) cell densities, the HR was completely abolished (Figure 5.27 - 3, 4). These 

results show a most probable role of NtRIN4 protein in PsaNZV-13 HopF2 induced HR in N. 

tabacum.  

The HR development by PsaNZV-13 HopF2G2A infiltration in N. tabacum (Figure 5.23) 

was initially speculated to be residual HR due to the high effector concentration. A previous 

study using PtoDC3000 HopF2G2A mutation has shown the nullification of the HR triggering 

ability, suggesting the myristoylation residue (G2) is important for the HR. To confirm whether 

the HR induction in PsaNZV-13 HopF2G2A
 infiltration was genuine, a transient expression assay 

was performed as above. The result of infiltration of PsaNZV-13 HopF2G2A alone and its co-

infiltration with the RIN4 silencing construct showed an equivalent phenotype as wild-type 

PsaNZV-13 HopF2 in N. tabacum (Figure 5.26 - 2). This shows neither the PsaNZV-13 HopF2G2A 

mutation nor the high effector concentration influenced the HR development in N. tabacum. 

Thus, it appears that PsaNZV-13 HopF2G2A induced HR in N. tabacum is genuine suggesting that 

effector membrane localization is not essential for HR. 

 
Figure 5.26 1.Co-infiltration of PsaNZV-13 HopF2 and RNAi RIN4 constructs in N. tabacum. 1A, 1B, 1C, 1D - 

PsaNZV-13 HopF2 alone infiltration in descending cell densities 8 x 107 (OD600 - 0.1), 4 x107 (OD600 - 0.05) 1.6 x 

107 (OD600 - 0.02) and 8 x 106 (OD600 - 0.01); 1E to 1H - The corresponding PsaNZV-13 HopF2 cell density with 

3.2 x 108 (OD600 - 0.4) cell density of RNAi RIN4. 2. Agro-infiltration of PsaNZV-13 HopF2G2A alone or together 

with RNAi RIN4 construct. 2A to 2D - PsaNZV-13 HopF2G2A infiltration alone as same cell density as PsaNZV-13 

HopF2; 2E to 2H - The combination of both constructs infiltration. 
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Figure 5.27 Co-infiltration of PsaNZV-13 HopF2, RNAi empty vector and RNAi RIN4 constructs in N. tabacum. 

3. 3A, 3B, 3C, 3D - PsaNZV-13 HopF2 and RNAi empty vector constructs co-infiltration in descending order 8 x 

107 (OD600 - 0.1), 4 x107 (OD600 - 0.05) 1.6 x 107 (OD600 - 0.02) and 8 x 106 (OD600 - 0.01) and each mixed with 

3.2 x 108 (OD600 - 0.4) RNAi empty vector; 3E to 3H - PsaNZV-13 HopF2 and RNAi RIN4 constructs co-infiltration 

as same order as before. 4. The same leaf in picture 3 was pictured from the bottom side under UV light. 

 

5.4 Discussion 

5.4.1 PsaNZV-13 HopF2 protein sequence comparison 

A protein alignment of the HopF2 protein sequences of PsaNZV-13 and PtoDC3000 revealed 

57.6% identity (Figure 5.1). Critically, functionally important amino acids in PtoDC3000 HopF2 

such as glycine 2, arginine 71 and aspartic acid 175 were also conserved in PsaNZV-13 HopF2 

(Figure 5.1). These residues in PtoDC3000 HopF2 were shown to be necessary for avirulence in 

N. tabacum, and virulence in Arabidopsis and tomato (Robert-Seilaniantz et al., 2006; Wang 

et al., 2010; Wilton et al., 2010). The reasonable degree of sequence identity (57.6%) and 

conservation of the putative ADP-ribosyltransferase residues (R72 and D174) in PsaNZV-13 

HopF2 suggests it may be a functional relative of PtoDC3000 HopF2. 
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5.4.2 Intrinsically disordered regions in PsaNZV-13 HopF2 

The identification of IDRs in PsaNZV-13 HopF2 and PtoDC3000 HopF2 utilizing the 

PONDR® VL-XT program showed 47.3% and 40.6% ID residues respectively. IDRs found in 

PsaNZV-13 HopF2 showed a significant prevalence of the hydrophilic amino acids such as 

aspartic acid, glutamine, histidine, arginine, asparagine and the hydrophilic, disorder-

stimulating amino acids serine, proline, glutamate and lysine. ID residues of either effector 

comparison indicated a parallel but not perfect occurrence of IDRs (Figure 5.4), suggesting 

both effectors probably have a homogenous IDRs occurrence.  

The binding potential of IDPs is concentrated in a particular site within IDRs, known 

as a MoRF. In this study, both effectors have been established to have IDRs and to characterize 

MoRF presence in these IDRs, the MoRFchibi-web online tool was used. MoRFchibi-web is a 

recently developed software and predicts MoRF accurately in an IDP sequence considering 

three independent components such as physiochemical nature, conserved MoRF sequences and 

the fact that long IDRs harbours MoRF (Malhis et al., 2016). The MoRF prediction in both 

effectors by MoRFchibi-web revealed five MoRF regions in PtoDC3000 HopF2 (Figure 5.6) and 

PsaNZV-13 HopF2 indicated one MoRF at the C-terminus end (Figure 5.5).  The MoRF are the 

short fragments of the IDRs which normally transform their state from disordered to order if 

they interact with a protein partner (Marin and Ott, 2014; Vacic et al., 2007). This MoRF 

feature confers an advantage to ID proteins enabling wider protein association. There was a 

substantial difference in MoRFs of both effectors, which may suggest these effectors most 

likely vary in function in terms of their binding ability.  

In PsaNZV-13 HopF2, 97 residues were predicted to be intrinsically disordered out of 205 

residues analyzed, and the longest ID region had 32 amino acids (Table 5.2). This finding 

corroborates a fact that phytopathogenic bacterial effectors are more highly intrinsically 

disordered than other bacterial proteins (Marin et al., 2013). The bacterial proteome has been 

projected to have an average of < 8% IDRs (Dunker et al., 2000). In contrast to the bacterial 

proteome, plant proteomes possess a median of approximately 20% IDRs that consist of 50 

residues or longer (Marin et al., 2013). The high representation of IDRs in plant proteins might 

help plants to adapt morphologically to the ever-changing milieu around them via various 

protein interactions (Pietrosemoli et al., 2013). IDPs also regulate essential events such as 

transcription, signaling mechanisms and other essential functions in plants (Marin and Ott, 

2014). The presence of IDRs in phytopathogenic bacterial effectors suggests that co-evolution 

of phytopathogenic bacteria with plants may have driven bacteria to adopt IDRs, especially in 



164 

 

effectors to increase pathogen disease-causing potential through a flexible interaction with host 

proteins or pretend as a substrate for plant signaling pathways. 

5.4.3 PsaNZV-13 HopF2 property as a bait in yeast 

The Y2H assay has been effectively used to isolate the host targets of the 

phytopathogenic bacterial effectors in several studies (Kim and Hwang, 2015b; Mackey et al., 

2002; Mukhtar et al., 2011). To repeat the above scenario in the Psa-kiwifruit pathosystem a 

Y2H assay was performed. While investigating the bait (PsaNZV-13 HopF2) for Y2H in bait 

yeast cells suppression of yeast growth on SD/-Trp medium was observed (Figure 5.9 - 2). This 

outcome was consistent with an earlier study where PtoDC3000 effectors HopAM1, HopAA1-1, 

HopU1, HopD1, HopAD1, HopAO1 and HopN1 expression in yeast were shown to arrest or 

slow yeast growth (Munkvold et al., 2008). The effect of those seven effectors on yeast growth 

was believed to be the effector action on the cellular processes of yeast (Munkvold et al., 2008). 

Hence, it appears that the inhibitory role of PsaNZV-13 HopF2 in yeast might be related to the 

effector interference in yeast cellular activity. This outcome also proposes phytopathogenic 

bacterial effectors may have progressed to target conserved host proteins or mechanisms across 

eukaryotes. 

PsaNZV-13 HopF2 is part of the HopF effector family which characteristically possess 

the putative ADP-ribosyltransferase residues (R72 and D174) (Lo et al., 2017). This feature is 

also observed in PsaNZV-13 HopF2 and could be tested by mutating the two residues (R72 and 

D174). Yeast cells expressing PsaNZV-13 HopF2R72A and PsaNZV-13 HopF2D174A mutants did not 

suppress yeast growth and exhibited a similar mating pattern as the bait vector (Figure 5.24 - 

III, IV). A similar result was also found in PtoDC3000 HopAO1 which is a tyrosine phosphatase 

with an essential cysteine 378 residue (Munkvold et al., 2008). This residue can interfere with 

the HR in plants (Bretz et al., 2003; Espinosa et al., 2003), as well as yeast growth suppression 

(Munkvold et al., 2008). A mutation in the cysteine (C378S) residue displayed normal yeast 

growth (Munkvold et al., 2008). Another PtoDC3000 effector HopN1 is a cysteine protease that 

also inhibited yeast growth (Munkvold et al., 2008). The cysteine protease catalytic residues 

cysteine 172, histidine 283 and aspartate 299 in HopN1 are necessary for its activity in plants 

(Lopez-Solanilla et al., 2004). Of those two critical residue (C172 and H283) mutations and 

subsequent expression in yeast showed normal yeast growth (Munkvold et al., 2008). 

Therefore, the PsaNZV-13 HopF2 finding in yeast is probably because of the putative ADP-

ribosyltransferase activity of the effector. 
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5.4.4 Y2H screening and proteins interaction validation in yeast and in planta 

The identification of PsaNZV-13 HopF2 host targets in kiwifruit by Y2H screening 

showed 92 positive interactions (Figure 5.10). Necessary controls such as positive interaction 

control, negative interaction control, negative self-activation control, bait and prey self-

activation controls were used to differentiate the genuine interactions from false positives. 

Consequently, eight prey clones were successfully identified as putative interacting partners of 

PsaNZV-13 HopF2 (Table 5.4). Within the eight positive interactions, a subtilisin-like serine 

protease (AcSUB) was selected for subsequent Y2H analysis. The rationale behind choosing 

AcSUB was that this protein strongly interacted with the bait (PsaNZV-13 HopF2) and AcSUB 

was a full-length protein in Y2H screening. The homologs of AcSUB in other plants have a 

putative role in plant immunity (Figueiredo et al., 2014). A subtilisin-like protease in grape 

plays a crucial role in immunity against Plasmopara viticola (Figueiredo et al., 2008; 

Figueiredo et al., 2012). Two subtilisin-like proteases P69B and P69C in tomato exhibited low 

expression under normal conditions. When tomato plants were challenged by P. syringae or 

salicylic acid, the expression level of the two genes increased exponentially (Jorda et al., 1999). 

A subtilase (SBT3.3) from Arabidopsis activates immune signalling at the time of pathogen 

attack (Ramirez et al., 2013).  

From the Y2H assay, it was discovered that the bait (PsaNZV-13 HopF2), and prey 

(AcSUB) strongly interacted (Figure 5.16); on the contrary, the interaction was not repeated 

when the two proteins were swapped from bait to prey and vice versa (Figure 5.17), indicating 

a uni-directional interaction of PsaNZV-13 HopF2 and AcSUB in Y2H. The investigation of 

AcSUB localization in kiwifruit by SignalP-4.1 (Petersen et al., 2011) predicts it to be 

cytoplasmic. The inconsistency of the interaction when swapping PsaNZV-13 HopF2 and AcSUB 

proteins suggests further experiments such as in vitro pull-down assays are required to be 

carried out to confirm the interaction or that it should be rejected as an interactor. 
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Figure 5.28 Prediction of signal peptides in AcSUB by SingalP. 0.5 is the threshold point to discriminate signal 

peptides. AcSUB prediction did not show the presence of signal peptides. C-score indicates the presence of the 

signal peptide cleavage site; S-score confirms the occurrence of the signal peptide in a protein; Y-score predicts 

the signal peptide cleavage site based upon C and S scores. 

 

The expression of either protein was not found by western blot (Figure 5.18). In co-

immunoprecipitation, the evidence for a PsaNZV-13 HopF2 and AcSUB interaction was also not 

found (Figure 5.19), suggesting that expression of both proteins may be low. PsaNZV-13 HopF2 

is an active effector with respect to inducing HR in N. tabacum. Also, it causes chlorosis upon 

a transient expression in N. benthamiana if the incubation period is extended to six days. This 

indicates N. benthamiana might be trying to suppress the effector expression by activating 

immune signalling. Therefore, PsaNZV-13 HopF2 expression may not be sufficient enough to be 

identified by western or Co-IP. The expression of the subtilisin-like proteases (P69B and P69C) 

in tomato was extremely low (Jorda et al., 1999). AcSUB also belongs to the subtilisin-like 

protease family and it has a very low expression profile in A. chinensis (An unpublished result 

of Dr Erik Rikkerink, Plant & Food Research), this low level of expression may have 

contributed to the inability to detect expression of AcSUB in N. benthamiana. Other putative 

interactors of PsaNZV-13 HopF2 identified in the screening such as ornithine 

carbamoyltransferase, ubiquitin-conjugating enzyme E2 and CLK4-associating 

serine/arginine-rich protein would be worth investigating in future. Because, ornithine 

carbamoyltransferase enzyme is the target of Pseudomonas syringae pv. phaseolicola 

phytotoxin ‘phaselotoxin’ in bean (Tamura et al., 2002). Ubiquitin-conjugating enzyme related 

protein in wheat confers resistance against septoria leaf blotch fungi Zymoseptoria tritici 
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(Millyard et al., 2016). AcCLK protein is an RNA binding protein and the RNA binding 

proteins of Arabidopsis GRP7 and 8 are the targets of PtoDC3000 HopU1 which is a mono-ADP-

ribosyltransferase in function (Fu et al., 2007). Therefore, those kiwifruit proteins could be 

studied further as a host target of PsaNZV-13 HopF2. 

5.4.5 PsaNZV-13 HopF2 and AtRIN4, AcRIN4s interaction in yeast 

AtRIN4 has been shown to be the target of PtoDC3000 HopF2 in Arabidopsis which 

promotes pathogen virulence (Wilton et al., 2010). In a previous study, the interaction of 

PtoDC3000 HopF2 and AtRIN4 was confirmed by in vitro GST pull-down and Co-IP assays 

(Wilton et al., 2010). In that study, Co-IP was performed with stably expressing (DEX-

induced) PtoDC3000 HopF2 with an HA tag in Arabidopsis. The protein of that Arabidopsis plant 

was used to probe the interaction between PtoDC3000 HopF2 and AtRIN4 with anti-RIN4 and 

anti-HA antibodies. This information was used as a foundation in the Y2H experiment to 

validate the interaction of PsaNZV-13 HopF2 with AtRIN4 or AcRIN4s. So far Y2H has not been 

used as an in vitro assay to determine the interaction of HopF2 and AtRIN4. In this study, the 

result of the Y2H assay indicated PsaNZV-13 HopF2 was not interacting with RIN4 proteins 

(Figure 5.25). AtRIN4 has been confirmed as a crucial defense hub protein with which other 

P. syringae effectors AvrB, AvrRpm1 and AvrRpt2 were documented to interact and trigger 

RPM1 and RPS2 resistance genes (Mackey et al., 2003; Mackey et al., 2002). The protein 

interaction in plants is more complex than in vitro Y2H protein-protein interactions. Therefore, 

it could be possible that components of RIN4 recognition and signaling might be missing in a 

Y2H assay for interaction or PsaNZV-13 HopF2 may have an indirect association with RIN4 

through its associated protein complex. One more possibility that may account for a null result 

in Y2H would be that PsaNZV-13 HopF2 may have diverged and targets a different host protein. 

In addition to AtRIN4, AtMKK-5 and AtBAK1 are being targeted by PtoDC3000 HopF2 to stop 

initial immune signalling cascades in Arabidopsis (Zhou et al., 2014; Wang et al., 2010). 

Therefore, in future these proteins could be analysed with PsaNZV-13 HopF2 as a potential 

candidate target proteins. 

5.4.6 PsaNZV-13 HopF2 induced non-host resistance in N. tabacum 

The non-host resistance inducing capability of PsaNZV-13 HopF2 was investigated in N. 

benthamiana and N. tabacum species by transient expression. The reason for using these two 

non-host species was that they constitute a pool of resistance genes, which possibly have a 
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unique manner of resistance manifestation and could ultimately be used transgenically in 

kiwifruit or be used to find resistance gene orthologue in kiwifruit germplasm. The non-host 

resistance mechanism is long lasting, and efficient to stop a wide range of pathogen infection 

(Lee et al., 2016). This attribute can be a useful resource for developing resistant crops (Bent, 

2016; Brendolise et al., 2017; Lee et al., 2016). Furthermore, N. benthamiana and N. tabacum 

are the frequently used non-host species to study the non-host resistance, because of their 

amenability to bacterial inoculation, and that they readily exhibit phenotypic responses within 

a short time (Klement et al., 1964; Klement and Goodman, 1967; Li et al., 2012).  

Among the two species tested by PsaNZV-13 HopF2 transient expression, N. tabacum 

exhibited a strong HR (Figure 5.20 - B). The occurrence of the HR due to the effector highlights 

the triggering of effector-triggered immunity (Henry et al., 2013). Therefore, a plausible 

conclusion drawn from PsaNZV-13 HopF2 transient expression is that one or a few resistant 

genes in N. tabacum recognize PsaNZV-13 HopF2. PtoDC3000 HopF2 transient expression in N. 

tabacum (W38) also displayed the HR (Robert-Seilaniantz et al., 2006). The similar findings 

of the transient expression of PsaNZV-13 HopF2 and PtoDC3000 HopF2 in N. tabacum indicate 

both effectors may be recognized by one or a few common putative resistance genes. In contrast 

to N. tabacum, PsaNZV-13 HopF2 transient expression in N. benthamiana showed no HR, 

suggesting a corresponding resistance gene to PsaNZV-13 HopF2 may not be present in N. 

benthamiana (Figure 5.20 - A). In all, the findings of a PsaNZV-13 HopF2-mediated HR in N. 

tabacum and the absence in N. benthamiana suggest a polymorphic distribution of the 

resistance genes within Nicotiana species against PsaNZV-13 HopF2. Non-host resistance in the 

form of an HR against PsaNZV-13 HopF2 in tobacco species has the scope to identify a putative 

resistance gene. The identification of the resistance gene would assist in the understanding of 

the resistance mechanism against PsaNZV-13 HopF2. 

5.4.7 PsaNZV-13 HopF2 mutants role in N. tabacum 

The ability of PsaNZV-13 HopF2 to induce an HR in N. tabacum prompted a further study 

of effector function. Critical residues of PsaNZV-13 HopF2 such as myristoylation (G2) and 

ADP-ribosyltransferase (R72 and D174) were identified from the protein sequence comparison 

study (Figure 5.1). The transient expression of the putative myristoylation (PsaNZV-13 

HopF2G2A) and ADP-ribosyltransferase (PsaNZV-13 HopF2R72A and PsaNZV-13 HopF2D174A) 

mutants in N. tabacum revealed the loss of HR in PsaNZV-13 HopF2R72A and PsaNZV-13 

HopF2D174A (Figure 5.23). However, PsaNZV-13 HopF2G2A mutant induced a similar HR to wild-
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type PsaNZV-13 HopF2 and the HR in the mutant appears to be genuine as per the serially diluted 

transient expression assay. The result of PsaNZV-13 HopF2R72A and HopF2D174A in N. tabacum 

was also documented in PtoDC3000 HopF2 wherein the mutation of the ADP-ribosyltransferase 

residues (R71 and D175) abolished the HR in N. tabacum (Wang et al., 2010). Similarly, 

mutation of Pph1449B HopF1 putative ADP-ribosyltransferase residues (R72A and D174A) 

resulted in the loss of the HR-inducing ability in bean (Singer et al., 2004). These confirm the 

putative ADP-ribosyltransferase enzymatic residues (R72 and D174) in PsaNZV-13 HopF2 are 

essential to induce HR in N. tabacum.   

Despite the myristoylation residue (G2A) mutation in PsaNZV-13 HopF2, an HR was 

observed upon its transient expression in N. tabacum. The myristoylation residue (G2) in 

PtoDC3000 HopF2 is essential for avirulence activity in N. tabacum (Robert-Seilaniantz et al., 

2006). P. syringae pv. tabaci 11528 expressing PtoDC3000 HopF2G2A shown the inability to 

develop HR in N. tabacum (Robert-Seilaniantz et al., 2006). Initially, this suggests that the HR 

development in PsaNZV-13 HopF2G2A might not be true and that high effector concentration may 

have activated residual HR. But, transient expression of PsaNZV-13 HopF2G2A at different 

concentrations showed the HR in high (8 x 107 (OD600 - 0.1)) and low (8 x 106 (OD600 - 0.01)) 

concentrations (Figure 5.26-2) that suggests the function of the effector was not impaired by 

the myristoylation (G2A) mutation. Unlike PtoDC3000 HopF2G2A mutation, PsaNZV-13 HopF2G2A 

did not affect HR development in N. tabacum. T3SS effectors AvrPto1 and HopF2 from 

PtoDC3000 are known to be plasma membrane-localized by their myristoylation motif. This motif 

is critical for virulence and avirulence functions of both effectors (Robert-Seilaniantz et al., 

2006; Shan et al., 2000). Although PsaNZV-13 HopF2 possesses the myristoylation motif, a 

mutation of that did not nullify the effector function in N. tabacum and the effector may still 

be recognized in the cytoplasm. This is possibly due to the fact that PsaNZV-13 HopF2 is a 

cytoplasmic and nucleus-localized effector (Choi et al., 2017). By and large, this finding 

appears to be a peculiar function of PsaNZV-13 HopF2.  

5.4.8 NtRIN4 role in PsaNZV-13 HopF2 induced HR 

PtoDC3000 HopF2 involvement with AtRIN4 to promote virulence in Arabidopsis 

(Wilton et al., 2010) and Pph1449B HopF1 mediated PvRIN4s suppression of ETI in bean (Hou 

et al., 2011), suggested a clear involvement of RIN4. Nevertheless, these results may not be 

extrapolated to kiwifruit. The role of NtRIN4 in PsaNZV-13 HopF2 mediated HR was analysed 

by silencing NtRIN4 gene in N. tabacum. Transient expression of PsaNZV-13 HopF2 at a range 
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of concentrations triggered HR in N. tabacum (Figure 5.26 - 1), indicating an efficient effector 

recognition mechanism. Co-infiltration of PsaNZV-13 HopF2 and RNAi empty vector revealed 

HR at 8 x 107 (OD600 - 0.1), 4 x107 (OD600 - 0.05) and 1.6 x 107 (OD600 - 0.02) effector dilutions. 

While PsaNZV-13 HopF2 and RNAi RIN4 co-infiltration also triggered HR at 8 x 107 (OD600 - 

0.1), 4 x107 (OD600 - 0.05) effector dilutions, however, a complete elimination of the HR was 

observed at 1.6 x 107 (OD600 - 0.02) and 8 x 106 (OD600 - 0.01) dilutions (Figure 5.26 - 1; 5.27 

- 3, 4). A comparison between RNAi RIN4 and RNAi empty vector co-infiltrations displayed 

a difference that the HR was mild in RNAi RIN4 co-infiltration. The observation of the HR at 

8 x 107 (OD600 - 0.1) and 4 x107 (OD600 - 0.05) concentrations of PsaNZV-13 HopF2 and RNAi 

RIN4 (3.2 x 108 (OD600 0.4)) co-infiltration probably results from a high level of the effector 

in plant cells that may have instantly triggered a robust resistance response. Consequently, the 

RNAi RIN4 construct was not able to silence NtRIN4 completely. Overall, this result suggests 

that NtRIN4 may be essential for PsaNZV-13 HopF2 driven HR. Based on this, it could be 

hypothesized that PsaNZV-13 HopF2 is likely associating with NtRIN4 upon its delivery into N. 

tabacum. A possible manipulation of NtRIN4 by PsaNZV-13 HopF2 could have triggered HR 

activating one or a few resistance genes that may guard NtRIN4. This finding in this study 

together with the association of PtoDC3000 HopF2 and Pph1449B HopF1 with RIN4 proteins 

suggests the presence of a conserved target for these effectors across plant species.  

 In conclusion, the functional analyses of PsaNZV-13 HopF2 have shown important 

findings in this chapter. A protein alignment revealed a conservation of functionally important 

putative myristoylation and ADP-ribosyltransferase residues (Gly2, Arg72 and Asp174) in 

PsaNZV-13 HopF2. The putative ADP- ribosyltransferase residues (Arg72 and Asp174) were 

essential to induce HR in N. tabacum and also to inhibit yeast growth. Whereas, the putative 

myristoylation motif appears to be non-essential for PsaNZV-13 HopF2 function in N. tabacum. 

In Y2H, PsaNZV-13 HopF2 did not interact with RIN4 proteins, which specify a possibility of 

being different in host protein target. An attempt to mine the host target of PsaNZV-13 HopF2 in 

kiwifruit by Y2H screening has yielded a number of positive interactions. Among these, a 

putative positive interactor AcSUB was analyzed for in planta interaction, but, no evidence for 

in planta interaction was found. A RIN4 silencing study in N. tabacum with PsaNZV-13 HopF2 

exposed a plausible role of NtRIN4 in HR development. Generally, the results of PsaNZV-13 

HopF2 functional studies suggest PsaNZV-13 HopF2 is likely to have putative ADP-

ribosyltransferase activity. However, the function of PsaNZV-13 HopF2 in planta seems to be 

different to that of PtoDC3000 HopF2. 
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Chapter 6 

Concluding discussion 

 

6.1 PsaNZV-13 AvrPto5 appears not to be a functional orthologue of PtoDC3000 AvrPto1 

The Y2H assay was chosen to identify the host targets of PsaNZV-13 AvrPto5 in kiwifruit. 

As described in chapter two, the kiwifruit proteins selected initially were based on the results 

from a large-scale screen of Arabidopsis cDNAs with Pto effectors (Mukhtar et al., 2011). This 

screen identified AtCERK, AtLysM, AtTIFY6B and AtTCP14 as targets of PtoDC3000 AvrPto1 

(Mukhtar et al., 2011). PsaNZV-13 AvrPto5 did not appear to show the interaction with any of 

the kiwifruit homologous proteins, however, indicating that these kiwifruit proteins appeared 

not to be the host targets. This result is consistent with previous studies aiming to determine 

the Y2H interaction of AvrPto homologs and Pto kinase. Particularly, oryzae (AvrPto1), 

myricae (AvrPto3) and tabaci (AvrPto4) homologs did not interact with Pto kinase in Y2H and 

caused no HR in N. benthamiana (Baltrus et al., 2011; Nguyen et al., 2010), suggesting the 

function of AvrPto subfamilies seems to differ within the AvrPto subgroup and that they have 

evolved to target a different host protein. The genetic analyses of PsaNZV-13 AvrPto5 and 

PtoDC3000 AvrPto1 by phylogeny and pairwise amino acid distance test indicated that the two 

effectors are distantly related. Likewise, the ID residues pattern and the absence of HR in N. 

tabacum illustrate a diverse function of PsaNZV-13 AvrPto5 from PtoDC3000 AvrPto1. PsaNZV-13 

AvrPto5 and PtoDC3000 AvrPto1 investigated for self-activation of a reporter gene in yeast 

showed two unique observations. PsaNZV-13 AvrPto5 did not auto activate the histidine marker 

on SD/-Leu-Trp media and PtoDC3000 AvrPto1 induced histidine, suggesting a subtle difference 

in the properties of these proteins. In all, the outcomes of this study indicate that PsaNZV-13 

AvrPto5 is a functionally distant relative of PtoDC3000 AvrPto1. Therefore, future experiments 

using PsaNZV-13 AvrPto5 should be carried out independently of PtoDC3000 AvrPto1 studies to 

explore the novel attributes of PsaNZV-13 AvrPto5. 
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6.2 Y2H as a platform to identify plant pathogen-host targets 

Y2H is a reliable method in the host-microbe interaction field to identify host targets 

of phytopathogen effectors. As an example, Xanthomonas campestris pv. vesicatora (Xcv) 

which responsible for the bacterial spot in pepper, one of Xcv T3SS effector AvrBsT interacting 

protein partners CaALDH1 and CaHSP70a of pepper were identified using Y2H screening 

(Kim and Hwang, 2015a and b). As per the observations in this study, Y2H appears to be an 

easily applicable method which can be adopted straight away without requiring protein 

purification step and also not necessary to standardize the buffer condition for protein binding 

(Auerbach and Stagljar, 2005). In a short time, the bait and prey i.e. a cDNA library, can be 

developed, making the identification of the interacting partners much faster than other methods. 

The interaction of two proteins can be identified in vivo and with the inclusion of different 

markers an assessment of whether the interaction is genuine or not can be made. Despite these 

advantages, Y2H can produce false positive interactions depending on the bait property, for 

which a range of controls and special attention should be paid during Y2H analysis. Y2H 

identifies a direct protein-protein interaction which makes Y2H unsuitable when aiming for an 

interaction where one protein requires more than one additional protein for functionality. Also, 

the interaction of secreted proteins cannot be studied by Y2H because the prey constructs are 

normally developed from cytoplasmic genes. For the interaction of some proteins folding is 

crucial, and therefore the interaction of these proteins cannot be studied using Y2H. Therefore, 

while using the Y2H system, it is essential to be aware of the disadvantages so that the 

technique can be employed in an effective way to accomplish the experimental aims. 

6.3 PsaNZV-13 AvrPto5 and AcHIPP26 interaction in Y2H and in planta 

The Y2H study of PsaNZV-13 AvrPto5 and full-length AcHIPP26 indicated a positive 

interaction between these proteins in yeast. Swapping of PsaNZV-13 AvrPto5 as prey and 

AcHIPP26 as bait corroborated the interaction. In addition to that, the fragment wise Y2H assay 

showed evidence for the interaction where PsaNZV-13 AvrPto5 segment - III and the AcHIPP26 

segment - I strongly interacted. AcHIPP26 is a metallochaperone protein, and there are many 

studies in which the involvement of heavy metal-associated proteins in disease and resistance 

is documented. For example, Xoo effector PthXo1 virulence mechanism is to eliminate copper 

ions in rice by the action of Xa21-induced COPT1 and COPT5 metallochaperones enabling 

pathogen proliferation (Yuan et al., 2010). In addition, the small HMA (sHMA) proteins are 

the virulence target of the M. oryzae effector AVR-Pik in rice (Kanzaki et al., 2016) and the 
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HMA domain has a role as a host target mimic in the Pikp-1 resistance protein (Maqbool et al., 

2015). These examples underlie the paradigm that heavy metal-associated proteins participate 

in plant-pathogen interactions. Our finding of AcHIPP26 as a host target of PsaNZV-13 AvrPto5 

may also fit in this category. However, in planta experiments needed to be carried out to 

corroborate this hypothesis. 

To dissect the in planta interaction of PsaNZV-13 AvrPto5 and AcHIPP26, biochemical 

assays such as western blot and Co-IP analyses were carried out. Western blotting of PsaNZV-

13 AvrPto5 demonstrated that this protein was expressed in the insoluble membrane fraction, 

most probably with a plasma membrane localization given the presence of the putative 

myristoylation motif. This finding was also observed in PtoDC3000 AvrPto1 which was 

expressed in the insoluble membrane fraction (Shan et al., 2000), suggesting the common 

membrane localization attribute of AvrPto effectors. AcHIPP26 also has a putative 

myristoylation site and that may be co-located with PsaNZV-13 AvrPto5. However, AcHIPP26 

expression was not observed in western blots; it could be possible that HIPP proteins tend to 

have a low expression level in plants or that high levels of expression are toxic (Barth et al., 

2009). Although there was no evidence for direct interaction of these two proteins in planta, 

there is a possibility that the detergent used to extract the proteins might disturb their 

interaction. Thus, the finding of this study could be used as a foundation in future to study 

PsaNZV-13 AvrPto5 host targets using a proteomic approach like mass spectrometry with affinity 

purification to assess whether the heavy metal-associated proteins are isolated as host targets. 

Moreover, the expression of the heavy metal-associated genes could be analysed during 

infection by RNA sequencing transcriptome analysis. 

6.4 PsaNZV-13 AvrPto5 and HopF2 effectors are intrinsically disordered 

ID is becoming a key feature of the regulation of proteins involved in signal 

transduction (Pietrosemoli et al., 2013).  In addition, many pathogen effectors are predicted to 

contain significant regions of ID (Romero et al., 2001).  The prediction of ID residues and 

MoRFs in PsaNZV-13 AvrPto5 and HopF2 indicated two distinct trends. Firstly, a lower 

percentage (28%) of ID residues and MoRFs (1) were observed in PsaNZV-13 AvrPto5 compared 

to PtoDC3000 AvrPto1 ID residues (64%) and MoRFs (5). ID residues (125-131, 152-158) and a 

lengthy MoRF region (133-157) were identified in the PsaNZV-13 AvrPto5 segment - III. This 

segment revealed a robust interaction with the AcHIPP26 segment - I in a segment-wise Y2H 

assay, corroborating that the function of the effector is likely connected to ID residues (Marin 
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et al., 2013; Wulf et al., 2004). As far as PsaNZV-13 HopF2 is concerned, it exhibited a slightly 

higher percentage of ID residues (47%) than PtoDC3000 HopF2 (40%). But, there were more 

MoRFs observed in PtoDC3000 HopF2 and the MoRF propensity score (>0.8) was higher in 

PtoDC3000 HopF2 than PsaNZV-13 HopF2. By and large, PsaNZV-13 HopF2 did not show the 

significant difference in IDRs and MoRFs to claim the probable functional deviance from 

PtoDC3000 HopF2. Overall, the finding of IDRs in two unrelated effectors of Psa in this study 

indicate that IDRs may play a prevalent role in host manipulation by bacterial effectors. 

6.5 PsaNZV-13 HopF2 does not associate with RIN4s in Y2H 

The homologs of PsaNZV-13 HopF2 such as PtoDC3000 HopF2 and Pph1449B HopF1 were 

reported to interact with AtRIN4 and PvRIN4s respectively (Hou et al., 2011; Wilton et al., 

2010). This result could not be recapitulated using PsaNZV-13 HopF2 and either AtRIN4 or 

AcRIN4s.  Despite this finding, transient co-expression of PsaNZV-13 HopF2 and AtRIN4 in N. 

benthamiana and subsequent western blotting of AtRIN4 showed a reduction in the amount of 

AtRIN4 expression in comparison with AtRIN4 alone transient expression (An unpublished 

result of Dr Minsoo Yoon, Plant & Food Research). This indicates that plant systems are 

different from the Y2H system and perhaps some additional protein partners of RIN4 are 

missing in Y2H. Hence, to ascertain the interaction of PsaNZV-13 HopF2 with AtRIN4 in planta, 

a Co-IP assay could be carried out by transiently co-expressing Agrobacterium harbouring 

PsaNZV-13 HopF2 and AtRIN4 constructs in N. benthamiana. In this study, there is a clue about 

the putative role of NtRIN4 in PsaNZV-13 HopF2 induced HR in N. tabacum which needs to be 

investigated in future to claim the association between these proteins. 

6.6 Putative ADP-RT residues of PsaNZV-13 HopF2 are crucial for activity  

In chapter five, putative ADP-RT residues (Arg72 and Asp174) were identified in a 

protein sequence alignment of PsaNZV-13 HopF2 with PtoDC3000 HopF2. The ADP-RT residues 

are prevalent in HopF family effectors of P. syringae (Lo et al., 2017) and these residues are 

believed to be important for host protein manipulation (Wang et al., 2010). Putative ADP-RT 

active site residues of PsaNZV-13 HopF2 were investigated in yeast and N. tabacum. PsaNZV-13 

HopF2 expression in bait yeast cells delayed or suppressed growth. However, Arg72Ala and 

Asp174Ala mutants did not delay or suppress yeast growth. Similarly, the ADP-RT active site 

residues were necessary to trigger HR in N. tabacum, the mutation of those residues suppressed 

HR, indicating the ADP-RT residues requirement for the activity of PsaNZV-13 HopF2. PtoDC3000 
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effectors HopAO1 and HopN1 are a tyrosine phosphatase and a cysteine protease respectively, 

Cys378 residue in HopAO1 and Cys172, His283, Asp299 residues of HopN1 are essential to 

suppress plant defenses (Bretz et al., 2003; Lopez-Solanilla et al., 2004). Likewise, these 

residues are also important to suppress yeast growth (Munkvold et al., 2008). Taken together, 

these results suggest PsaNZV-13 HopF2 biochemical activity is conserved in yeast and plants. 

The HopF family effector PtoDC3000 HopF2 is already confirmed as an ADP-ribosyltransferase 

which ADP-ribosylate AtMKK-5 in vitro (Wang et al., 2010). As PsaNZV-13 HopF2 has 

predicted putative ADP-RT residues which are vital for the activity in yeast and plants, it is 

worth performing an in vitro ADP-ribosyltransferase assay using AtMKK-5 as a substrate to 

confirm the ADP-ribosyltransferase activity of PsaNZV-13 HopF2. 

6.7 Myristoylation motif may not be required for PsaNZV-13 HopF2 function in plants 

To identify critical residues of PsaNZV-13 HopF2 that are responsible for HR in N. 

tabacum, ADP-RT (Arg72 and Asp174) and myristoylation (Gly2) mutant residues were 

generated and investigated. The ADP-RT residues were observed to be critical for HR, but 

surprisingly not the myristoylation residue. Many P. syringae T3SS effectors (AvrPto, AvrB, 

AvrRpm1 and HopF2 for example) are plasma membrane-bound because of their 

myristoylation motif (Robert-Seilaniantz et al., 2006). A functional myristoylation motif in 

PtoDC3000 HopF2 is essential for virulence in tomato, Arabidopsis (Robert-Seilaniantz et al., 

2006; Wilton et al., 2010) and resistance in N. tabacum (Robert-Seilaniantz et al., 2006). 

PsaNZV-13 HopF2 is a homologous effector of PtoDC3000 HopF2, however, the mutation of the 

myristoylation residue did not affect PsaNZV-13 HopF2 HR inducing function in N. tabacum, 

suggesting the plasma membrane-localization may not be absolutely essential for PsaNZV-13 

HopF2 function. This observation is supportive of a finding that PsaNZV-13 HopF2 is claimed 

to be cytoplasmic and nucleus-localized (Choi et al., 2017). PsaNZV-13 HopF2 appears to 

possess a putative myristoylation motif, but, the function in planta varies from the HopF family 

counterpart PtoDC3000 HopF2. Therefore, a simultaneous investigation of PsaNZV-13 HopF2 and 

PtoDC3000 HopF2 localization in plant cells should be performed using GFP or YFP tagged 

proteins by confocal microscope. In addition, a western blot assay could also be performed to 

verify whether the expression of PsaNZV-13 HopF2 is present in the soluble or membrane protein 

fraction. 



176 

 

6.8 NtRIN4 may be essential for PsaNZV-13 HopF2 mediated HR in N. tabacum 

A transient co-expression of PsaNZV-13 HopF2 and NtRIN4 silencing construct was 

performed to dissect the relationship between PsaNZV-13 HopF2 induced HR and NtRIN4. The 

transient co-expression assay showed the abolition of PsaNZV-13 HopF2 induced HR at CFU of 

1.6 x 107 (OD600 - 0.02) and 8 x 106 (OD600 - 0.01) and exhibited less intense HR at 8 x 107 

(OD600 - 0.1) and 4 x107 (OD600 - 0.05) CFUs in relation to PsaNZV-13 HopF2 and RNAi empty 

vector transient co-expression where the HR was strong and observed from 8 x 107 (OD600 - 

0.1) to 1.6 x 107 (OD600 - 0.02) CFUs. The involvement of RIN4 in resistance was observed in 

Arabidopsis against PtoDC3000, with three T3SS effectors AvrB, AvrRpm1 and AvrRpt2 

interacting with AtRIN4 activating the resistance genes RPM1 and RPS2 respectively (Mackey 

et al., 2003; Mackey et al., 2002). RIN4 proteins are also modulated for virulence by PtoDC3000 

HopF2 and Pph1449B HopF1 in Arabidopsis and bean respectively (Hou et al., 2011; Wilton et 

al., 2010), suggesting the role of RIN4 as a defense modulator. Thus, the finding of a 

correlation between PsaNZV-13 HopF2 and NtRIN4 advocates that NtRIN4 may be a critical 

component in PsaNZV-13 HopF2 induced HR in N. tabacum. Despite this finding, additional 

experiments need to be carried out in future to confirm the NtRIN4 relationship with PsaNZV-

13 HopF2 induced HR. A tandem affinity purification with mass spectrometry may be 

performed after transiently expressing PsaNZV-13 HopF2 in N. tabacum to verify PsaNZV-13 

HopF2 association with NtRIN4. Furthermore, in vitro (Y2H) and in planta (Co-IP) assays 

could also be carried out between these two proteins to confirm the interaction. While 

performing these assays PtoDC3000 HopF2 and AtRIN4 could be utilized as a control. 

6.9 Future work 

In this study, the presence of a resistance protein recognising PsaNZV-13 HopF2 was 

identified in N. tabacum. As a future direction to isolate that resistance gene, an RNAi silencing 

library approach could be used. N. benthamiana and N. tabacum are close relatives, and an N. 

benthamiana RNAi silencing library is available for use (Brendolise et al., 2017). This library 

was developed using the genome-based identification of 345 resistance genes in N. 

benthamiana; it corroborated previously characterized resistance genes. The identification of 

the putative resistance gene can be performed by sequential or transient co-expression of 

PsaNZV-13 HopF2 and RNAi silencing constructs for resistance genes in N. tabacum. An RNAi 

silencing construct that abolishes PsaNZV-13 HopF2-mediated HR should enable identification 

of the putative resistance gene that is associated with effector recognition. Subsequently, the 
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role of the resistance gene in resistance could be analysed by developing knockout and 

complementation in N. tabacum to confirm the loss and restoration of the resistance in presence 

of PsaNZV-13 HopF2. 

The isolation of PsaNZV-13 HopF2 host targets by Y2H screening indicated eight 

putative positive interactions (Table 5.4). An effort was made to corroborate the interaction 

with AcSUB which was one of the putative interacting partners of PsaNZV-13 HopF2 in Y2H 

screening. Unexpectedly, confirmation of an in planta interaction was not possible. As a future 

direction, the remaining putative interactors of PsaNZV-13 HopF2 could be verified for in planta 

interaction. Then, that interaction could be correlated with putative ADP-ribosyltransferase 

residues of PsaNZV-13 HopF2 to confirm the biochemical activity of the effector. 

6.10 Concluding comments 

In this thesis, the function of PsaNZV-13 AvrPto5 and HopF2 were investigated in 

kiwifruit and tobacco. Since PsaNZV-13 AvrPto5 is an effector of the AvrPto subfamily which 

was hypothesised that it may behave in a similar manner to the well characterized PtoDC3000 

AvrPto1. Candidate host protein Y2H and transient expression in N. tabacum together with 

phylogenetic analyses indicated that PsaNZV-13 AvrPto5 has a divergent functionality to its 

homolog PtoDC3000 AvrPto1. The Y2H screening of the kiwifruit cDNA library with PsaNZV-13 

AvrPto5 revealed a promising putative positive interactor, AcHIPP26. This interaction could 

not be recapitulated in planta, however, this interaction cannot be excluded due to the fact that 

the interaction may have been disrupted by experimental procedures. Therefore, a proteomics 

approach could be employed to corroborate the interaction. 

PsaNZV-13 HopF2 has been identified to have putative myristoylation and ADP-

ribosyltransferase residues. Putative ADP-ribosyltransferase residues are important for HR 

inducing ability in N. tabacum. Similarly, these residues are identified as being involved in the 

suppression of yeast growth upon expression in yeast. The myristoylation residue that enables 

plasma membrane localization in PtoDC3000 HopF2 appears non-functional in PsaNZV-13 HopF2, 

which possibly shows a cytoplasmic and/or nucleus-localization. In contrast to PtoDC3000 

HopF2, PsaNZV-13 HopF2 may not require the myristoylation for function. This is a novel 

finding of this study, the characterization of PsaNZV-13 HopF2 localization and function in 

planta, and further experiments such as subcellular localization and western blot analysis could 

be carried out. The induction of HR by PsaNZV-13 HopF2 in N. tabacum seems to be associated 
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with NtRIN4. However, additional experiments need to be performed to discover the role of 

NtRIN4 in PsaNZV-13 HopF2-mediated HR.  

In this project, the Y2H system was relied on for isolation of host targets of PsaNZV-13 

AvrPto5 and HopF2. Based on the practical observation from the Y2H cDNA library 

construction and screening, the Y2H system seems to be convenient, since within a few weeks 

putative positive interactions could be identified. Using this technique, the potential positive 

interactions of PsaNZV-13 AvrPto5 and HopF2 were isolated. But, in order to isolate the true 

positive interactions, a rigorous use of the controls is necessary to validate the interaction 

because of the prevalence of false positives. 

In conclusion, this project has extended our understanding about PsaNZV-13 AvrPto5 and 

HopF2. The activity of PsaNZV-13 HopF2 in yeast, N. tabacum and the determination of a 

putative resistance gene presence in N. tabacum indicate PsaNZV-13 HopF2 could be a critical 

effector of Psa with regard to establishing durable resistance in kiwifruit. The possible isolation 

of the resistance gene in N. tabacum and comparison with different kiwifruit species genome 

might offer the possibility of identifying resistance (R) genes against PsaNZV-13 HopF2 in the 

kiwifruit germplasm. This outcome could be valuable knowledge for the development of a Psa 

resistant kiwifruit cultivar. As PsaNZV-13 HopF2 is conserved in all Psa biovars, developing a 

resistant kiwifruit cultivar using a putative resistance gene corresponding to PsaNZV-13 HopF2 

could minimize future Psa incursions. The finding of AcHIPP26 as a putative host target of 

PsaNZV-13 AvrPto5 in Y2H provides an opportunity to assess the role of heavy metal-associated 

proteins in plant disease. 
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Appendix 1: Yeast two-hybrid interaction tables 

Table A1-1 Y2H interaction table of PsaNZV-13 AvrPto5 (bait) and kiwifruit proteins (prey) 

assay of chapter two (Figure 2.12). 

S.no Yeast cells harbouring 1 2 3 

1 Strong positive interaction control (pEXP™32/Krev1 + 

pEXP™22/RalGDS-wt) 

+++ +++ +++ 

2 Weak positive interaction control  (pEXP™32/Krev1 + 

pEXP™22/RalGDS-m1) 

+++ +++ – 

3 Negative interaction control (pEXP™32/Krev1 + 

pEXP™22/RalGDS-m2) 

+++ – – 

4 Negative self-activation control (Bait pDEST™32 + Prey 

pDEST™22 vectors)  

+++ – – 

5 Bait self-activation control (Bait-PsaNZV-13 AvrPto5 + Prey 

vector (pDEST™22) 

+++ – – 

6 Prey self-activation control (Bait vector pDEST™32 + 

AcCERK1A) 

+++ – – 

7 PsaNZV-13 AvrPto5 + AcCERK1A +++ – – 

8 Prey self-activation control (Bait vector pDEST™32 + 

AcCERK1B) 

+++ – – 

9 PsaNZV-13 AvrPto5 + AcCERK1B +++ – – 

10 Prey self-activation control (Bait vector pDEST™32 + 

AcLysM) 

+++ – – 

11 PsaNZV-13 AvrPto5 + AcLysM +++ – – 

12 Prey self-activation control (Bait vector pDEST™32 + 

AcTIFY6B I) 

+++ – – 

13 PsaNZV-13 AvrPto5 + AcTIFY6B I  +++ – – 

14 Prey self-activation control (Bait vector pDEST™32 + 

AcTIFY6B II) 

+++ – – 

15 PsaNZV-13 AvrPto5 + AcTIFY6B II +++ – – 

16 Prey self-activation control (Bait vector pDEST™32 + 

AcTCP14) 

+++ – – 

17 PsaNZV-13 AvrPto5 + AcTCP14 +++ – – 

Note: 1 - SD/-Leu-Trp; 2 - SD/-Leu-Trp-His; 3 - SD/-Leu-Trp-Ade agar media 
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Table A1-2 Y2H interaction table of PtoDC3000 AvrPto1 (bait) and kiwifruit proteins (prey) 

assay of chapter two (Figure 2.13). 

S.no Yeast cells harbouring 

 

1 2 3 4 5 6 7 

1 Strong positive interaction control 

(pEXP™32/Krev1 + pEXP™22/RalGDS-wt)  

+++ +++ +++ +++ +++ +++ +++ 

2 Weak positive interaction control   

(pEXP™32/Krev1 + pEXP™22/RalGDS-m1) 

+++ +++ +++ +++ +++ +++ – 

3 Negative interaction control (pEXP™32/Krev1 + 

pEXP™22/RalGDS-m2) 

+++ – – – – – – 

4 Negative self-activation control (Bait pDEST™32 

+ Prey pDEST™22 vectors) 

+++ – – – – – – 

5 Bait self-activation control (Bait - PtoDC3000 

AvrPto1 + Prey vector pDEST™22) 

+++ – – – – – – 

6 Prey self-activation control (Bait vector 

pDEST™32 + AcCERK1A) 

+++ – – – – – – 

7 PtoDC3000 AvrPto1 + AcCERK1A +++ – – – – – – 

8 Prey self-activation control (Bait vector 

pDEST™32 + AcCERK1B) 

+++ – – – – – – 

9 PtoDC3000 AvrPto1 + AcCERK1B +++ – – – – – – 

10 Prey self-activation control (Bait vector 

pDEST™32 + AcLysM)  

+++ – – – – – – 

11 PtoDC3000 AvrPto1 + AcLysM  +++ – – – – – – 

12 Prey self-activation control (Bait vector 

pDEST™32 + AcTIFY6B I)  

+++ – – – – – – 

13 PtoDC3000 AvrPto1 + AcTIFY6B I  +++ – – – – – – 

14 Prey self-activation control (Bait vector 

pDEST™32 + AcTIFY6B II)  

+++ – – – – – – 

15 PtoDC3000 AvrPto1 + AcTIFY6B II  +++ – – – – – – 

16 Prey self-activation control (Bait vector 

pDEST™32 + AcTCP14)  

+++ – – – – – – 

17 PtoDC3000 AvrPto1 + AcTCP14 +++ +++ +++ +++ +++ +++ – 

Note: 1 - SD/-Leu-Trp; 2 - SD/-Leu-Trp-His + 3-AT 2 mM; 3 - SD/-Leu-Trp-His + 3-AT 3 mM; 4 - SD/-Leu-

Trp-His + 3-AT 4 mM; 5 - SD/-Leu-Trp-His + 3-AT 5 mM; 6 - SD/-Leu-Trp-His + 3-AT 10 mM; 7 - SD/-Leu-

Trp-Ade agar media. 
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Table A1-3 Y2H interaction table of AcTCP14 (bait) and PtoDC3000 AvrPto1 (prey) assay of 

chapter two (Figure 2.14). 

S.no Yeast cells harbouring 1 2 3 

1 Strong positive interaction control 

(pEXP™32/Krev1 + pEXP™22/RalGDS-wt) 

+++ +++ +++ 

2 Weak positive interaction control   

(pEXP™32/Krev1 + pEXP™22/RalGDS-m1)  

+++ +++ – 

3 Negative interaction control (pEXP™32/Krev1 

+ pEXP™22/RalGDS-m2) 

+++ – – 

4 Negative self-activation control (Bait 

pDEST™32 +  Prey pDEST™22 vectors) 

+++ – – 

5 Bait self-activation control (AcTCP14 + prey 

vector pDEST™22)  

+++ – – 

6 Prey self-activation control (Bait vector 

pDEST™32 + PtoDC3000 AvrPto1)  

+++ – – 

7 AcTCP14 + PtoDC3000 AvrPto1 

 

+++ – – 

Note: 1 - SD/-Leu-Trp; 2 - SD/-Leu-Trp-His; 3 - SD/-Leu-Trp-Ade agar media 

 

Table A1-4 Y2H interaction table of PsaNZV-13 AvrPto5 (bait) and AcATPase, AcPRP (preys) 

assay of chapter four (Figure 4.7). 

S.no Yeast cells harbouring 

 

 

 

 

 

1 2 3 

1 Positive interaction control (Murine p53 + SV40 

large T-antigen) 

+++ +++ +++ 

2 Negative interaction control (Lamin + SV40 large 

T-antigen) 

+++ – – 

3 Negative self-activation control (Bait and Prey 

vectors) 

+++ – – 

4 Bait self-activation control (PsaNZV-13 AvrPto5 + 

Prey vector (pADG2) 

+++ – – 

5 True positive interaction control (Pgy AvrB + 

AtRIN4) 

+++ +++ +++ 

6 Prey self-activation control (Bait vector + 

AcATPase)  

+++ – – 

7 Bait (PsaNZV-13 AvrPto5) + Prey (AcATPase) 

 

+++ – – 

8 Prey self-activation control (Bait vector + 

AcPRP) 
+++ – – 

9 Bait (PsaNZV-13 AvrPto5) + Prey (AcPRP) +++ – – 

Note: 1 - SD/-Leu-Trp; 2 - SD/-Leu-Trp-His; 3 - SD/-Leu-Trp-Ade agar media 
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Table A1-5 Y2H interaction table of PsaNZV-13 AvrPto5 (bait) and AcHIPP26 (prey) assay of 

chapter four (Figure 4.8). 

S.no Yeast cells harbouring 

 

1 2 3 4 5 6 

1 Positive interaction control (Murine p53 + SV40 

large T-antigen) 

+++ +++ +++ +++ +++ +++ 

2 Negative interaction control (Lamin + SV40 large 

T-antigen) 

+++ – – – – – 

3 Negative self-activation control (Bait and Prey 

vectors) 

+++ – – – – – 

4 Bait self-activation control (PsaNZV-13 AvrPto5 + 

Prey vector (pADG2) 

 

+++ – – – – – 

5 Prey self-activation control (Bait vector + 

AcHIPP26) 

+++ – – – – – 

6 True positive interaction control (Pgy AvrB + 

AtRIN4) 

+++ +++ +++ +++ +++ +++ 

7 Bait (PsaNZV-13 AvrPto5) + Prey (AcHIPP26) +++ +++ ++ ++ + – 

Note: 1 - SD/-Leu-Trp; 2 - SD/-Leu-Trp-His + 3-AT 1 mM; 3 - SD/-Leu-Trp-His + 3-AT 2 mM; 4 - SD/-Leu-

Trp-His + 3-AT 3 mM; 5 - SD/-Leu-Trp-His + 3-AT 4 mM; 6 - SD/-Leu-Trp-Ade agar media. 

 

Table A1-6 Y2H interaction table of AcHIPP26 (bait) and PsaNZV-13 AvrPto5 (prey) assay of 

chapter four (Figure 4.9). 

S.no Yeast cells harbouring 

  

1 2 3 4 5 

1 Positive interaction control (Murine p53 + SV40 large 

T-antigen) 

+++ +++ +++ +++ +++ 

2 Negative interaction control (Lamin + SV40 large T-

antigen) 

+++ – – – – 

3 Negative self-activation control (Bait and Prey 

vectors) 

+++ – – – – 

4 True positive interaction control (Pgy AvrB + AtRIN4)  +++ +++ +++ +++ +++ 

5 Bait self-activation control (AcHIPP26 + prey vector 

(pADG2) 

+++ – – – – 

6 Prey self-activation control (Bait vector + PsaNZV-13 

AvrPto5) 

+++ – – – – 

7 Bait (AcHIPP26) + Prey (PsaNZV-13 AvrPto5) +++ ++ ++ ++ + 

Note: 1 - SD/-Leu-Trp; 2 - SD/-Leu-Trp-His + 3-AT 4 mM; 3 - SD/-Leu-Trp-His + 3-AT 10 mM; 4 - SD/-Leu-

Trp-His + 3-AT 11 mM; 5 - SD/-Leu-Trp-His + 3-AT 12 mM agar media. 
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Table A1-7 Y2H interaction table of PsaNZV-13 AvrPto5 SII (bait) and three segments of 

AcHIPP26 (prey) assay of chapter four (Figure 4.12). 

S.no Yeast cells harbouring 

 

1 2 3 

1 Positive interaction control (Murine p53 + SV40 large T-

antigen) 

+++ +++ +++ 

2 Negative interaction control (Lamin + SV40 large T-antigen) +++ – – 

3 Negative self-activation control (Bait and Prey vectors) +++ – – 

4 Bait self-activation control (PsaNZV-13 AvrPto5 SII + Prey 

vector (pADG2) 

+++ – – 

5 Prey self-activation control (Bait vector + AcHIPP26 SI) +++ – – 

6 Prey self-activation control (Bait vector + AcHIPP26 SII) +++ – – 

7 Prey self-activation control (Bait vector + AcHIPP26 SIII) +++ – – 

8 Bait (PsaNZV-13 AvrPto5 SII) + Prey (AcHIPP26 SI) +++ – – 

9 Bait (PsaNZV-13 AvrPto5 SII) + Prey (AcHIPP26 SII)  +++ – – 

10 Bait (PsaNZV-13 AvrPto5 SII) + Prey (AcHIPP26 SIII) +++ – – 

Note: 1 - SD/-Leu-Trp media; 2 - SD/-Leu-Trp-His-Ade; 3 - SD/-Leu-Trp-His-Ade + X-α-Gal 40 µg/ml agar 

media. 

 

Table A1-8 Y2H interaction table of PsaNZV-13 AvrPto5 SIII (bait) and three segments of 

AcHIPP26 (prey) assay of chapter four (Figure 4.13). 

S.no Yeast cells harbouring 

 

1 2 3 

1  Positive interaction control (Murine p53 + SV40 large T-

antigen) 

+++ +++ +++ 

2 Negative interaction control (Lamin + SV40 large T-antigen) +++ – – 

3 Negative self-activation control (Bait and Prey vectors) +++ – – 

4 Bait self-activation control (PsaNZV-13 AvrPto5 SIII + Prey 

vector (pADG2)  

+++ – – 

5 Prey self-activation control (Bait vector + AcHIPP26 SI) +++ – – 

6 Prey self-activation control (Bait vector + AcHIPP26 SII) +++ – – 

7 Prey self-activation control (Bait vector + AcHIPP26 SIII) +++ – – 

8 Bait (PsaNZV-13 AvrPto5 SIII) + Prey (AcHIPP26 SI) +++ +++ +++ 

9 Bait (PsaNZV-13 AvrPto5 SIII) + Prey (AcHIPP26 SII) +++ – – 

10 Bait (PsaNZV-13 AvrPto5 SIII) + Prey (AcHIPP26 SIII) 

 

+++ ++ + 

Note: 1 - SD/-Leu-Trp media; 2 - SD/-Leu-Trp-His-Ade; 3 - SD/-Leu-Trp-His-Ade + X-α-Gal 40 µg/ml agar 

media. 



185 

 

Table A1-9 Y2H interaction table of PsaNZV-13 HopF2 (bait) and AcSUB (prey) assay of 

chapter five (Figure 5.16). 

S.no  Yeast cells harbouring 1 2 3 4 5 

1 Positive interaction control (Murine p53 + 

SV40 large T-antigen) 

+++ +++ +++ +++ +++ 

2 Negative interaction control (Lamin + SV40 

large T-antigen)  

+++ – – – – 

3 Negative self-activation control (Bait and Prey 

vectors) 

+++ – – – – 

4 Bait self-activation control (PsaNZV-13 HopF2 

+ Prey vector (pADG2) 

+++ – – – – 

5 Prey self-activation control (Bait vector + 

AcSUB) 

+++ – – – – 

6 True positive interaction control (Pgy AvrB + 

AtRIN4) 

+++ +++ +++ +++ +++ 

7 PsaNZV-13 HopF2 + AcSUB +++ +++ +++ ++ ++ 

Note: 1 - SD/-Leu-Trp; 2 - SD/-Leu-Trp-His + 3-AT 3 mM; 3 - SD/-Leu-Trp-His + 3-AT 4 mM; 4 - SD/-Leu-

Trp-His + 3-AT 5 mM; 5 - SD/-Leu-Trp-His-Ade + X-α-Gal 40 µg/ml + 3-AT 2.5 mM. 

 

 

Table A1-10 Y2H interaction table of AcSUB (bait) and PsaNZV-13 HopF2 (prey) assay of 

chapter five (Figure 5.17). 

S.no  Yeast cells harbouring 1 2 3 

1 Positive interaction control (Murine p53 + SV40 large T-

antigen) 

+++ +++ +++ 

2 Negative interaction control (Lamin + SV40 large T-

antigen) 

+++ – – 

3 Negative self-activation control (Bait and Prey vectors) +++ – – 

4 Bait self-activation control (AcSUB + Prey vector (pADG2) +++ – – 

5 Prey self-activation control (Bait vector + PsaNZV-13 HopF2) +++ – – 

6 True positive interaction control (Pgy AvrB + AtRIN4) +++ +++ +++ 

7 Bait (AcSUB)  + Prey (PsaNZV-13 HopF2) +++ – – 

Note: 1 - SD/-Leu-Trp; 2 - SD/-Leu-Trp-His; 3 - SD/-Leu-Trp-Ade agar media 
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Table A1-11 Y2H interaction table of PsaNZV-13 HopF2 (bait) and RIN4s (prey) assay of 

chapter five (Figure 5.25). 

S.no Yeast cells harbouring 

 
1 2 3 

1 Positive interaction control (Murine p53 + SV40 large 

T-antigen) 

+++ +++ +++ 

2 Negative interaction control (Lamin + SV40 large T-

antigen) 

+++ – – 

3 Negative self-activation control (Bait and Prey vectors) 

 

+++ – – 

4 Bait self-activation control (PsaNZV-13 HopF2 + Prey 

vector (pADG2)) 

+++ – – 

5 True positive interaction control (Pgy AvrB + AtRIN4) +++ +++ +++ 

6 Prey self-activation control (Bait vector + AtRIN4) 

 

+++ – – 

7 Prey self-activation control (Bait vector + AcRIN4-I) 

 

+++ – – 

8 Prey self-activation control (Bait vector + AcRIN4-II) 

 

+++ – – 

9 Prey self-activation control (Bait vector + AcRIN4-III) 

 

+++ – – 

10 Bait (PsaNZV-13 HopF2) + Prey (AtRIN4) 

 

+++ – – 

11 Bait (PsaNZV-13 HopF2) + Prey (AcRIN4-I) 

 

+++ – – 

12 Bait (PsaNZV-13 HopF2) + Prey (AcRIN4-II) 

 

+++ – – 

13 Bait (PsaNZV-13 HopF2) + Prey (AcRIN4-III) 

 

+++ – – 

Note: 1 - SD/-Leu-Trp; 2 - SD/-Leu-Trp-His + 3mM 3-AT; 3- SD/-Leu-Trp-Ade agar media. 
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Appendix 2: DNA Sequence comparison using Geneious 

 

Figure A2-1 Sequenced AcHIPP26 prey clone comparison with reference AcHIPP26 gene. 

 

 

Table A2-2 Sequenced AcPRP prey clone comparison with reference AcPRP gene. 
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Figure A2-3 Sequenced AcATPase prey clone comparison with reference AcATPase gene. 

 

Figure A2-4 Sequenced AcSUB prey clone comparison with reference AcSUB gene. 



189 

 

 

Figure A2-5 The sequence analysis of PsaNZV-13 HopF2G2A clone. It is sequenced in both directions and compared to the reference PsaNZV-

13 HopF2G2A sequence using Geneious v8.1.2 (Kearse et al., 2012) which revealed the G2A mutation in the effector. The green line demonstrates 

the identical sequences between the reference and PsaNZV-13 HopF2G2A clones. The red bar shows the expected mutation in the sequence. 
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Figure A2-6 The sequence analysis of PsaNZV-13 HopF2R72A clone. An alignment with the reference sequence and PsaNZV-13 HopF2R72A clone 

revealed the successful incorporation of the mutation. The green line indicates the presence of the identical sequences and the red bar explains the 

position of the mutation in the effector. 
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Figure A2-7 The sequence analysis of PsaNZV-13 HopF2D174A clone. PsaNZV-13 HopF2D174A reference sequence and PsaNZV-13 HopF2D174A PCR 

clone comparison using Geneious v8.1.2 (Kearse et al., 2012) confirmed the expected mutation. The red bar denotes the mutation in the effector. 
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Appendix 3: Vectors used in this study  

 

 

 

 

 

 

 

Figure A3-1 pCR®8/GW/TOPO® vector map. This picture is adapted from 

https://tools.thermofisher.com/content/sfs/manuals/pcr8gwtopo_man.pdf 

 

 

 

 

 

 

 

 

 

 

 

https://tools.thermofisher.com/content/sfs/manuals/pcr8gwtopo_man.pdf
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Figure A3-2 Yeast two-hybrid bait vector pDESTTM32 map.  This map is from 

https://tools.thermofisher.com/content/sfs/manuals/proquest2hybrid_man.pdf  

 

 

 
Figure A3-3 Yeast two-hybrid prey vector pDESTTM22 map. This map is from 

https://tools.thermofisher.com/content/sfs/manuals/proquest2hybrid_man.pdf  

 

 

https://tools.thermofisher.com/content/sfs/manuals/proquest2hybrid_man.pdf
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Figure A3-4 Gate compatible yeast two-hybrid pGB-G2 bait vector map (Maier et al., 2008). 

This vector was kindly provided by Dr Revel Drummond, Plant and Food Research, Auckland. 
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Figure A3-5 Gateway compatible yeast two-hybrid pAD-G2 prey vector map (Maier et al., 

2008). This vector was kindly provided by Dr Revel Drummond, Plant and Food Research, 

Auckland. 
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Appendix 4 : Protein sequences comparison of Arabidopsis, kiwifruit and others 

 

Figure A4-1. AtCERK (AT3G21630) protein sequence comparison with kiwifruit and other homologs. AtCERK is characterized to have a protein 

kinase domain (322-594) annotated in black bar and its conservation in other homologs. Whole AtCERK protein sequence comparison with other 

proteins was carried out, however, to show the conservation of the domain, only the domain regions are presented. At – Arabidopsis thaliana; Ac 

– Actinidia chinensis; Os – Oryza sativa; Sb – Sorghum bicolor; Sl – Solanum lycopersicum; St – Solanum tuberosum; Vv – Vitis vinifera    
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Figure A4-2 AtLysm (AT1G51940) protein sequence comparison with kiwifruit and other homologs. AtLysm has a protein kinase like domain 

(311-623) marked in black bar and its prevalence in other homologs. Whole AtLysm protein sequence comparison with other proteins was carried 

out, however, to show the conservation of the domain, only the domain regions are presented. At – Arabidopsis thaliana; Ac – Actinidia chinensis; 

Os – Oryza sativa; Sb – Sorghum bicolor; Sl – Solanum lycopersicum; St – Solanum tuberosum; Vv – Vitis vinifera 
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Figure A4-3. AtTIF6B (AT3G17860) protein sequence comparison with kiwifruit and other homologs. AtTIFY6B is characterized to have a 

TIFY6B domain (174-207) and a CCT domain (302-326) annotated in black bars and its conservation in other homologs. Whole AtTIFY6B protein 

sequence comparison with other proteins was carried out, however, to show the conservation of the domain, only the domain regions are presented. 

At – Arabidopsis thaliana; Ac – Actinidia chinensis; Os – Oryza sativa; Sb – Sorghum bicolor; Sl – Solanum lycopersicum; St – Solanum 

tuberosum; Vv – Vitis vinifera    
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Figure A4-4. AtTCP14 (AT3G47620) protein sequence comparison with kiwifruit and other homologs. AtTCP14 is characterized to have a TCP 

domain (117-171) annotated in black bar and its conservation in other homologs. Whole AtTCP14 protein sequence comparison with other proteins 

was carried out, however, to show the conservation of the domain, only the domain regions are presented. At – Arabidopsis thaliana; Ac – Actinidia 

chinensis; Os – Oryza sativa; Sb – Sorghum bicolor; Sl – Solanum lycopersicum; St – Solanum tuberosum; Vv – Vitis vinifera 

 

 

 

 

 

 



200 
 

Appendix 5: Conference posters  

The findings of the thesis were presented at international conferences. The below poster was 

presented at International Society-Molecular Plant-Microbe Interaction congress 2016 Portland 

USA. 
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The poster was presented at 2017 Queenstown Research Week (QRC) Queenstown, New 

Zealand. 
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