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ABSTRACT 

INVESTIGATION OF THE ROLE OF A CANDIDATE EFFECTOR OF 
WHEAT STRIPE RUST PATHOGEN IN PLANT IMMUNITY 

 

DAGVADORJ, Bayantes 

Ph.D., Department of Biotechnology 

Supervisor: Prof. Dr. Mahinur S. AKKAYA 

Co-Supervisor: Prof. Dr. Erdoğan Eşref Hakkı 

 

September 2016, 157 pages 

 

The advanced plant molecular biology and plant biotechnology tools were employed 

in this thesis, in order to understand the role of a candidate effector, PstSCR1, of 

Puccinia striiformis f. sp. tritici (Pst) causing yellow rust disease in wheat. 

 

The homologues proteins of PstSCR1 were found to be only conserved in Pst, and in 

its closest relative, Puccinia graminis f. sp. tritici (Pgt).  When PstSCR1 was 

expressed in Nicotiana benthamiana with its signal peptide (SP), it provoked the 

plant defense, whereas no such effect observed when it is expressed without SP, 

since SP facilitates crossing of proteins through cellular membranes, it is predicted 

that the effector is only functional (in triggering plant immune response) if secreted 

into plant apoplast.  The subcellular localization of PstSCR1 was also investigated by 

microscopic analysis; the effector was indeed secreted to apoplast as the same as 

apoplastic marker C14 protein.  It was also observed that the expression of the 

effector lowered the pathogenicity of Phythophtora infestans and Peronospora 



	 vi	

tabacina on N. benthamiana leaves, respectively.  Moreover, when PstSCR1 was 

overexpressed, it triggered cell death.  Brassinosteroid insensitive 1-Associated 

Kinase 1 (BAK1/SERK3) silenced N. benthamiana, cell death was remarkably 

abated, indicating BAK1 dependent function.  Although SCR1-purified treatment on 

N. benthamiana showed a lack of cell death, it resulted in induction of defense genes 

NbCYP71D20 and NbACRE31, of which are induced in BAK1 dependent immune 

response.  Based on our results, Pst-secreted protein, SCR1 can activate PAMP-

triggered immunity on non-adapted hosts and contribute to non-host resistance.   

 

Keywords:  Apoplast, small cysteine rich effector, wheat stripe (yellow) rust, 

PAMP, PTI.  
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ÖZ 

ADAY SARIPAS PATOJEN EFEKTÖR PROTEİNİNİN BİTKİ 
İMMÜNİTESİNDEKİ ROLÜNÜN ARAŞTIRILMASI  

 
 

DAGVADORJ, Bayantes 

Doktora, Biyoteknoloji Bölümü 

Tez Yöneticisi: Prof. Dr. Mahinur S. AKKAYA 

Ortak Tez Yöneticisi: Prof. Dr. Erdoğan Eşref Hakkı 

 

Eylül 2016, 157 sayfa 

 

Bu tezde, gelişmiş bitki moleküler biyoloji ve bitki biyoteknoloji teknikleri 

kullanarak, kısa sistin bakımından zengin Pst aday efektörü; PstSCR1'in işlevi 

anlaşılmaya çalışmıştır.  PstSCR1 homolog proteinleri sadece Pst patojeninde ve bir 

de yakın akrabası olan Puccinia graminis f. sp. tritici (Pgt) patojende korunmuş 

olarak bulundu.  PstSCR1 Nicotiana benthamiana'da signal peptit ile anlatımı 

yapıldığında bitki immün sistemini  uyardığı halde signal peptitsiz anlatımı immün 

sistemini uyarmamıştır.  Bu sonuç, efektötün signal peptit ile bitki hücresinin 

apoplastına salındığını ve apoplastda işlevsel olduğunu göstermiştir.  Mikroskopik  

görüntüleme çalışmaları efektörün hücre içi lokalizasyonun apoplast olduğunu 

desteklemistir.  Aynı zamanda immün sisteminin uyarılmasının Phythophtora 

infestans ve Peronospora tabacina N. benthamiana yapraklarında gelişmesini ve 

spor oluşturmasını yavaşlattığı saptanmıştır.  Bununla birlikte, PstSCR1 çok fazla 

ekspres edildiğinde hücre ölümünü tetiklemektedir.  Brassinosteroid duyarsız 1-
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Associated Kinase 1 (BAK1/SERK3)  susturulmuş N. benthamiana'da hücre 

ölümünün azalmış olması bu efektörün BAK1/SERK3 reseptör tarafından tanındığı ve 

bu nedenle immün sistemini uyarma mekanizmasının PTI olduğunu desteklemiştir.  

Bir başka destek ise, protein olarak izole edilmiş efektör N. benthamiana 

yapraklarına enjekte edildiğinde defans genleri olan NbCYP71D20 ve NbACRE31 

indüklenmiştir.  Bu sonuçlar konaklarda immün tepkisi oluşturabildiği ve bu efektör 

PTI yoluyla 'non-host' bağışlığı sağladığı bulunmuştur. 

 

Anahtar Kelimeler:  Apoplast, kısa sistin zengin efektör, buğday sarı pas, PAMP, 

PTI.  
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CHAPTER I 

INTRODUCTION 

1.2 Wheat yellow rust  

The first description of wheat yellow (stripe) rust was documented in 1777 

(Eriksson and Henning, 1896). Yellow rust, having spread worldwide, is considered 

as one of the three most threatening and detrimental diseases of cultivated wheat. 

The rust is recognized by yellow to orange dusty appearance, which is due mass 

urediniospores on infected wheat leaves. The infection frequently occurs on the 

lower leaves and the lesions likely to be distributed on whole area of leaves (Chen, 

2005; Markell et al., 2000). 

 

The yellow rust on wheat plant is formed by fungal pathogen, Puccinia striiformis f. 

sp. tritici (Pst).  Single Pst urediniospore has ability to infect the plant and generate 

mass number of urediniospores. Puccinia striiformis infection is largely influenced 

by climate factors in comparison to other diseases (Chen, 2005). Temperature is an 

important aspect for spore germination and infection, spore formation and 

durability, and host resistance. Puccinia striifomis is favored by cool environment 

(optimum 9-13 ºC), which allows it to initiate the disease in the beginning of crop 

season. As a consequence, the pathogen can result more serious yield loss than its 

close relatives, preferring warmer climate for optimal growth (Brown and Sharp, 

1969; Chen, 2005).  

 

Another imperative factor for the pathogen life cycle is the humidity. 

Urediniospores need steady moisture on the surface of the plants for germination 

and infection. Therefore, light rainy days and night dew formations generate the 
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optimum condition for infection. However, elevated humidity is the reason to make 

spores more vulnerable than dry climate (Chen, 2005; Rapilly, 1979; Zadoks 1961).  

 

Wind is a main factor for spore dispersal. Urediniospores were observed to spread 

over broad range in a short time. For instance, stripe rust urediniospores were 

traveled over 800 km within viable state by wind in Europe. Moreover, in USA, it 

was recorded that stripe rust spores was gradually driven by wind within distance of 

2400 km in six months (Zadoks, 1961). Conversely, it is believed that the spread of 

viable urediniospore is limited to short distance due to high sensitivity to ultraviolet 

light (Maddison and Manners, 1972). In addition, wind can result drying of spores, 

which promotes stability but diminishes the germination and infection on the plant 

(Chen, 2005).  Nevertheless, it spreads with wind flow and generates diseases 

worldwide. 

 

1.3 Plant immunity  

Plants are constantly under attack from various microorganisms such as fungi, 

bacteria, and viruses. To withstand this incursion, plants developed basal defense 

system called innate immunity.  Unlike vertebrate, being absence of circulatory 

system and mobile defender cells (B cell immunoglobins and T cell receptors), plant 

cell has its self-recognition system of invaders and activates its basal defense (Jones 

and Dangl, 2006; Spoel and Dong, 2012).  

 

In plant, there are two layers of defense strategies occurring against pathogens, 

namely pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) 

and effector-triggered immunity (ETI) (Figure 1.1). Molecules with roles in 

pathogen-associated molecular patterns (PAMPs) or microorganism-associated 

molecular patterns (MAMPs) such as lipopolysaccharides, lipoteichoic acid and 

flagellin from microbes are recognized by pattern recognition receptors (PRRs), 

which are found on the plant cell plasma membrane. PRRs are grouped in trans-

membrane receptor kinases and trans-membrane receptor-like proteins. When these 
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proteins recognize the PAMPs, the composite defense system so called PTI is 

activated to fight back the pathogen invasion (Figure 1.1). PTI of plant provides 

quite powerful responses including shutting of stomatal pores, limiting the nutrients 

to apoplast from cytosol, secretion of antimicrobial substances, accumulation of 

reactive oxygen species (ROS) and programmed cell death (PCD), against most 

microorganisms or non-adapted pathogens (Bigeard et al., 2015; Dodds and Rathjen, 

2010; Zipfel and Felix, 2005). 

 

However, plant pathogens, so-called adapted pathogens, conquer the host innate 

immunity or PTI by deploying clusters of molecules known as effectors into the 

apoplast, and the cytoplasm of the plant. The effectors modify the host defense 

mechanism to support pathogen propagation and invasion (Bozkurt et al., 2012; 

Dodds and Rathjen, 2010; Kamoun 2006). Various types of effectors reported from 

diverse plant pathogens (Dou and Zhou, 2012; Kamoun, 2006; Zhang and Xu, 2014). 

Many effectors have direct roles in operating on PTI response. For instance, AvrPto 

and AvrPtoB, type-III effectors of P. syringae, interact and intervene the receptor 

kinases and, therefore, inhibit PTI in the plant (Shan et al., 2008; Xiang et al., 2008; 

Zeng et al., 2012).  In another example, Avr3a, an effector from P. infestans, 

suppresses infestin 1 (INF1) triggered-PTI.  INF1 stimulates ubiquitin E3-ligase 

CMPG1 that results the programmed cell death in various plants. But, Avr3a binds 

and inhibits CMPG and thereby disturbing INF1-triggered-PTI (Bos et al., 2010). 

 

Effectors manipulate plant processes and prevent PTI, which support pathogenesis. 

This changed cellular state gives rise to the effector-triggered susceptibility (ETS).  

However, sometimes effector can be detected by another layer of detection apparatus 

and activates immune responses so-called ETI, in plants. ETI triggers stronger 

immunity in comparison to PTI, resulting in hypersensitive response (HR) or 

programmed cell death at pathogen infection site. The classical example of ETI 

recognition system is well explained by immune receptors such as nucleotide-

binding leucine-rich repeat (NB-LRR) proteins in the cell (Figure 1.1).  These 

immune receptors are the plant resistance (R) gene products that either directly or 
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indirectly recognize the specific effector molecules (Dodds and Rathjen, 2010; Jones 

and Dangl, 2006; Win et al., 2012). NB domain of NB-LRR has several distinct 

motifs that have characteristics of one type of ATPases named ‘signal transduction 

ATPases' with numerous domains (Albrecht et al., 2006; Leipe et al., 2004). It is 

believed that NB domain binds and hydrolyses the ATP, and resultant 

conformational changes modulate in signal transduction. On the other hand, LRR 

domain is thought to have roles in protein-protein interaction and ligand binding. 

Moreover, the LRR regions may determine the specificity of NB-LRR due to R 

proteins being divergent in these domains.  It is implied that LRR domain functions 

to detect the pathogen proteins (Jones and Jones, 1997; Martin et al., 1999; Mchale 

et al., 2006).  
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Figure 1.1 The overview of effectors in plant defense.  Plasma membrane receptors 

known as pattern recognition receptors (PRRs) detect and associate with apoplastic 

effectors (AE) or the pattern associated molecular patterns (PAMPs).  Thus, PAMP- 

or PRR-triggered immunity (PTI) is initiated. Fungus and oomycete pathogens form 

a construct named haustorium to benefit by depriving nutrients from the plant. 

Cytoplasmic effectors (CE) from fungus and oomycete might be delivered into the 

plant cell by haustorium.  Conversely, the bacterial effectors are deployed via needle 

like structure known as Type-III secretion system.  When they localized into the 

plant cell, effectors disturb and cease PTI.  On the other hand, the plants expressing 

resistance (R) genes produce intracellular NB-LRR receptors, which detect the 

effectors and trigger effector-triggered immunity (ETI) or NB-LRR-triggered 

immunity. Apoplastic effector target and cytoplasmic effector target are designated 

as AET and CET, respectively (Taken directly from Win et al., 2012).  
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Table 1.1 Fungal effector proteins 

 

Effector  Function/homology Localization References 
Cladosporium fulvum (tomato) 
Avr2 Protease inhibitor Apoplast Dixon et al. (1996) 

Avr4 Chitin-binding Apoplast Joosten et al. (1994) 

Avr4E Unknown Apoplast Westerink et al. (2004) 

Avr9 Carboxypeptidase inhibitor Apoplast Van Den Ackerveken 
et al. (1993) 

Ecp1 Tumor-necrosis factor receptor Apoplast Van Den  Ackerveken  
et al. (1993) 

Ecp2 Unknown Apoplast Van Den  Ackerveken  
et al. (1993) 

Ecp4 Unknown Apoplast Lauge et al. (2000) 

Ecp5 Unknown Apoplast Lauge et al. (2000) 

Ecp6 LysM-domains; chitin-binding Apoplast Bolton et al. (2008) 

Ecp7 Unknown Apoplast Bolton et al. (2008) 

Leptosphaeria maculans (oilseed rape) 
AvrLm1 Unknown Probably in 

cytoplasm 
Gout et al. (2006) 

AvrLm6 Unknown Probably in 
apoplast 

Fudal et al. (2005) 

AvrLm4-7 Unknown Probably in 
apoplast 

Parlange et al. (2009) 

Fusarium oxysporum f. sp. lycopersici (tomato) 
Avr3 (Six1) Unknown Xylem Rep et al. (2005) 

Six2 Unknown Xylem Houterman et al. 
(2007) 

Six3 Unknown Xylem Houterman et al. 
(2007) 

Avr1 (Six4) Unknown Xylem Houterman et al. 
(2007) 

Magnaporthe oryzae (rice) 
Avr-Pita Homology to Metallproteases Cytoplasm Orbach et al. (2000) 

Avr-Pita2 Homology to Metallproteases Probably in 
apoplast 

Khang et al. (2008) 

Avr-Pita3 Homology to Metallproteases Probably in 
cytoplasm 

Khang et al. (2008) 

Pwl1 Glycine-rich hydrophilic 
protein 

Probably in 
apoplast 

Kang et al. (1995) 

Pwl2 Glycine-rich hydrophilic 
protein 

Probably in 
apoplast 

Sweigard et al. (1995) 

Pwl3 Glycine-rich hydrophilic 
protein 

Probably in 
apoplast 

Kang et al. (1995) 
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 Table 1.1 (Continued) 

Source: Modified from Stergiopoulos and de Wit, 2009. 

 

1.3.1 BAK1/SERK3 gene in PTI 

In Arabidopsis thaliana, leucine-rich BRI1-associated receptor kinase 1 (BAK1) was 

initially found to be interacting with plant hormone brassinosteriod receptor (BRI1) 

and, therefore, participating in the development of the plant (Li et al., 2002; Nam and 

Li, 2002). BAK1 is also named as SERK3 since it is one of the family members of 

somatic embryogenesis receptor kinases (SERK) in Arabidopsis (Hecht et al., 2001).  

Effector  Function/homoly Localization References 
Pwl4 Glycine-rich hydrophilic 

proteins 
Probably in 
apoplast 

Kang et al. (1995) 

Ace1 Hybrid polyketide 
synthase/nonribosomal 
peptide synthetase 

Not secreted Böhnert et al. (2004) 

Avr1-CO39 Unknown Unknown Farman et al. (2002) 

Rhynchosporium secalis (barley) 
Nip1 Non-specific toxin/induces 

necrosis and plasma-
membrane H+ ATPase 

Probable in 
apoplast 

Rohe et al. (1995) 

Nip2 Non-specific toxin/induces 
necrosis 

Probable in 
apoplast 

Rohe et al. (1995) 

Nip3 Non-specific toxin/induces 
necrosis 

Probable in 
apoplast 

Rohe et al. (1995) 

Melampsora lini (flax) 
AvrI, 567 
(A, B and 
C) 

Unknown Cytoplasm Dodds et al. (2004) 

AvrM Unknown Cytoplasm Catanzariti et al. (2006) 

AvrP123 Kazal Ser protease inhibitor Cytoplasm Catanzariti et al. (2006) 

Avr P4 Cystine knotted peptide Cytoplasm Catanzariti et al. (2006) 

Blumeria graminis f. sp. hordei (barley) 
Avra10 >30 paralogues in Bgh and 

other f. sp. 
Probably in 
cytoplasm 

Ridout et al. (2006) 

AvrK1 >30 paralogues in Bgh and 
other f. sp. 

Probably in 
cytoplasm 

Ridout et al. (2006) 
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Later, BAK1/SERK3 was discovered to partake in PTI triggering as positive regulator 

in innate immune system (Chinchilla et al., 2007; Heese et al., 2007; Shan et al., 

2008; Zipfel, 2008). The PAMP molecules are first recognized by PRRs, which leads 

to heterodimerization with BAK1/SERK3, phosphorylation of the complex and 

resulting PTI pathway activation (Dodds and Rathjen, 2010). In N. benthamiana, it 

was reported that BAK1/SERK3 is involved in basal immune system so it is a method 

to investigate PTI pathway in this model plant (Chaparro-Garcia et al., 2011). The 

BAK1/SERK3 gene contributes to the plant cell death caused by PAMP molecules 

such as INF1 and XEG1 (Heese et al., 2007; Ma et al., 2015).  

 

1.4 Apoplast 

The external space between outer plasma membranes is known as apoplast in plants. 

This region is a domestic for various biological processes such as signaling, transport 

and storage of nutrients, and defense related activities against microbes 

(Sattelmacher, 2001). Apoplast is the key player of passage and balance of essential 

molecules including proteins, metabolites and ions in plant. Moreover, it is known 

that the first cell compartment to respond to the environmental stress, and it is 

believed to having critical role in plant physiological changes (Hoson, 1998; 

Sattelmacher, 2001). This region is abundant with hydrolytic enzymes such as 

glucanases, chitinases and proteases for plant cell defense. Moreover, plant surface 

receptors like PRRs, which function to detect PAMP molecules, are found on the 

outer plasma membrane and activate the resistance mechanism of the plant (Tör, 

2008). 

 

1.4.1 Apoplastic effectors  

In plant, effectors secreted into the space outside of the plant plasma membrane 

(apoplast) are called apoplastic effectors. The apoplastic region is considered to be 

important for pathogen attack for several reasons. Apoplast is the first battleground 
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for invasion of the host cell. To achieve successful infection, the pathogen is 

projected to deliver effectors into apoplast to avoid the defense proteins, to 

manipulate the membrane receptors and other extracellular defense molecules of the 

host plant (de Jonge et al., 2011; Oliva et al., 2010; Rooney et al., 2005; Shabab et 

al., 2008; Tian et al., 2007;). So far, apoplastic effectors identified are enzymes, 

enzyme inhibitors, cysteine-rich proteins and toxins (Kamoun, 2006; Ma et al., 2015) 

(Table 1.1 and 1.2).  
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Table 1.2 Apoplastic effectors from various pathogens 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Some apoplastic effectors can be detected by plant and activate the immune 

responses (Hematy et al., 2009). The classical examples is INF proteins from 

Phytophthora, which are small cysteine-rich apoplastic effectors such as INF1 

inducing cell death, through recognition by cell surface receptors (Kamoun, 2006). 

Another cysteine-rich effector SCR96 from Phytophthora cactum, which was found 

Apoplastic effectors Species Reference 
Enzyme inhibitors   
• Glucanase inhibitors 

GIP1 and GIP2 
P. sojae Rose et al. (2002) 

• Serine protease 
inhibitors EPI1 and 
EPI10 

P. infestans Orsomando et al. (2001),        
Osman et al. (2001) 

• Cysteine protease 
inhibitors EPIC1 and 
EPIC2 

P. infestans M. Tian and S. Kamoun (2005) 

Small cysteine-rich 
proteins 

  
• INF elicitin P. infestans Ricci et al. (1989),                

Kamoun et al. (1997a) 

• INF2A and INF2B 
elicitins 

P. infestans Kamoun et al. (1997b) 

• PcF P. cactorum Orsomando et al. 2003 

• PcF-like SCR74 and 
SCR91 

P. infestans Bos et al. (2003), Liu et al. (2005) 

• SCR96 P. cactorum Chen et al. (2015) 

• Ppat12, 14, 23, and 24 H. parasitica Bittner-Eddy et al. (2003) 

Nep1-like (NLP) family   
• PaNie 
 

Pythium 
aphanidermatum 

Veit et al. (2001) 

 
• NPP1 

 
P. parasitica Fellbrich et al. (2002) 

• PsojNIP P. sojae Qutob et al. (2002) 

• GP42 (PEP13) 
Translutaminase 

P. sojae Nurnberger et al. (1994),           
Sacks et al. (1995) 

• CBEL P. parasitica Sejalon-Delmas et al. (1997), 
Villalba Mateos et al. (1997) 

• XEG1 glucoside 
hydrolase 

P. sojae Ma et al. (2015) 

Source: Modified from Kamoun, 2006.  
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to be imperative for pathogen infection and oxidative stress tolerance, provoke cell 

death in its host plant (Chen et al., 2015). Moreover, XEG1 apoplastic effector with 

xyloglucanase activity from Phytophthora sojea promotes the virulence but also acts 

as PAMP, independently by its enzyme activity, causing the cell death in plant 

species including Solanum lycopersicum, Capsicum annuum and Glycine max (Ma et 

al., 2015). These types of immune response activators are called elicitors. Chaparro-

Garcia et al. (2011) reported that BAK1/SERK3 receptor-like kinase contributes to 

the elicitor derived cell death. Silencing of the kinase gene promotes the 

susceptibility of the plant to the pathogen. Moreover, host-translocated effectors can 

block the elicitor derived cell death, showing pathogen being adapted to nullify the 

cell death trigger mechanisms (Bos et al., 2006; Chen et al., 2014; Gilroy et al., 

2011; Ma et al., 2015).  

 

1.5 Pst candidate effectors 

Thanks to advancements in incorporation of genome sequencing, transcriptome, and 

bioinformatics and gene annotation tools, researchers have been computationally 

predicting numerous candidate effectors of Puccinia striiformis f. sp tritici (Cantu et 

al., 2013; Yin et al., 2009; Zheng et al., 2013).  One of the popular examples of Pst 

effectors prediction was illustrated in Cantu et al. (2013). In short, they sequenced 

genomes of Pst-21 (US), Pst-43 (US), Pst-130 (US), Pst-87/7 (UK) and Pst-08/21 

isolates by selecting from different geographic regions. The sequenced genomes 

were filtered sequentially by proteomic analysis, secretome analysis, clustering of 

secreted proteins, and followed by the selection of tribes with Pst member(s) to 

determine the candidate effectors of Pst. Then the filtered sequences were annotated 

by comparing with known effector features such as cysteine content, effectors 

motifs, genome architecture, and similarity to known haustorial proteins and fungal 

AVRs.  Afterwards, the sequences were ranked according to the content of effector 

features.  The final identified twenty-two candidates were further analysed by 

qPCR.  Among them, five were marked as highest possible Pst effectors (Cantu et 
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al., 2013).  Later in 2016, Petre et al. characterized these five candidate effectors 

(Cantu et al., 2013) among other candidate effectors of Pst by expressing them in 

model plant N. benthamiana via Agrobacterium-gene transfer method.  

 

Although there are significant efforts on the identification of pathogen effectors 

(Djamei et al., 2011; Dou and Zhou, 2012; Fernandez et al., 2012), our knowledge 

of the molecular machinery underlying pathogen development in the host cell is still 

largely unknown (Doehlemann and Hemetsberger, 2013; van Esse et al., 2006). 

 

1.5.1 PstSCR1 candidate effector 

In 2009, Yin et al. generated haustorial cDNA library from Pst-78 strain. Selecting 

by the uniqueness of sequence and the presence of secretion signal, they predicted 

15 candidate effector EST sequences of Pst-78.  Moreover, six of them showed 

induction during the pathogen infection period (Yin et al., 2009). In this study, we 

focused on one of these predicted effectors. By our preliminary analysis, two of 

these six, one of which is the candidate Pstha2a5 (GH737102) (we refer to it as 

PstSCR1 in the entirely of this thesis), were appeared as a whole cDNA preserving 

predicted signal peptide (SP) from NCBI database. In addition, the sequence of the 

predicted protein possess N-terminal FKC amino acid sequences which fits to 

(Y/F/W)x(C) the conserved motif reported in rust and other wheat pathogen effector 

candidates (Cantu et al., 2011; Duplessis et al., 2011; Godfrey et al., 2010; 

Hacquard et al., 2012; Morais do Amaral et al., 2012). Moreover, the level of gene 

expression by qPCR revealed that the candidate effector expression was almost 120 

times more in infected wheat than in urediniospores (Yin et al., 2009). To up to date 

knowledge, there are no homologies found in the databases of plant genome. From 

sequence analysis, it was prominent that the N-terminal FxC motif is next to SP and 

the six-cysteine residues, two of which are adjacent. The small cysteine-rich 

candidate effector of Pst (PstSCR1), with SP, conserved motif, high cysteine 

content, and small size is convincing for being a candidate effector.  According to 
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gene expression analysis, the PstSCR1 might have role in late stage of infection 

such as beginning of spore formation during the pathogenesis. 

1.6 Agrobacterium tumefaciens-mediated gene transfer 

In plants, Agrobacterium tumefaciens has been the most widespread used tool for 

gene transfer into plants and thanks to it for a being low-cost, straightforward and 

stable transformation agent (Opabode, 2006; Wydro et al., 2006).  A. tumefaciens 

and related species are the gram-negative and soil-borne pathogen of plants. 

Agrobacterium causes tumor in dicotyledonous plants by transferring its infective 

genes into host chromosome.  An infectious Agrobacterium strain possesses a tumor 

inducing (Ti) plasmid, which is the only cause for DNA transfer and tumor 

development. The plasmid is made up two important portions, which are called 

virulence (Vir) region and transfer-DNA (T-DNA) region.  The bacterium can 

secrete T-DNA and insert it into host chromosome by the involvement of cluster of 

Vir gene products (Pitzschke and Hirt, 2010).   

 

However, the Ti plasmid is oversized and forming tumor in plants and hence it is 

unsuitable to apply this system in research.  Therefore, researchers developed T-

DNA binary vector system by improving the original plasmid for commercial 

applications.  The T-DNA and Vir region were split into separate replicons 

(plasmids) (Figure 1.2).  The former one is inserted into much smaller plasmid, 

which makes it more relaxed to introduce into target gene and operate the plasmid 

in vitro. Moreover, by introducing the E. coli origin of replication, the plasmid with 

T-DNA has ability to duplicate in both E. coli and A. tumefaciens.  In addition to 

this, the tumor inducing parts such as oncogenes and opine synthase genes were 

discarded from the Vir region because they have no significant function in gene 

transfer but form tumor and tissue damages in host plants. Owing to these valuable 

modifications, the non-harmful and easy to handle plant gene transfer system was 

generated (Lee and Gelvin, 2008).  
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Figure 1.2 T-DNA binary vectors.  On T-DNA vector, antibiotic resistance (Abr) 

for both E. coli and Agrobacterium and origin of replication (ori) for amplification 

of plasmid are found. The right border (RB) and the left border (LB) are the 

boundary of T-DNA. Target gene (or ‘goi’) is integrated into the vector. In plant, 

the ‘selective marker’ is designed to select the putative transformed cells. On Vir 

helper plasmid, Vir genes encode proteins that function to insert T-DNA into plant 

genome (Lee and Gelvin, 2008). 

 

1.6.1 Tobacco mosaic virus derived pTRBO vector 

Tobacco mosaic virus (TMV), which is one of the most well studied model systems 

in biology, is a rod-shaped virus containing a single-stranded plus-sense RNA 

genome. There are many TMV-based vectors such as pJL24, pJL36 and pJL43 for 

transient expression of gene of interest (GOI) in plants. These vectors have ability to 

express target protein in high amount in plants. But the delivery system agro-

infiltration had not been very effective. The main reason for this outcome was 

reported as capsid protein (CP) expression from TMV (Marillonnet et al., 2005), 

which is responsible for systematical movement of virus in plants. In general, this 

can be solved by increased amount of the A. tumefaciens inoculation concentration; 

however, high exposure of the bacteria can activate hypersensitive response (HR) in 
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some plants (Wroblewski et al., 2005).  Lindbo (2007) developed the TMV-based 

vector called TMV RNA-based overexpression (TRBO) that lacks CP gene (Figure 

1.3).  So, as compared to full length TMV, pTRBO provided much more efficient 

agro-infection and higher amount of target protein expression with low 

concentration of A. tumefaciens inoculation.  In addition, CP deletion ceased the 

virus systematic movement in tissue.  The virus with insert has much slower motion 

than the virus with no insert, so it has tendency to lose the insert during the 

movement (Toth et al., 2002; Lindbo, 2007). Therefore, pTRBO is more favorable 

to express the recombinant protein.  Moreover, the deletion made in this vector 

reduced the size that gives advantage in cloning and handling the vector in vitro. 

This improved vector has better agro-infection efficiency, higher level of 

recombinant protein expressions and is more reliable for purification of the protein 

than full length TMV (Lindbo, 2007). 
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Figure 1.3 pTRBO (or pJL48) vector map.  The vector contains replicase and 

movement protein (MP), ribozyme (Rz), kanamycin resistance (Kan(R)) gene, and 

CaMV-35S promoter sequence, originated from TMV.  The GOI cloning site shown 

as PacI and NotI. The vector can operate both in E. coli and in Agrobacterium.  The 

left and right borders of T-DNA are not indicated (Lindbo, 2007). 

 

1.7 Gateway cloning 

In general, to define a function of DNA element, it involves achievement of various 

practices such as cloning and expression of the gene, protein purification, and 

subcellular localization.  Each procedure requires its gene expression system.  Thus, 

the GOI needs to be inserted into distinct specific vectors for a particular purpose.  

This become laborious and prolonged task when conventional molecular cloning 

method is practiced.  
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Thanks to Gateway® Cloning System, this hurdle solved by the combination of 

precise and site-specific recombination system of λ phage, and topoisomerase-

mediated cloning.  In this system, target DNA element is cloned into Gateway® 

Entry vector (such as pENTR/D-TOPO) possessing specific recognition sites (attL1 

and attL2) flanking the insert DNA for following recombination reaction.  From 

entry vector, the DNA element can easily be recombined with multiple destination 

vectors carrying attR recombination sites (Hartley, 2000; Earley et al., 2006) (Figure 

1.4). 

 

In short, PCR is used to adding CACC at its 5’ and amplification of the DNA.  The 

CACC sequence contributes to insertion of the PCR product into the entry plasmid 

by topoisomerase, site-specific recombinase (Earley et al., 2006).  The 

topoisomerase cuts and ligates the DNA into entry vector with great accuracy 

(Shuman, 1994).  

 

From entry plasmid, the gene of interest is recombined into expression vector by LR 

reaction, which allows recombination between attL and attR sites (Figure 1.4).  For 

obtaining of the desired vector, the reaction product is transformed into E. coli, and 

the colonies are selected by ccdb gene product and antibiotic. Non-recombined 

destination vector possessing ccdb gene, of its product is toxic to the E. coli strains, 

except engineered ones.  Thus, the colonies with recombined destination vector 

meaning with GOI will be persisted. Moreover, selection with the antibiotic excludes 

colony with entry vector or non-transformed ones (Hartley et al., 2000). 
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Figure 1.4 Gateway cloning.  The GOI is combined CACC at 5’ by PCR. This is 

vital for directional cloning (1).  The amplified DNA is integrated into pENTR/D-

TOPO by topoisomerase-mediated cloning (2).  The Entry vector with GOI 

recombined with destination vector by LR clonase reaction (3).  In non-recombined 

vector, ccdB gene encodes gyrase inhibitor resulting in bacterial cell death. 

Therefore, the cells containing expression vectors recombined with GOI will be 

viable (4) (Earley et al., 2006). 

 

 1.7.1 Gateway destination vectors 

In this study, destination vectors including pK7FWG2 (Karimi et al., 2002) and 

pGWB445 (Nakagawa et al., 2007) were used to study subcellular localization of the 

target gene product in vivo. Destination vectors are T-DNA plasmids that are used 

agrobacterium-mediated transformation for gene delivery.  Because of Gateway 

cloning system, cloning of a target DNA in destination vector has become quick and 
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straightforward.  The target gene exchange occurs from entry to destination vector 

through LR recombination that takes place between attL and attR sites (Karimi et al., 

2002). 

 

These vectors are commonly practiced in a protein subcellular localization because 

of its fluorescent tag fusion to the target protein (Karimi et al., 2002; Nakagawa et 

al., 2007).  Both of the vectors have spectinomycin (Sm) resistance for selection in 

E. coli and in Agrobacterium, and kanamycin (Kan) resistance for selection in plants. 

The ccdB gene is flanked between attR sites.  Thus, desired transformants are 

negatively selected for colonies possessing the vector with GOI.  The pK7FWG2 

(Figure 1.5) and pGWB445 vectors introduce eGFP and mRFP fusion, respectively, 

at the C-terminal of the target protein. 

 

 

Figure 1.5 Destination vector pK7FWG2 map (Karimi et al., 2002). 
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1.8 Subcellular localization 

Accumulation of pathogen effector in specific cell compartment(s) possesses 

particular significance for its proper functioning (Dowen et al., 2009) and it might 

imply the mode of action of the effector in modifying the host immunity (Bozkurt et 

al., 2014).  To detect the subcellular localization of a particular pathogen protein 

with fluorescence tag (i.e. GFP) might be the one of the methods.  However, in 

obligate biotroph plant pathogens, it has been known that stable gene transformation 

of the pathogens is troublesome (Caillaud et al., 2012). Moreover, transformed 

effector’s fluorescence is not readily perceptible due its dilute form in cytoplasm of 

the plant cell (Whisson et al., 2007, Boevink et al., 2011; Bozkurt et al., 2012).  

Therefore, to visualize subcellular localization, effectors fused with the fluorescent 

protein such as GFP, RFP and YFP are practiced for expression, especially through 

Agrobacterium-mediated gene expression system in planta (Rafiqi et al., 2010; 

Bozkurt et al., 2014).  Fluorescent-tagged protein is fast and amenable approach to 

identify the pathogen candidate effectors.  But it cannot be ignored that the chance of 

any side-effect or interference by the fluorescence tag could affect effector function. 

In subcellular localization experiment, naked GFP has its own localization, nucleo-

cytoplasmic, in the model plant N. benthamiana, as well as many host-translocated 

effectors show same localization signals (Win et al., 2012). So, the localization of 

these effectors might be considered as non-informative since they imitate the 

experimental control (Petre et al., 2015). 

 

The plant proteins can be used in subcellular localization experiment as markers. For 

instance, the plasma membrane targeting plant protein Remorin (Raffaele et al., 

2009), which was successfully used as a marker when confirming the AVR2 effector 

localization on the plasma membrane (Saunders et al., 2012). In addition to this, 

REM1.3 from Solanum tuberosum localizes around haustoria when expressed in N. 

benthamiana infected by P. infestans (Bozkurt et al., 2014), which makes it a 

potential P. infestans haustorial marker. Another example is secreted plant defense 

protease C14, which is accumulated in apoplast and vacuole of the plant. The C14 
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was found to be expressed during the biotic stress for defense (Kaschani et al., 

2010). The C14 can be used as an apoplastic marker in subcellular localization 

experiments. 

 

1.9 Gene silencing 

Tobacco rattle virus (TRV) based system is broadly used in virus induced gene 

silencing (VIGS) (Velasquez et al., 2009). The TRV vectors (Figure 1.6), each T-

DNA vector and replicate in different Agrobacterium, are used in gene silencing. 

One, functioning in virus movement and replication is pTRV1 and other carrying the 

coat protein and the target gene is pTRV2 (Liu et al., 2002; MacFarlane, 1999). Co-

infiltration of both agrobacterium strains causes the target gene silencing in 

inoculated plants such as N. benthamiana and Solanum lycopersicum (Velasquez et 

al., 2009). 

 

 

Figure 1.6 Tobacco Rattle Virus (TRV) vectors schematic view. T-DNA borders are 

left border (LB) and right border (RB). Double CaMV 35S promoters (2X35S), 

RNA-dependent RNA polymerase (RdRp), movement protein (MP), 16 kDa 

cysteine-rich protein (16K), coat protein (CP), multiple cloning sites (MCS), self-

cleaving ribozyme, and nopaline synthase terminator (N) are illustrated in the 

drawing. 
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1.10  Immunoprecipitation 

Immunoprecipitation (IP) allows purifying a protein or protein complexes from 

protein mixture by antibody-antigen affinity purification methods.  In protein study, 

the approach has advantage to concentrate a protein that is not feasible to study in 

cellular concentration due to its minute amount.  During IP, interacting complexes 

such as protein, DNA, and RNA can be immunoprecipitated together, which is 

important for determining the possible interactions. Simply, a total protein extract or 

mixture with the target protein is incubated in a solution with specific antibody 

immobilized to beads.  Then, the protein of interest will be specifically recognized 

and bound to the antibodies.  The beads can be pelleted so the antibody with target 

protein can be collected by centrifugation.  Finally, the protein of interest (POI) can 

be eluted with buffer containing dissociating molecules, competing with the POI 

(antigen) for immobilized antibody (Hall, 2004).  

 

One factor determining the successful IP is specificity and quality of antibody 

against the protein of interest. In each target protein, specific and high quality 

antibody must be produced, which is often challenging and troublesome procedure. 

This is one limitation in the method. For this reason, the target protein is fused to 

commercial peptide tag to be purified by IP. This method has several advantages 

over classic IP including reduced contamination in background, cost-effective, 

simple, specific and effective in comparison to normal IP method. In addition, it is 

not necessary to modify the experiment for different protein isolates. However, the 

selection of the tag and the position where it is fused in the target protein might 

affect the protein structure and function. The commercially used tags are FLAG, 

His, Strep, GST, and HA. (Rigaut et al., 1999; Seraphin and Puig, 2002). 
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1.11 Objective of the research 

Cereal grains including corn, rice, wheat, and barley are the basic food source for 

human consumption.  But abiotic (environmental) and biotic (pathogens and pests) 

stresses result in massive yield damage of these crops on earth.  Starting from the 

beginning of the 20th century, the chemicals controlling the diseases on these crops 

were heavily used in agronomy, which has been the active solution against biotic 

stress. However, often these substances are toxic to the ecosystem.  Furthermore, 

cost of manufacture and storage space is made the application overpriced.  On the 

other hand, one promising answer might be producing genetically improved crops.  

To do this, initial and crucial step is to understand the infection and the development 

of the pathogen at a level that allows generating best possible strategies for crop 

protection. 

 

A number of candidate effectors of Puccinica striiformis f. sp. tritici (Pst) are 

predicted as secreted to the host cell.  One of which is a small cysteine-rich effector 

of Pst (PstSCR1) identified as EST was chosen to study. The objective of the thesis 

is to characterize the function of PstSCR1 effector in plant cell.  

 

The knowledge on the functions, cellular localizations, structures and the other 

factors or interacting proteins of candidate effectors of Puccinica striiformis f. sp. 

tritici (Pst) are very limited. This is due to insufficient capability of functional 

genetic methodologies for crop species (Petre et al., 2014; Upadhyaya et al., 2014). 

As a substitute to the limitations, N. benthamiana has been one of the best plant 

model organisms to study molecular plant-microbe interactions (Bombarely et al., 

2012).  Recently, Petre et al. (2016) have reported that N. benthamiana is a 

practicable experimental tool to functionally examine candidate effectors from Pst.  

In this study, PstSCR1 effector was studied on model plant, N. benthamiana.  	

 

To investigate the subcellular localization of the protein, PstSCR1 (with or without 

SP) was cloned into pK7FWG2 and pGWB445 subcellular localization vector, 
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which generate the protein product fused with C-terminal RFP and GFP, 

respectively.  As a control, naked GFP was expressed.  The proteins were expressed 

in N. benthamiana plants, which were recorded under microscope afterwards.  

Then, to observe the effect of PstSCR1 during the infection, we inoculated the 

plants expressing the effector constructs with two pathogens namely Phytophthora 

infestans and Peronospora tabacina.  

Secondly, to purify the PstSCR1, the gene was fused FLAG tag and cloned into 

pTRBO overexpression vector; then expressed in planta. This construct was also 

used to reveal the phenotype changes in the plant when effector is overexpressed. 

The overexpressed tagged-effector was conducted with immunoprecipitation. The 

purified effector molecules were injected in N. benthamiana leaves to confirm 

whether the phenotype change on plant is dependent solely on the effector or not. 

 

Thirdly, we suspected that PstSCR1 might be involved in innate immunity of the 

non-host plant. To test this hypothesis, the BAK1/SERK3 gene, key regulator in PTI, 

was silenced in N. benthamiana. Then, the apoplastic fluid with PstSCR1, which 

was isolated from N. benthamiana expressing PstSCR1 with SP, was infiltrated into 

silenced plants.  The GFP with SP expressed plants were used as control. The 

phenotypes were observed after 3dpi. We also purified the SCR1 from apoplast of 

N. benthamiana expressing the effector. Then, purified SCR1 was infiltrated into N. 

benthamiana leaves and defense gene expression level was recorded after 2- and 4-

dpi.  
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CHAPTER II 

EXPERIMENTAL PROCEDURES 

2.1 Plants and pathogen materials 

2.1.1 Plants used in the study 

Tobacco plants, Nicotiana benthamiana were grown, sub-cultured and maintained in 

plant growth room with 16h-light/8h-dark cycle at 22-25 °C. For agro-infiltration, 4-

6 week old plant middle leaves were used in the experiment. Wheat line Avocet-S 

was grown and incubated in growth chamber with conditions: 16h-light and 8h-dark 

at 18° C and 15 °C, respectively.  After 15-day post seed plantation, plants were used 

for infection with Pst. 

 

2.1.2 Pathogen   

Puccinia striiformis f. sp. tritici Pst-78 strain was obtained from Dr. Xianming Chen, 

Washington State University, USA. Wheat strain Avoset-S (susceptible) was used 

for maintenance of the Pst-78. Approximately 50 seeds were planted in a pot 

(volume of 700 cm3) with soil and placed in plant growth chamber with regular 

conditions: 16-h/light at 22 °C, 8-h/dark at 18 °C and 60% humidity. The plants were 

grown until two-leaf stage, which normally takes 10-15 days. Then, the plants were 

inoculated with Pst-78 spores. The spores were taken from -80 °C and incubated at 

42 °C for 10 minutes for germination activation. Avocet-S plant leaves were infected 

with Pst-78 spores with mineral oil spraying by the compressed air (Figure 2.1). 

Afterwards, for germination, the infected plants were incubated at 10 °C with high 

humidity in dark for overnight.  The next morning growth chamber was set to the 
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regular working condition.  Finally, 24-hour, 72-hour, 8-day and 10-day post 

inoculated leaves were harvested, instantly frozen in liquid N2, and kept in -80 °C 

freezer until the total RNA isolations. 

 

Figure 2.1 Inoculation of wheat with yellow rust Pst-78 spores.  

 

2.2 Isolation of total RNA 

2.2.1 Preparation steps prior to isolation 

Mortars, grinders, spatulas and microfuge tubes were incubated in 0.1 % 

diethylpyrocarbonate for overnight and followed by autoclave sterilization. 

Afterwards utensils were kept in 80 °C over at least a day prior to use. All pipette 

tips were RNase free and with filtering (Thermo Scientific) during the RNA 

isolation.  Working bench was wiped with ethanol and, then, RNase inhibitor spray. 

Gloves were worn all time when handing the RNA samples and changed several 

times with new ones in order to minimize possible contamination.  
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2.2.2 Total RNA purification from plant tissue 

For RNA isolation, Qiagen RNeasy Mini Kit was used and the manufactures 

instructions were followed.  Plant samples were collected and immediately frozen in 

liquid N2 and stored in -80 °C until purification step.  The plant tissue was crushed 

into powder in liquid N2 by mortar and pestle. The powder was transferred into fresh 

2 mL microfuge and kept in liquid N2. Upto 100 mg plant material was measured by 

weighing and added 450 µL RLT buffer with β-Mercaptoethanol to lysate the plant 

cells. The tube was vortexed vigorously. After that the lysate was transferred into a 

QIAshredder spin column with collection tube and centrifuged for 2 min at 

maximum speed. From the collection tube, supernatant was transferred to a fresh 

microfuge without touching the pellet in flow-through. The collected supernatant 

was added 500 µL ethanol (99.5%) and mixed by pipetting. The solution was 

transferred to an RNeasy spin column placed in a collection tube and centrifuged for 

15 seconds at 13,000 rpm. The flow-through was removed from collection tube and 

700 µL RW1 buffer was added into the RNeasy spin column followed by 

centrifugation for 15 seconds at 13,000 rpm. Then, the membrane was washed twice 

by adding 500 µL RPE buffer followed by centrifugation, first 15 seconds and final 2 

minutes at 13,000 rpm. Lastly, the RNeasy spin column is placed in a new Microfuge 

tube and 30-50 µL RNase-free water to the middle of the membrane column. The 

centrifugation was 1 minute at 13,000 rpm. The collected RNA sample was kept on 

ice for further use or stored at -80 °C in deep freezer.  

 

2.2.3 RNA sample integrity check 

The concentration of isolated RNA samples were measured by NanoDrop.  Then, all 

the samples were adjusted to same amount of total RNA (100-200ng/µL) and 

separated on 1% agarose gel with ethidium bromide at 70 volts for RNA quality test.  

Tris-acetate EDTA buffer was used in agarose gel preparation and as a running 

buffer. 
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2.3 First strand cDNA synthesis 

2.3.1 Genomic DNA removal 

Before cDNA synthesis from total RNA samples, genomic DNA contamination was 

removed by treating the sample with DNase I (#EN0521, Fermentas). The reaction 

contents were summarized in Table 2.1.  The contents were mixed by pipetting and 

was incubated at 37 °C for half an hour.  The reaction was stopped by incubating at 

65 °C with addition of 1 µL 50mM EDTA to prevent RNA hydrolysis in elevated 

temperatures.  

Table 2.1 Genomic DNA elimination from RNA sample 

In an RNase free tube Amount 
Total RNA 1 µg 
10X Reaction Buffer 1 µL 
DNase I (#EN0521, Fermentas) 1 unit 
H2O, nuclease free variable 
Total 10 µL 
 

2.3.2 cDNA synthesis 

For cDNA synthesis, Transcriptor First Strand cDNA Synthesis Kit (Cat# 

04379012001, Roche) was used and manufacture’s protocol was followed with 

minor changes.  The components and amounts of the mixture for cDNA synthesis are 

illustrated in Table 2.2. The solution was mixed carefully.  The micture was 

incubated at 25 °C for 10 minutes followed by at 55 °C for 30 minutes.  To inactivate 

the reaction, the solution was heated to 85 °C for 5 minutes and transferred onto ice.  

The cDNA was directly used for qPCR or kept in -20 °C for further usage. 
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Table 2.2 cDNA synthesis mix 

In a RNase free tube Amount 
Total RNA 1 µg 
Anchored-oligo(dT)18 primer (1.25 µM final) 0.5 µL 
Random hexamer primer (30 µM) 1 µL 
H2O, PCR-grade up to 13 

µL Transcriptor Reverse Transcriptase Reaction Buffer (5X) 4 µL 
Protector RNase Inhibitor (40 u/µL) 0.5 µL 
Deoxynucleotide Mix (10mM each) 2 µL 
Reverse Transcriptase (20 u/µL) (Cat# 04379012001, 

Roche) 

0.5 µL 
Total 20 µL 
 

2.4 qPCR 

The gene expression level analysis was conducted in a Stratagene® Mx3005PTM 

thermocycler instrument using AccuPower GreenStarTM qPCR Premix (Cat#: K-

6212, BIONEER). qPCR with each cDNA and primer combination was conducted as 

three replicates in all the amplifcations. To normalize the amounts of RNA samples, 

endogenous control Elongation factor 1 alpha (EF1α) was used as constitutively 

expressed gene (Liu et al., 2012; Ma et al., 2015). The AccuPower GreenStarTM 

qPCR Premix tubes were transferred from -20 °C to Room Temperature (RT) and 

kept in RT for at least 5 minutes. Then, the tubes were spun; the cover was removed 

carefully and placed on ice. Appropriate amount of cDNA (e.g. diluted 1:20) and 10 

pmol primers of both forward and reverse directions were mixed in dH2O with total 

volume of 20 µL for each qPCR premix tube. The replicates prepared as master mix 

and divided into corresponding tubes. For the endogenous control of N. benthamiana 

(EF1α), EF1α-qRT-F and EF1α-qRT-R were used as forward and reverse primers, 

respectively (Liu et al., 2012; Ma et al., 2015; Segonzac et al., 2011). To quantitative 

analysis of BAK1/SERK3, NbCYP71D20 and NbACRE31, combinations of NbSerk3-

qRT-F and NbSerk3-qRT-R, NbCYP71D20-F and NbCYP71D20-R, and 

NbACRE31-F and NbACRE31-R primers were used, respectively (Ma et al., 2015; 

Segonzac et al., 2011). The primer sequences used in qPCR amplifications are 

illustrated in Table 2.3. 
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Table 2.3 The primers used in qPCR amplifications 

Names 5’-3’ sequence Length 
(bp) PstSCR1-TM-5-

UTR-F 
gacctcttgactaaggcagctcatg 25 

PstSCR1-SP-5-
UTR-F 

tatttgtttagaattacacaagatg 25 
PstSCR1-Rev ctaagatgctttggagcagttgtttgt 27 
PstEF1α-F ttcgccgtccgtgatatgagacaa 24 
PstEF1α-R atgcgtatcatggtggtggagtga 24 
Actin-1-F aatggtcaaggctggtttcgc 21 
Actin-1-R ctgcgcctcatcaccaacata 21 
NbEF1α-F ctacctcaagaaggttggatac 22 
NbEF1α-R aacatcctgaagtggaagac 20 
NbSerk3-F gcttcctgaggctgaataata 21 
NbSerk3-R gaagaagaagatgagggtgtag 22 
NbCYP71D20-F accgcaccatgtccttagag 20 
NbCYP71D20-R cttgccccttgagtacttgc 20 
NbACRE31-F cgtcttcgtcggatcttcg 19 
NbACRE31-R ggccatcgtgatcttggtc 19 

 

2.5 Calculation of ΔΔCt and fold change of treated sample 

There are two most commonly practiced methods, absolute and relative 

quantifications for qPCR data analysis.  In here, we used relative quantification to 

analyze the qPCR data, where the PCR signal of a gene of interest in a treated 

sample compared to that of untreated control group (Livak and Schmittgen, 2001) 

(Figure 2.2). To determine the difference between treated and untreated samples, the 

ΔΔCt value should be calculated to find the target gene expression fold change, 

which equals to 2-ΔΔCt.  The Ct is the number of cycles where the fluorescence 

produced in a reaction passes the threshold or baseline. 
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Figure 2.2 ΔΔCt calculation. 

 

To obtain accurate and legitimate results of qPCR, the target gene value from qPCR 

is normalized using chosen reference gene (Figure 2.2). The reference genes must 

have stable expression level under variable conditions. The housekeeping or 

endogenous control genes are used as reference in normalization of qPCR values. 

The well-known reference genes are elongation factor (EF), actin, ubiquitin and 

ribosomal RNA subunits genes (Abbal et al., 2008; Lund et al., 2008; Olsen et al., 

2010; Wang et al., 2010; Xue et al., 2010). Generally, the reference genes should be 

validated in each experiment since their expression level might differ in altered 

conditions (Gamm et al., 2011). However, in this study, we chose previously 

validated housekeeping genes in same experiment conditions. NbEF1α was used to 

normalize the amount of mRNA level of NbBAK1/SERK3 (Liu et al., 2012; Ma et 

al., 2015), NbCYP71D20 and NbACRE31 (Segonzac et al., 2011) genes in N. 

benthamiana plants.  

 

2.6 The PstSCR1 sequence analysis 

The EST sequence of the candidate effector, PstSCR1, was attained from NCBI 

(accession no: GH737102).  The open reading frame of the EST was detected by 

ORF-Finder (NCBI).  The signal peptide (SP) of PstSCR1 was predicted by SignalP 

4.1 web tool (Petersen et al., 2011).  The amino acid sequence was analyzed via 

blastp at the NCBI to detect the closely related sequences. The promoter predictions 

1) ΔCt = Ct target – Ct reference 

2) ΔΔCt = ΔCt test sample – ΔCt reference sample 

Standard deviation of ΔCt value: s = (s2
target

 + s2
reference)1/2 
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were carried out on 348811-345691 bp regions of the supercontig using Neural 

Network Promoter Prediction (version 2.2) in the Berkeley Drosophila Genome 

Project (BDGP; http://www.fruitfly.org/seq_tools/promoter.html) (Reese and 

Eeckman, 1995; last update 2015) which had been applied to predict other promoters 

(Filichkin et al., 2004; Wang et al., 2007; Witte et al., 2005; Zhao et al., 2010). 

Recognition of Regulatory Motifs with Statistics in the Softberry software 

(http://www.softberry.ru/berry.phtml, subgroups as CpG Finder and FPROM) 

(Solovyev et al., 2010) were used to detect Promoter upstream GC islands and 

TATA box.  

 

2.7 PstSCR1 gene constructs 

The primers designed and in the experiments are presented in Table 2.4.  The 

plasmids pTRV1, pTRBO, pTRBO/GFP and pTRBO/FLAG-RFP were obtained 

from Dr. S. Kamoun, The Sainsbury laboratory, Norwich, UK.  The vector constructs 

35S-RFP:C14 (pGWB554/C14), and 35S-YFP:REM1.3 (pK7WFY2/REM1.3) were 

the same as in Bozkurt et al., 2011; Raffaele et al., 2009 (Bozkurt et al., 2014).  The 

PstSCR1 gene had made synthesized inclusive with SP and extension of PacI and 

NotI restriction sites corresponding to 5’ and 3’ ends, respectively, and retrieved as 

pBSK/PstSCR1 (GeneScript).  For subcellular localization experiments, the gene, 

PstSCR1, was amplified from pBSK/PstSCR1 using CACC-SP or CACC-ATG-

SCR1 (with no SP) as forward primer and SCR1-noSTP as reverse primer and 

inserted into pENTR/D-TOPO plasmid (Invitrogen), then it was recombined in two 

destination vectors; pK7FWG2 (Karimi et al., 2002) and pGWB454 (Nakagawa et 

al., 2007) via LR clonase reaction (Invitrogen).  For overexpression of the effector 

with and without SP, and FLAG-Tag (on the C-terminus) was constructed by PCR 

using forward primers, PacI-SP-SCR1-F or PacI-noSP-SCR1-F and reverse primers, 

SCR1-C-FLAG-R2 and SCR1-C-FLAG-R1.  The final PCR product was obtained 

with PacI restriction site on the 5’-end and FLAG-Tag and NotI restriction site on 

the 3’-end.  The PCR product was cloned into pTRBO (pJL48) vector (Lindbo et al., 
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2007) and labeled as pTRBO/SP-SCR1-FLAG.  To express secreted GFP (SP-GFP), 

SP was amplified using CACC-SP, SP-noSTP primers on pBSK-PstSCR1 as a 

template; then, cloned into pENTR/D-TOPO, and followed by LR recombination 

(Invitrogen) into pK7FWG2 (Karimi et al., 2002); labeled as pK7FWG2/SP-GFP.  

For cloning of SP-GFP-FLAG; SP-GFP was first amplified with PacI-SP-SCR1-F 

and GFP-FLAG-Rev primers using pK7FWG2/SP-GFP as a template. SP-GFP-

FLAG was generated using the amplified product as a template with the primers 

PacI-SP-SCR1-F forward and SCR1-C-FLAG-R1 as reverse primers.  The SP-GFP-

FLAG was cloned into pTRBO (pJL48) (Lindbo et al., 2007) and denoted as 

pTRBO/SP-GFP-FLAG.  For cloning and amplification of the plasmids, the 

constructs were maintained in E. coli Top10 strain.  For Agro-infiltration 

experiments, constructs were introduced into Agrobacterium tumefaciens GV3101 

strain by electroporation (Win et al., 2011).  

 

Table 2.4 The primers used in the cloning of gene constructs 

Names 5’-3’ sequence Length 
(bp) 

CACC-
SCR1noSP 

caccatgttcaagtgtcccggtttgcat 28 
CACC-SCR1SP caccatgcaaagcttcaacttcttcatcg 29 
SCR1-noSTP agatgctttggagcagttgtttgt 24 
PacI-SP-SCR1-
F 

gggttaattaaatgcaaagcttcaacttcttcatcgtattcgcag 45 
PacI-noSP-
SCR1-F 

gagttaattaaatgttcaagtgtcccggtttgcatgg 31 
SCR1-C-Flag-
R2 

ccttgtagtcggaattctcgagaagcttgacagatgctttggagcagttgt 51 
SCR1-C-Flag-
R1 

attgcggccgcctatttgtcatcgtcgtccttgtagtcggaattctcgaga 51 
TRBO seqF cgccgaatcggattcgttttaaatag 26 
TRBO seqR gtgtgattacggacacaatccgttat 26 
PstSCR1-NotI-
R 

attgcggccgcctaagatgctttggagcagtt 32 
SCR1SP-noSTP cgacttcacagaaatgaattgag 23 
GFP-FLAG-R ccttgtagtcggaattctcgagaagcttgaccttgtacagctcgtccatgcc 52 
GFP-STP-NotI attgcggccgcttacttgtacagctcgtccatgcc 35 
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2.8 PCR amplifications 

The PCR components and volumes in reactions are presented in the Table 2.5 and 

2.7.  A template DNA was amplified by one of two DNA polymerases: Taq DNA 

Polymerase (M0320, NEB) in standard usage, and Q5 DNA Polymerase (M0478G, 

NEB) in molecular cloning. For all PCR: master mixes were prepared to ensure 

reproducibility. 

 

Table 2.5 Components and their amounts used in PCR for Taq DNA polymerase. 

In 0.2 mL microfuge tube Amount 
Template DNA variable 
10X PCR buffer 2.5 µL 
dNTPs (10mM) 0.5 µL 
Forward primer (10 pmol/µL) 0.5 µL 
Reverse primer (10 pmol/µL) 0.5 µL 
Taq DNA polymerase (5 unit/µL) (M0320, 

NEB) 

0.125 

µL  ddH2O variable 
Total 25 µL 
 

Thermo-cycling conditions for Taq DNA polymerase are the followings: initial 

denaturation 95 °C for 30 sec, 35 cycles: denaturation at 95 °C for 15-30 sec, 

annealing at 50-58 °C (Table 2.6) for 15-60 sec and extension at 68 °C for 1 min/kb, 

and final extension at 68 °C for 5 min.  
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Table 2.6 Annealing temperatures applied for Taq DNA polymerase amplifications 

Names Ta (°C) 
PstSCR1-SP-5-
UTR-F 

54 
PstSCR1-TM-5-
UTR-F 

55 
PstSCR1-Rev 55 
PstEF1α-F 55 
PstEF1α-R 55 
Actin-1-F 55 
Actin-1-R 55 
NbEF1α-F 55 
NbEF1α-R 55 
NbSerk3-F 55 
NbSerk3-R 55 
NbCYP71D20-F 52 
NbCYP71D20-R 52 
NbACRE31-F 52 
NbACRE31-R 52 
 

Table 2.7 Components and their amounts used in PCR for Q5 DNA polymerase. 

In 0.2 mL Microfuge Amount 
Template DNA 50 pg-

150ng 5X Q5 Reaction buffer 5 µL 
dNTPs (10mM) 0.5 µL 
Forward primer (10 pmol/µL) 1.25 µL  
Reverse primer (10 pmol/µL) 1.25 µL 
Q5 DNA polymerase (2 unit/µL), 

(M0478G, NEB) 

0.25 µL 
5X Q5 High GC Enhancer 5 µL 
ddH2O Variable 
Total volume 25 µL 
 

Thermo-cycling conditions for Q5 DNA polymerase: initial denaturation 98 °C for 

30 sec, 35 cycles: denaturation at 98 °C for 5-10 sec, annealing at 50-58 °C (Table 

2.8) for 10-20 sec and extension at 72 °C for 20-30 sec/kb, and final extension at 72 

°C for 2 min.  The amplifcation products were sent for sequencing as purified PCR 

products. 
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Table 2.8 Annealing temperatures applied for Q5 DNA polymerase amplifications 

Names Ta (°C) 

Ta (°C) 
CACC-
SCR1noSP 

67 
CACC-SCR1SP 67 
SCR1-noSTP 67 
PacI-SP-SCR1-
F 

67 
PacI-noSP-
SCR1-F 

67 
SCR1-C-Flag-
R2 

67 
SCR1-C-Flag-
R1 

67 
TRBO seqF 65 
TRBO seqR 65 
PstSCR1-NotI-
R 

67 
SCR1SP-noSTP 60 
GFP-FLAG-R 67 
GFP-STP-NotI 67 
 

The amplified DNA was run on the agarose (1%) gel for imaging, and the 

purification or band isolation of PCR products was carried out for further usage. 

 

2.9 Cloning of a gene construct in pTRBO vector 

2.9.1 pTRBO plasmid and insert DNA digestion 

An insert DNA digestion and pTRBO vector linearization to generate sticky ends 

with NotI HF (NEB) and PacI (NEB) restriction endonucleases (REs) was 

performed.  The digestion components were mixed as in Table 2.9. 
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Table 2.9 Contents and amounts for reatriction enzyme digestions  

In 0.2 mL Microfuge Amount 
Vector or insert DNA 500ng-

1000ng PacI (10,000unit/mL, #R0547S, NEB) 0.5µL 

(5 unit) NotI HF (20,000unit/mL, #R3189S, NEB) 0.25µL 

(5unit) Cut SmartTM Buffer (10x, #B7204S, NEB) 

 

1.5µL 

(1X) ddH2O                                       variable 
Total 15 µL 
 

Digestion tube was kept for overnight at 37 oC.  Digestion products were 

electrophoresed on agarose (1%) gel for size confirmation and/or gel extraction. 

 

2.9.2 DNA purification 

QIAprepR Spin Miniprep Kit (Qiagen), QIAquickR PCR purification Kit (Qiagen), 

and QIAquickR Gel Extraction Kit (Qiagen) were used in plasmid purification, PCR 

purification, and DNA isolation from an agarose gel, respectively. Manufacturer’s 

protocols were applied for purification procedures.  

 

2.9.3 Ligation reaction 

After extraction of DNA, reaction of ligation was carried out by mixture of the 

contents in Table 2.10. 

 

Table 2.10 Components of ligation reactions 

In 0.2 mL Microfuge Amount 
10X T4 ligase buffer  2 µL 

(1X) 
Vector ‘x’ mol 
Insert DNA ‘5x’ mol 
T4 ligase (400u/µL, #M0202, 

NEB) 

 

1 µL 
ddH2O                                       variable 
Total 20 µL 
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The mixture was incubated at room temperature for 10 min. For transformation, 1-5 

µL of ligation product was used. 

 

2.10 Gateway cloning 

First, the gene of interest (GOI) was cloned in gateway entry vector (pENTRTM/D-

TOPO) via topoisomerase-mediated cloning.  Then, it was transferred from entry 

vector to a destination vector, which allows expression the construct in host 

organism, by LR recombination reaction.  

 

2.10.1 pENTR/D-TOPO cloning 

The CACC nucleotide was added to the 5’ end of the gene construct by PCR.  

Invitrogen pENTRTM Directional TOPOR cloning kit and its instructions were 

applied in cloning.  Combination of 0.5 µL fresh amplified DNA by PCR, 1 µL salt 

solution provided by kit, 1 µL pENTR/D-TOPO vector and nuclease free H2O filled 

upto 6 µL were in 0.2 mL tube.  The reaction mixture was rested for 30 minutes at 25 

°C.  Then, reaction products were transformed into E.coli Top10 competent cells. 

Transformants were grown on agar plate containing 50 µg/mL kanamycin. 

Successful transformed colonies were controlled by PCR, and the plasmids were 

purified for further usage. 

 

2.10.2 LR clonase reaction 

In LR clonase reaction, GOI is recombined from the entry vector (pENTR/GOI) to 

destination vector (pK7WGF2 or pGWB454).  In this reaction, Invitrogen GatewayR 

LR ClonaseTM II Enzyme Mix kit was used.  In table 2.11, the components and their 

amounts used in LR reaction were given. In room temperature, reaction mixture was 

added in 0.2 mL microfuge tube. Then, 2 µL of LR Clonase Enzyme mix was added 

to each tube and mixed shortly by vortex. The tube was incubated for an hour at 25 
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°C. To stop the reaction, 1 µL Proteinase K solution was added to the tube and 

incubated for 10 minutes at 37 °C. 

One-five µL of LR reaction products were used for transformation, and 

transformants were selected on 100 µg/mL spectinomycin agar plates. 

 

Table 2.11 LR clonase reaction components 

Component Amount 
pENTR-GOI (100-150 ng/µL) 1-2 µL 
Destination vector (150-200 

ng/µL) 

1-2 µL 
TE buffer (Invitrogen) variable 
LR Clonase Enzyme mix 2 µL 
Total 10 µL 

 

 

2.11 Bacterial transformation of plasmids 

2.11.1 E.coli competent cell preparation 

A single colony E. coli Top10 was inoculated in 2-5 mL of LB (1 % w/v tryptone, 

0.5 % w/v yeast extract, 1 % w/v NaCl, 1.6 mM NaOH) with no antibiotic. Cells 

were let grow overnight at 37 ºC in shaker with 250 rpm. The next morning, 0.5 mL 

of overnight culture was added into fresh 50 mL of LB in 100 mL Erlenmeyer flask. 

The culture was grown approximately 2 hours until OD600 absorbance reached 0.375-

0.4 nm at 37 ºC, 250 rpm.  Bacterial culture was poured into a pre-chilled sterile 50 

mL falcon tube and incubated on ice for 10 min. The tube was centrifuged at 5000 

rpm for 3 minutes, 4 ºC and supernatant was discarded. Pellet was re-suspended in 

10 mL cold 50 mM CaCl2 solution by gentle shaking. The tube was centrifuged with 

5000 rpm for 3 min, at 4 ºC. Supernatant was removed and re-suspended again in 10 

mL cold 50mM CaCl2. Tube was rested on ice for 30 min. The cells were pelleted as 

mentioned above. After removal of supernatant, pellet was dissolved in 2 mL cold 

CaCl2 solution. The competent cells were set on ice until use.  
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2.11.2 Transformation of E. coli Top10 competent cell 

Five-ten µL of a ligation product or 1-2 µL of a plasmid was added to 50 µL of E. 

coli Top10 competent cells in 1.5 mL Microfuge tube.  The tube was incubated on 

ice for 10 min.  To apply heat-shock, the tube was placed in water bath at 42 °C for 

45 sec.  Immediately, the tube was transferred and set on ice for 3-5 minutes.  Then, 

300 µL LB was added and the tube was shaken with 150 rpm at 37 °C for 1-2 hours.  

LB agar (1 % w/v tryptone, 0.5 % w/v yeast extract, 1 % w/v NaCl, 1.5 % w/v agar, 

1.6 mM NaOH) plates with desired antibiotics (Table 2.12) were spread with 

transformed cells.  Cells were grown on plates at 37 °C, overnight.   Then, several 

colonies were chosen for colony PCR. 

 

Table 2.12 Selection of recombinant plasmids 

Vector 

name 

Antibiotic 

resistance 

Antibiotic usage 

(µg/mL) pTRBO Kanamycin 50 
pK7FWG2 Spectinomycin 100 
pGWB454 Spectinomycin 100 

 

 

2.11.3 Preparation Agrobacterium GV3101 electro-competent cells 

From stock, GV3101 cells were streak plated on LB-tetracycline 2.5 µg/mL and let 

grown for 2 days at 28 ºC.  A single colony was added in fresh 5 mL LB having 5 

µg/mL tetracycline and grown overnight at 28 ºC with 250 rpm. The overnight 

culture of 1 mL was inoculated in fresh 100 mL LB-Tet (5 µg/mL) media, incubated 

overnight at 28 ºC with shaking. Next day, absorbance OD600 of bacterial culture was 

measured whether it is in desired OD range 0.5-0.7.  The medium was poured into 

two 50 mL Falcon tubes and rested on ice for 30 min.  The cells were pelleted by 

centrifuging for 15 min at 3500 rpm, 4 ºC and then supernatant was removed.  Then, 

pellet was re-suspended in 50 mL ice-cold 10 % glycerol solution. The cells were 

centrifuged for 15 minutes at 3500 rpm, 4 ºC.  Pellet was re-suspended once more 
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and centrifuged.  Supernatant was discarded and 200 µL GYT (10 % v/v glycerol, 

0.125 % w/v yeast extract, 0.25 % w/v tryptone) medium was added to suspend the 

pellet. The culture was divided into 50 µL aliquots in 1.5 mL microfuge tubes.  The 

tube containing electro-competent Agrobacteria cells were frozen in liquid nitrogen 

and stored at -80 ºC. 

 

2.11.4 Agrobacterium GV3101 transformation 

For Agrobacterium transformation, 1-2 µL-purified plasmid was mixed in 50 µL 

GV3101 electro-competent cell in 1.5 ml microfuge. The tube was chilled on ice for 

10 min.  Then, the mixture was taken into a pre-chilled 1 mm pulser cuvette.  The 

cuvette was electrocuted at 2200 V (Cellject duo, Therma corporation).  Next, 1 mL 

of LB medium was added on the cuvette with transformed cells and the mixture was 

transferred into fresh 1.5 ml microfuge tube. The medium was incubated at 28 oC for 

1.5 hour at 200 rpm shaking.  LB agar plate with antibiotic(s) was spread with 10-30 

µL of medium and grown at 28 oC for 2 days.  Randomly, 3-5 single colonies were 

selected for colony PCR. 

 

2.12 Agro-infiltration of plant leaves 

Agrobacterium GV3101 colonies were grown on plate with appropriate antibiotic(s) 

(Table 2.12) by streak plating from single colony or stock. After one or two days, 

colonies were scratched out and suspended in 1 mL of dH2O in 1.5 mL microfuge 

tube. The tube was shaken thoroughly until cells were suspended completely, and 

centrifuged for 5 min at 4000 rpm in tabletop centrifuge. The wash was discarded 

without disturbing the pellet. Then, 1 mL of dH2O added into the tube, and it was 

shaken and centrifuged as mentioned above. The pellet was washed with Agro-

infiltration (10mM MES, 10mM MgCl2, pH 5.7) buffer and the cell pellet was re-

suspended with 1 mL Agro-infiltration buffer. For infiltration, the cell concentration 

was adjusted to 0.2 A600.  The infiltrated leaves were collected after 2-3 days post 
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infiltration (dpi) for microscopic imaging, apoplastic fluid isolation and total protein 

extraction.  

 

2.13 Apoplastic fluid isolation 

Agrobacterium infiltrated N. benthamiana leaves of 2-3 dpi were used to obtain 

apoplastic fluid as in the method previously described (O’Leary et al., 2014).  

Briefly, the leaves were detached, rinsed with distilled water, carefully folded, placed 

in 60 mL syringe filled with distilled water, vacuum was applied for 5-15 seconds 

repeatedly until the leaves appeared as dark translucent. The leaves were wiped with 

clean tissue or filter paper, and sandwiched in parafilm sheets, rolled and placed in 

20 mL syringe, centrifuged in 50 mL falcon tubes for 10 min at 1,000 g, at 4°C. The 

collected apoplastic fluid (400-500 µL/1.0-1.5 g leaf sample) was centrifuged at 

15,000 g for 5 min and supernatant, having 600-700 µg/µL total protein 

concentration, transferred into a fresh tube.   

 

2.14 Apoplastic fluid infiltration  

Apoplastic fluid samples obtained from various constructs containing agrobacterim 

infiltrated N. benthamiana were infiltrated until the infiltration area reaches to the 

size of a penny.  The samples and controls were infiltrated side by side on the same 

leaf with non- or various dilutions (1, 1:3, 1:10, 1:30) in sterilized ddH2O.  The 

presence of or the level of hypersensitive response (HR) was examined in 4-5 dpi by 

eye or DAB staining (Thordal-Christensen et al., 1997) 
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2.15 Virus induced gene silencing of BAK1 

To test the role of the effector in PTI, BAK1/SERK3 gene of N. benthamiana was 

silenced using agrobacterium-mediated co-infiltration of the clones containing 

Tobacco Rattle Virus (TRV) genome as pTRV2/BAK1 and pTRV1 with A600 ratio of 

2:1 (0.4:0.2, respectively). As a viral control, Agro-pTRV2/GFP:pTRV1 (2:1) were 

co-infiltrated (Chaparro-Garcia et al., 2011).  Newly emerged leaves of three weeks 

post-silenced tobacco were used for the injection of apoplastic fluid obtained from 

PstSCR1 effector expressing leaves.   

 

2.16 Infection assay 

The effect of PstSCR1 expression during pathogen growth was assayed by 

transiently expressing pK7FWG2/SP-SCR1-GFP on one half and pK7FWG2/SP-

GFP on the other half of N. benthamiana leaves.  Following after 4-5 hour post 

infiltration (hpi), leaves were detached and either P. infestans 88069 or P. tabacina 

were inoculated as 3 spots of 10 µL of cultures of each, on each half of the infiltrated 

area of the leaves (Dagdas et al., 2016; Giannakopoulou et al., 2015; Lee et al., 

2014).  The lesion diameter of P. infestans growth and the number of spores of P. 

tabacina were recorded at 8 dpi. The infection assay experiments were repeated on at 

least three independent N. benthamiana leaves. 

 

2.17 Confocal microscopy  

N. benthamiana leaves infiltrated with fluorescently tagged proteins at 3 dpi were cut 

in small pieces, immersed in distilled water and imaged on Leica 385 TCS SP5 

confocal microscope (Leica Microsystems,   Germany).  The GFP and RFP probes 

were excited by 488 and 561 nm by laser diodes and fluorescent emissions were 

detected at 495 – 550 and 570 – 620 nm, respectively.  For chloroplast 

autofluorescence, far infrared over 800 nm excitation and emission were applied for 

excitation and emission. 
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2.18 Protein extraction and immunoprecipitation 

2.18.1 Total protein extraction 

At two-three dpi, fully infiltrated N. benthamiana leaves with Agrobacterium 

containing the GOI were removed, dipped in mortar with liquid nitrogen and crushed 

into powder by grinding.  During the grinding, the leaf powder was kept frozen in 

liquid nitrogen all the time.  Then, 1 g grinded leaf sample was mixed with 2 mL of 

ice-cold fresh extraction buffer (GTEN (10 % glycerol; 25 mM Tris pH 7.5; 1 mM 

EDTA; and 150 mM NaCl), 2 % (w/v) PVPP, 10 mM β-mercaptoethanol, 1X 

Protease inhibitor (Thermo, #88666) and 0.1 % Tween-20) in 15 mL centrifuge tube. 

The tube contents were completely homogenized by vortex and leaf debris was 

pelleted at centrifuging at 3000 g for 10 min, at 4 ºC. The supernatant was transferred 

into a 2 mL microfuge tube and remaining solid parts were pelleted by centrifuging 

at maximum speed (20,000 g) for 10 min, at 4 ºC. The supernatant was placed into 

fresh tube again, and centrifugation was repeated until supernatant was completely 

cleared from leaf remnants. The total protein extract can be kept on ice for the next 

step or stored at -80 ºC for later use.  

 

2.18.2 Tagged-protein immunoprecipitation 

Anti-FLAG M2 affinity gel (Sigma, A2220) was mixed gently by pipetting with a 

cut tip. After resin completely suspended, 50 µL of it was placed into a 1.5 mL tube 

containing protein extract in IP buffer (250 µL total extract). The tube was mixed 

turning end-over-end at 4 °C for 1-3 hour. After the incubation, resin was pelleted at 

800 g for 30 sec, and supernatant was removed; then pellet was re-suspended in 1 

mL IP buffer. This wash was repeated four times. After last wash, the remnant liquid 

was removed very carefully by using syringe with needle not to remove the beads. 

Immobilized proteins were eluted from the beads in re-suspension solution of 100 µL 

IP buffer containing 150 ng/µL FLAG tag peptide and the tube was gently shaken in 
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horizontal position for 30 minutes, at 4 °C.  Eluted proteins (supernatants) were 

transferred into fresh tubes.  

 

2.19 SDS-PAGE 

2.19.1 Materials and preparation of the SDS-PAGE gel 

In SDS-PAGE, separating buffer (1.5 M Tris HCl, pH 8.8), stacking buffer (0.5 M 

Tris HCl, pH 6.8), 10 % SDS, 40 % acrylamide/bisacrylamide (37.5 g acrylamide 

and 1 g bisacrylamide in 100mL ddH2O), 10 % ammonium persulfate (APS) 

prepared fresh, NNNN-Tetramethylehylenediamine (TEMED), SDS running buffer 

1X (3.3 g Tris base, 1 g SDS and 14.4 g glycine dissolved; then volume brought up 

to 1 L ddH2O), Lane Marker Sample Buffer 5X protein loading dye (Thermo, 

#39001), 1M DTT and PageRuler™ Prestained Protein Ladder (Thermo, #26616). 

For the SDS-PAGE experiment, Thermo Owl P8DS electrophoresis system was 

used. The manufacturer’s manual was applied for gel casting and running. For 

sperating gel, the contents were mixed as illustrated in Table 2.13. APS and TEMED 

were added last and immediately the solution was poured between the glass plates.  

The gel was let stand for at least 30 minutes to polymerize before adding stacking 

gel. Stacking gel was prepared by mixing contents in Table 2.13. The stacking gel 

was added to cover up onto the separating gel and comb was positioned.  The gel 

was rested for at least an hour to completely solidify.  
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Table 2.13 SDS gel casting contents 

Separating gel Amount 
Separating buffer (4X), 1.5 M Tris, pH 

8.8 

2.5 mL 
SDS, 10 % (w/v) 100 µL 
Acrylamide, 40 % (w/v) 3 mL 
ddH2O 4.35 mL 
APS, 10 % (w/v) 50 µL 
TEMED 6 µL 
Stacking gel Amount 
Stacking buffer (4X), 0.5 M Tris, pH 8.8 1.25 mL 
SDS, 10 % (w/v) 40 µL 
Acrylamide, 40 % (w/v) 0.45 mL 
ddH2O 3.25 mL 
APS, 10 % (w/v) 20 µL 
TEMED 8 µL 
 

 

2.19.2 SDS-PAGE  

Prepared gel with glass plates was placed in Thermo Owl P8DS gel tank.  The 

running buffer (section 2.19.1) was used to fill up the inner and outer chambers of 

the gel and comb was replaced. In PCR tube, a protein sample mixed with Lane 

Marker Sample Buffer (1X) and DTT (100mM). The tube was incubated at 95 °C for 

5-10 min. Protein samples were loaded and electrophoresis was conducted at 100 V 

until the samples reached to the separating gel (≈ 20 min), and the voltage was 

increased to 200 V until loading dye reached to the bottom of the gel (≈ 1.5 h). 

 

2.18 Western Blot 

After electrophoresis, the gel was rinsed in dH2O and incubated in Transfer Buffer 

(Thermo, #84731) for 15 min for equilibration by gentle shaking. PVDF membrane 

(Thermo, #88520, 0.2 µm pore size) and Western Blotting Filter Paper (Thermo, 

#84783) were soaked in Transfer Buffer for 10 min for equilibration. The blot was 

performed on PierceG2 Fast Blotter (Thermo) at constant current of 1.3 A for 10 
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min.  The membrane was incubated in blocking solution (3% BSA in TBS-T (25mM 

Tris-HCl, pH 7.4, 0.137 M NaCl, 2.7 mM KCl, 0.1% Tween 20)) with shaking for an 

hour at RT. Then, the membrane was taken into primary antibody solution (primary 

antibody diluted 1/5000 in blocking solution) and shaken gently for 1 hour. Anti-

FLAG (Thermo MA1-91878) and anti-GFP (Thermo MA5-15256) antibodies were 

used as the primary antibodies. After primary antibody incubation, the membrane 

was washed 5 times with TBS-T for 3 min each time, on shaking platform. Anti-

mouse Alkaline Phosphatase conjugated antibody (Chemicon International 

#AP308A) was diluted 1/10000 in blocking buffer and the membrane was incubated 

in this solution for 1 hour. Then, the membrane was washed 5 times with TBS-T for 

3 min each time. For visualization, 1-StepTM NBT/BCIP Substrate Solution (Thermo 

#34042) was added to the blot and incubated (≈ 5-15 min) until desired development 

of color obtained. To stop the reaction, the membrane was rinsed with dH2O.  
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CHAPTER III 

RESULTS and DISCUSSION 

3.1 PstSCR1 homologs 

The earliest candidate effector gene sequences of Pst (race Pst-78) were reported in 

Yin et al. (2009). The study predicted fifteen genes, one of which is Pstha2a5 (we 

refer to it as PstSCR1 in the entirely of this thesis) to be secreted from Pst haustoria.  

This secreted candidate was chosen in this study since it has i) putative signal peptide 

at N-terminus, ii) high cysteine content, iii) conserved motif W/Y/F(x)C found in 

rusts (Cantu et al., 2011; Duplessis et al., 2011; Godfrey et al., 2010; Hacquard et 

al., 2012; Morais do Amaral et al., 2012) and iv) it is a small protein as expected for 

secreted effectors.  It is one of few EST sequences identified with the full-length the 

gene when searched for ORF.  

  

NCBI database search of the protein sequence of PstSCR1 produced 11 possible 

homologs, all of which were predicted protein sequences of the genome of Pst-78 

and Puccinia graminis f. sp. tritici (Pgt) (Figure 3.1).  Furthermore, multiple 

sequence alignment of these homologs including PstSCR1 revealed that the FKC 

corresponding to the W/Y/F(x)C conserved motif found in rust candidate effectors at 

N-terminus is adjacent to signal peptide cleavage site, two other (F/Y)xC motifs 

were present in an internal and C-terminal regions were found to be highly 

conserved.  Among the homologs, the six-cysteine residues conserved to each other, 

two of which are adjacent cysteine amino acids (Figure 3.1).  This preliminary 

information indicates that the candidate effector is specific to Pucciniaceae family.  

Interestingly, one homolog was annotated as a gene (BioProject: PRJNA41279 (of 

Pst-78); GenBank acc: AJIL01000081.1) defines a hypothetical protein. We noticed 
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that it has two predicted transmembrane domains, composed of 4 exons, where 

PstSCR1 was found as a part of the latter three exons combined. The second 

transmembrane domain of this denoted hypothetical protein is actually corresponding 

to the SP of PstSCR1 with L (tta) to F (ttc) substitution in the middle of SP (Figure 

S1A).  Note that, Pst-78 stripe rust race is the same as the one from which protein 

sequence of PstSCR1 from EST was predicted (Figure 3.1 and 3.2).  When we 

investigated AJIL01000081.1 super-contig; between the sequences of 3488811-

345691 bp, in which the hypothetical protein having two transmembrane regions was 

annotated, we found three possible promoters, one of which is on the exon 1.  

Additionally, the only TATA box, GC islands, and the most probable transcription 

start site also coincided in the exon 1, suggesting the EST sequence, which is 

composed of the last three exons, is the most likely transcript that is expressed.  A 

pilot computational analysis was conducted and presented at Figure 3.2.  On the 

other hand, if the expression of this hypothetical transmembrane protein is also 

generated, further analyses will be needed to find out in what condition and at what 

developmental stages of the pathogen that it is expressed and whether it functions 

with a consorted manner with PstSCR1.   
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3.2 Expression levels of PstSCR1 and its closest homolog during Pst-78 infection  

In order to test whether PstSCR1 is expressed in Pst infection, in the qPCR its 

expression was determined at different time points (24-h, 72-h, 8-d and 10-d) after 

the inoculation with Pst-78 strain on the leaves of wheat Avoset-S (susceptible line) 

(Section 2.1.2). The integrity of the isolated RNA samples is presented in Figure 3.3.   

 

Figure 3.3 The quality of RNA from Pst-78 infected wheat samples. M) 1 kb ladder 

(Fermentas #SM0311). 1-4 lanes are total RNA isolated from wheat infected with 

Pst-78 collected at 24-hour, 72-hour, 8-day, and 10-day post infection, respectively. 

5-8 lanes are total RNA of wheat mock infected samples correspondent to 24-hour, 

72-hour, 8-day, and 10-day post infection, respectively. After DNase I treatment, 1 

µL of RNA samples (≈ 100 ng/lane) were loaded on 1% agarose RNA gel for RNA 

quality check. 

 

For expression level analysis, the forward primer of PstSCR1 was designed to 

amplify the 5’ UTR region of the PstSCR1, which is predicted as the intron region in 

the closest homolog of PstSCR1 (Figure 3.4). As controls, we used pathogen 

M											1											2										3											4											5										6											7											8					
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endogenous control gene PstEF1α (Yin et al., 2009) and as wheat endogenous gene 

control, Actin-1 of wheat (Bozkurt et al., 2007). 

 

 

Figure 3.4 PCR primer design strategy to detect the presence of PstSCR1 expression 

in Pst infected wheat samples. A) PstSCR1 EST sequence; arrows indicate primers 

annealing regions and expected amplification size is 375 bp. Stars indicate the exon 

joints. B) The genome region of predicted transcript sequence of PstSCR1 homolog 

and introns are highlighted in yellow. Expected spliced product amplification size is 

560 bp when all introns are removed (Table 2.3). 

A) 

gggcaggtacaacaacttttccaaccactcctcaaaaattaaattcacattatttgtttagaattacac 

aagATGCAAAGCTTCAACTTCTTCATCGTATTCGCAGTGTTGTTGATCAACACTCAATTCATTTCTGTG
AAGTCGTTCAAGTGTCCCGGTTTGCATGGAACGCCAAGCCAAACACATGGTTATTGCACCAGATCAATC

ACCGATGAAGAACGAAAGGCAAAAAAGATTGGCAAGGAGTTCACCATGTGGA★AGGAAGAAATCAAGA
CAGTCGACGGGAAATTCTCGTGTGATAAAGTGGACTTGAATGGGTCGGTTGCCACAGATAGCTTCTGTT

GTGACGTTGCAGGTAGAATTGGTGAA★GTTGAGAAAAGTAAACAAGCTATGTGGACAAACAACTGCTC 

CAAAGCATCTTAGggaataccaacattaccttgctctgaggctggcccatgtcttcaaattcgacc 

 

 

B) 

...tagaaacaaatgacctcttgactaaggcagctcATGGCAATGGTACAATGCATCAAACGACCGAGA
AATAGACTGGCGGCGGCCGTTCACTTAGCAAAGCAAGTAATCGGTTTCGGCGCTTTGCCCTTAGCCTTA
GGGTTCCCTGACGAGACCAAAATCTATAAGGGGGTGAAGCTGCAGCTACCAATGATTCACCAGCCTCCA
TCTCCTCCTCTTCAAGtcaggtacaacaacttttccaaccactcctcaaaaattaaattcacattattt
gtttagaattacacaagATGCAAAGCTTCAACTTATTCATCGTATTCGCAGTGTTGTTGATCAACACTC
AATTCATTTCTGTGAAGTCGTTCAAGTGTCCCGGTTTGCATGGAACGCCAAGCCAAACACATGGTTATT
GCACCAGATCAATCACCGATGAAGAACGAAAGGCAAAAAAGATTGGCAAGGAGTTCACCATGTGGAgta
agttttatacactaccgatagatcgtgtgatcatcactgagctaatgctcacactaaacctttttacag
AGGAAGAAATCAAGACAGTCGACGGGAAATTCTCGTGTGATAAAGTGGACTTGAATGGGTCGGTTGCCA
CAGATAGCTTCTGTTGTGACGTTGCAGGTAGAATTGGTGAAgtgagtttttttttaatcgactatatgg
ttcagcagcacagaaatgtacaaaaaagaaatgagacctgacttcacttctcatgacagGTTGAGAAAA
GTAAACAAGCTATGTGGACAAACAACTGCTCCAAAGCATCTTAAggaataccaacattac... 

 

PstSCR1-SP-5-UTR-F	

PstSCR1-Rev	

PstSCR1-TM-5-UTR-F	

PstSCR1-Rev	
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The qPCR showed that both of the putative transcripts are present at different levels 

and at different time points (Figure 3.5). The PstSCR1 (PstSCR1-SP-5-UTR-F and 

PstSCR1-Rev primers) is expressed in high amount in 72-hpi and 8-dpi but it was 

reduced in 10-dpi. The closest homolog gene (AJIL01000081.1 super-contig; 

between the sequences of 3488811-345691 bp, NCBI) when putative transcript 

expression was targeted (with PstSCR1-TM-5-UTR-F and PstSCR1-Rev primers, 

Figure 3.5-B), we observed three amplification products (a, b, c) and the band 

intensities appeared a gradual increase from 72-hpi to 10-dpi.  So, in order to obtain 

more conclusive results, the bands were isolated and have made sequenced. 

 

Direct sequencing reactions of the isolated PCR product (sample of 8th dpi PCR) 

presented in the Figure 3.5A from both directions showed perfect match with the 

EST sequence of PstSCR1.  In its putative homolog, based on the designed primers 

the expected PCR product is 559 bp, if the gene is transcribed with all the exons.  

But we have observed longer product –band a- in that PCR was above 600 bp 

(Figure 3.5B/product a). The sequence information of that band (a) revealed that the 

putative intron between putative exon 1 and exon 2 was not spliced. So it can be 

concluded that indeed the sequence between the exons 1 and 2 is not an intron it is 

indeed the 5’ UTR of PstSCR1. Thus, the result confirms the computationally 

detected TATA box, promoter, and GC islands on exon 1 are indeed biologically 

relevant and it is the 5’ UTR of PstSCR1.  Another explanation can be the alternative 

splicing.   

 

Interestingly, based on the sequencing of the PCR product, band (b) of the Figure 

3.5B appeared as it an alternative splicing took place. The putative exon 1 was 

retained completely, but intron 1 was removed except first three nucleotides "GTC" 

and it was joined with the last 5 nucleotides of the signal peptide transcript in exon 2, 

which produced a frame-shift on PstSCR1 orginal sequence.  Although the part of 

the exon 3, and exon 4 sequences were missing in our sequence readings, it is highly 

possible that they retained in the rest of the sequence based on the observed band 

size (≈ 500 bp) (Figure 3.5B).  The expected size of the band (b) is 491 bp if the 



	57	

exon 3 and exon 4 included fully in the rest of the transcript.  As a result, this 

putative transcript produce 49 amino acid protein product with no predicted secretion 

signal, no conserved motif like W/Y/F(x)C, and no high cysteine content, which 

were important features of known predicted effector candidates.  Thus, fungus may 

be using alternative splicing to express a short peptide having a different function 

that that of an effector. 
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Figure 3.5 The PstSCR1 and its closest homolog gene expression comparisons in 

different time points during Pst-78 infection. M: 100 bp ladder (Fermentas 

SM#0321). A, B, C and D are PstSCR1 (exp: 375 bp), homolog of PstSCR1 (exp: 

560 bp, if all introns were removed), Pst Elongation factor 1 alpha (PstEF1α), and 

wheat Actin-1 genes amplifications, respectively. qPCR products of 10 µL were 

loaded on 1% agarose gel.  

 

M										24hpi				72hpi						8dpi						10dpi						24hpi					72hpi						8dpi					10dpi 
	 

Pst78-infected	wheat Mock 

C	

B	

A	

D	

				1kb	

	0.5kb	

				1kb	

	0.5kb	

				1kb	

	0.5kb	
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PstSCR1-SP-5-UTR-F/PstSCR1-Rev	

PstSCR1-TM-5-UTR-F/PstSCR1-Rev	
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Actin-1-F/	Actin-1-R	
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3.3 Subcellular localization of PstSCR1 

To determine the subcellular localization of the PstSCR1, we constructed expression 

vectors with insert of PstSCR1 (with or without SP) fused with a C-terminal 

fluorescent tag, either RFP or GFP. The PstSCR1 was amplified with CACC-

SCR1noSP and CACC-SCR1SP as forward primers to generate with SP and without 

SP, respectively. The primer SCR1-noSTP was used as reverse primer in both 

amplifications. The PCR products were introduced into pENTR-D/TOPO vector by 

topoisomerase cloning. Then, pENTR-D/TOPO/SCR1 and pENTR-D/TOPO/SP-

SCR1 was used to recombine with pK7FWG2, and pGWB454 to produce C-terminal 

GFP, and RFP fusions, respectively (Section 2.10). The Agrobacterium GV3101 

strain was transformed with constructs and the genes were transiently expressed in N. 

benthamiana (Section 2.11 and 2.12).  

 

According to subcellular localization results, the overlayed images of the co-

expressed SP-SCR1-RFP (red) and EV-GFP (green) in Figure 3.6A shows that GFP 

was directed to cytoplasm and nuclues, where plastids were seen clearly.  However, 

we were able to detect that PstSCR1 was secreted into apoplast when it was 

expressed with SP.  In Figure 3.6B and 3.7, when SP-SCR1-RFP and SP-SCR1-GFP 

were co-expressed, they were both observed to be secreted to apoplastic region.  It 

should be noted that the clearly visible endoplasmic reticulum (ER) network in 

Figure 3.7 is indicative of the effector targeting to the apoplast via ER.  As a control, 

when the protein was expressed with no SP (SCR1-GFP), it appeared in cytoplasm 

and nucleus instead of apoplast (Figure 3.6C), similar to a typical GFP expression 

images obtained in N. bentamiana (Petre et al., 2015). 

 



	60	

 

Figure 3.6 The subcellular localization of PstSCR1. N. benthamiana plants were co-

expressed by agro-infiltration using the following constructs: A) pGWB454/SP-

SCR1-RFP and pK7FWG2/ev-GFP, (ev: Empty vector), as nucleo-cytoplasmic 

marker; B) pGWB454/SP-SCR1-RFP and pK7FWG2/SP-SCR1-GFP; C) 

pGWB454/SP-SCR1-RFP and pK7FWG2/SCR1-GFP.  The GFP and RFP probes 

were excited using 488 and 561 nm laser diodes and their fluorescent emissions 

collected at 495–550 and 570–620 nm, respectively. For chloroplast auto-

fluorescence detection, far infrared (>800 nm) excitation and emission were used. 

Scale bars are 10 µm. 

To substantiate that the protein is apoplast-secreted, SP-SCR1-RFP was co-expressed 

with plasma membrane marker REM1.3 (Bozkurt et al., 2014; Pike, 2006; Simons 

and Gerl, 2010) in comparison with the co-expression of an apoplastic marker, 

Papain like protease (Plp) C14 (Bozkurt et al., 2011), also known as vacuole 

membrane tonoplast targeting protein, and REM1.3.  The co-localizations of co-
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expressed SP-SCR1-RFP and YFP-REM1.3 (Figure 3.8B) appeared identical to the 

overlay picture in Figure 3.8A (RFP-C14/YFP-REM1.3 overlay) with one exception 

of RFP-C14 also being targeted to tonoplast as predicted.  This comparison suggests 

that the protein is accumulating solely in apoplastic region.  If there is an interaction 

with the outer membrane, it must be a weak one or it is not noticeable in the 

microscopic observations. 

 

 

 

Figure 3.7 The co-localization of PstSCR1-RFP and PstSCR1-GFP.  N. 

benthamiana leaves were agro-infiltrated with the constructs of pGWB454/SP-

SCR1-RFP and pK7FWG2/SP-SCR1-GFP both expressing with the signal peptide of 

the effector. The GFP and RFP probes were excited using 488 and 561 nm laser 

diodes and their fluorescent emissions collected at 495–550 and 570–620 nm, 

respectively.  For chloroplast auto-fluorescence detection, far infrared (>800 nm) 

excitation and emission were used (Leica SP40). Scale bars are 10 µm. 
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Figure 3.8 Pictures of representative N. benthaminiana leaf samples co-expressing 

A) pGWB554/C14 and pK7WGY2/REM1.3, and B) pGWB454/SP-SCR1-RFP and 

pK7WGY2/YFP-REM1.3. The comparisons (A and B) are indicating PstSCR1 

expressed with SP accumulates in apoplastic space but not on the outer plasma 

membrane. The YFP and RFP probes were excited using 514 and 561 nm laser 

diodes and their fluorescent emissions collected at 495 – 550 and 570 – 620 nm, 

respectively. Scale bars are 10 µm. 

 

3.4 PstSCR1 lowers pathogen infections 

To investigate the role of PstSCR1 as an effector in response to pathogen infection, 

host-pathogen interaction assays were conducted on the plant samples with agro-

infiltrated leaves expressing the effector.  N. benthamiana leaves expressing the 

effector with SP (SP-SCR1-GFP) and without SP (SCR1-GFP) were infected with 

Phytophthora infestans and Peronospora tabacina (Section 2.16). At 8 dpi, lesion 

growth of hemibiotrophic P. infestans was measured and spores of P. tabacina on N. 

benthamiana were counted. 

 

Based on the results (Figure 3.9 and 3.10), the protein expressed without SP (SCR1-

GFP) showed no significant change in the pathogen developments (lesion growth 
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and spore count) when inoculated with a hemibiotrophic P. infestans and an obligate 

biotroph, P. tabacina. However, SP intact-protein, which accumulates in apoplast, 

reduced the pathogen growth and development of P. infestans and P. tabacina. These 

findings suggest that PstSCR1 is functional in apoplast, but not in cytosol. 
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Figure 3.9 The assessment of the level of lesions by P. infestans in effector 

expressed samples. A) The infection of N. benthamiana (4-5 week old) leaf with P. 

infestans after expressing SCR1-GFP and SP-SCR1-GFP constructs.  Photographs 

were taken after an 8-day post inoculation (dpi). B) Infected areas in the leaf were 

measured in pixels (by ImageJ tool) and plotted into the graph. EV-GFP and SP-GFP 

were used as the controls of SCR1-GFP and SP-SCR1-GFP, respectively. Asterisks 

indicate significant differences by ttest (*P = 0.0121 ≤ 0.05). 
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Figure 3.10 The evaluation of the level of P. tabacina spore formation in effector 

expressed samples.  N. benthamiana (4-5 week old) leaves were infected with P. 

tabacina after expressing SCR1-GFP and SP-SCR1-GFP constructs and collected 

after 8-dpi.  Spores from the leaf disks were suspended in water and counted under 

the microscope.  EV-GFP and SP-GFP were used as the controls of SCR1-GFP, and 

SP-SCR1-GFP, respectively. Asterisks indicate significant differences by ttest (***P 

= 2.0232 e-6 ≤ 0.001). 

 

3.5 Overexpression of PstSCR1 in N. benthamiana 

3.5.1 PstSCR1 cloning in TRBO vector 

The PstSCR1 gene construct was inserted into pTRBO (pJL48) (Lindbo, 2007) 

vector for overexpression. The FLAG tag was introduced by PCR in C-terminus of 

the gene. Since the nucleotide sequence of FLAG tag with linker is too long for one 

primer, it was separated into two primers with overlapping regions. First PCR was 

carried out with PacI-noSP-SCR1-F as forward and SCR1-C-Flag-R2 as reverse 

primers to generate PstSCR1 with no SP (Figure 3.10). For PstSCR1 with SP, PacI-

SP-SCR1-F as forward and SCR1-C-Flag-R2 as reverse primers were used (Figure 

3.11). Second PCR was amplified using the first PCR product as template. The 

primers PacI-noSP-SCR1-F as forward and SCR1-C-Flag-R1 as reverse, and PacI-

noSP-SCR1-F as forward and SCR1-C-Flag-R1 as reverse are used to complete the 
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FLAG tag fusion, and 5’ PacI and 3’ NotI restriction site extensions in PstSCR1 

without SP (Figure 3.11A and Figure E-1 in Appendix-E), and with SP (Figure 

3.11B and Figure E-2 in Appendix-E), respectively. All four PCR products were 

purified and run on gel to confirm the quality and size control (Figure 3.12).  

 

 

 

Figure 3.11 Schematic view of the positions of PCR primers on A) SCR1-FLAG and 

B) SP-SCR1-FLAG constructs. 
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The purified PCR products and pTRBO-empty vector were digested with PacI and 

NotI-HF for directional cloning (Section 2.9.1). Digested products were separated on 

an agarose gel and the bands were isolated (Section 2.9.2). The isolated bands were 

separated again on a gel for concentration control (Figure 3.13) and used for ligation 

(Section 2.9.3). 

 

 

 

Figure 3.12 PstSCR1 with C-term FLAG amplification for cloning in pTRBO 

vector. M-100 bp ladder (Fermentas #SM0321). 1) and 3) are first PCR amplification 

of PstSCR1 exclusive (321 bp) and inclusive (390 bp) SP, respectively. 2) and 4) are 

second amplification to complete the FLAG tag fusion by using 1 and 3 as a 

template, respectively. The final SCR1-FLAG and SP-SCR1-FLAG PCR products 

sizes are 349 bp and 418 bp, respectively.  

  

M															1																	2																3																	4	
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Figure 3.13 Restriction enzyme digestions followed by gel extraction of PstSCR1 

PCR products and pTRBO vector agarose gel analysis. M) 1kb ladder (Fermentas 

#SM0311). 1) PstSCR1 without SP and with C-terminus FLAG fused PCR product 

was digested and gel extracted. 2) PstSCR1 with SP and C-terminus FLAG fused 

PCR product was digested and gel extracted. 3) pTRBO-empty vector was digested 

and gel extracted. Digestions were carried out with PacI and NotI-HF restriction 

enzymes (NEB).  

 

The ligation products were transformed into E.coli Top10 competent cells. The 

putative colonies were amplified by colony PCR by TRBO seq-F and TRBO seq-R 

primers (TRBO sequencing primers), which amplify flanking regions of the insert of 

the target DNA (Figure 3.14). 

					M															1																2															3	
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Figure 3.14 Colony PCR after cloning of PstSCR1 in pTRBO vector. M) 100 bp 

ladder (Fermentas #SM0321). 1-3) Putative E.coli colonies possessing PstSCR1 

without SP and with C-terminus FLAG fused construct in pTRBO were used in PCR 

amplification. 4-6) Putative E.coli colonies possessing PstSCR1 with SP and C-

terminus FLAG fused construct in pTRBO were used in PCR amplification. PCR 

was carried out with TRBO sequencing primers.  SCR1-FLAG and SP-SCR1-FLAG 

expected sizes are 479 bp and 548 bp, respectively, by sequencing primers. 

 

The colonies belong to 3rd and 6th lanes  (Figure 3.14) were chosen for plasmid 

isolation (Section 2.9.2).  The plasmids were isolated and controlled for PCR 

amplification with TRBO sequencing primers.  Both plasmids and PCR products 

were separated on a gel for control. The bands of the PCR products were in expected 

size ranges.  

  

			M										1										2										3											4											5										6	
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Figure 3.15 Plasmid isolation and PCR of pTRBO/SCR1-FLAG and pTRBO/SP-

SCR1-FLAG. M) 1 kb ladder (Fermentas #SM0311). 1) PCR amplification of 

pTRBO/SCR1-FLAG. 2) PCR amplification of pTRBO/SP-SCR1-FLAG. 3) and 4) 

are pTRBO/SCR1-FLAG and pTRBO/SP-SCR1-FLAG vectors, respectively, after 

plasmid isolation.  The PCR was carried out with TRBO sequencing primers.  SCR1-

FLAG and SP-SCR1-FLAG expected sizes are 479 bp and 548 bp, respectively, by 

TRBO sequencing primers. 

 

The plasmids pTRBO/SCR1-FLAG and pTRBO/SP-SCR1-FLAG have made 

sequenced by TRBO seq-R primer.  The sequencing the construct was confirmed 

100% hit when it was compared with theoretical sequence.  The sequences of 

chromatogram are presented in Appendix-E.  After these confirmations, the plasmids 

were transferred into Agrobacterium GV3101 strain by electroporation (Section 

2.11.4).  These transformants were taken into stock in -80 °C and used for effector 

overexpression experiments.  

 

The constructs pTRBO/SP-SCR1, pTRBO/SP-GFP and pTRBO/SP-GFP-FLAG 

were generated likewise as cloning strategy was illustrated above.  For SP-SCR1 

amplification, PacI-SP-SCR1-F and PstSCR1-NotI-R primers were used.  The SP 

was fused with GFP by introducing the SP sequence into pK7FWG2 vector by 

			M												1																2														3														4										
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Gateway Cloning with amplification with CACC-SCR1SP as forward and SCR1SP-

noSTP. For SP-GFP, PacI-SP-SCR1-F as a forward and, GFP-STP-NotI as reverse 

primers were used. For SP-GFP-FLAG, PacI-SP-SCR1-F as a forward and, GFP-

FLAG-R and SCR1-C-Flag-R1 as reverse primers were used.  

 

3.5.2 Overexpression of PstSCR1 cause cell death in N. benthamiana 

For overexpression and purification of the effector, the pTRBO/SCR1-FLAG and 

pTRBO/SP-SCR1-FLAG constructs were expressed in N. benthamiana by 

Agrobacterium-mediated gene transfer (Section 2.12). After 3-4 dpi, the 

phenotypical changes were recorded. 

 

Interestingly, the overexpression of PstSCR1 consistently showed cell death 

(hypersensitive response, HR) only when it was expressed with the SP, but 

regardless of the presence of FLAG-Tag attachment to the C-terminus.  In order to 

assess the cell death caused by PstSCR1 in apoplast, we substituted the effector with 

GFP as a control; however, we kept the SP on the N-terminus of GFP so that it can 

target to apoplast.  Moreover, we tested the possible effect of the fusion of FLAG-

Tag at the C-terminus of PstSCR1, and it was noticed that the FLAG-Tag did not 

interfere with the outcome.  Thus, we were able to use tag-fused effector (no SP) as a 

negative control (Figure 3.17A).  Regardless of the presence of the FLAG-Tag 

fusion, when the SP-SCR1 and SP-SCR1-FLAG constructs were let expressed, we 

observed cell death in the leaves, but SCR1-FLAG and SP-GFP presented no cell 

death (Figure 3.17B).  This result is suggesting that PstSCR1 needs to be secreted to 

the apoplast of N. benthamiana to trigger the cell death, but SP itself does not 

stimulate the cell death (Figure 3.17B).  Recently, it has been reported that the 

secretion signal of the apoplastic effectors is indispensable for their cell death–

inducing activity (Fang et al., 2016; Ma et al., 2015). 
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Figure 3.16 The effector needs to be secreted to induce cell death in N. 

benthamiana.  The effect of SP and FLAG was tested. A) The schematic view of 

constructs used in the experiment. B) Representative N. benthamiana leaf expressing 

pTRBO/SP-SCR1, pTRBO/SP-SCR1-FLAG, pTRBO/SCR1-FLAG and pTRBO/SP-

GFP after 4dpi.  

 

3.6 Apoplastic extracts of PstSCR1 expressing leaves triggered cell death in a 

dose dependent manner 

Although our subcellular localization experiments were confidently conclusive 

(Figure 3.6, 3.7 and 3.8) in which the PstSCR1 is secreted to apoplast where causing 

reduced pathogen development (Figure 3.9 and 3.10), to further investigate the cell 
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death by PstSCR1, apoplastic fluid infiltration assays were conducted (Figure 

3.17A). The infiltration of apoplastic fluid extracted (Section 2.13) from N. 

benthamiana leaves expressing SP-SCR1-FLAG or SP-GFP-FLAG (negative 

control) at differing amounts (no dilution = 1 (≈ 600 ng/µL), 1:3 and 1:10 dilutions 

with ddH2O) on fresh N. benthamiana leaves (Figure 3.17A) allowed us to test cell 

death (Section 2.14).  We observed cell death in a dose dependent manner on the 

plant surface infiltrated with apoplastic fluid samples possessing SCR1-FLAG, but 

not with the secreted GFP control,.  Interestingly, the infiltration of total protein 

extracted into new leaves did not show any indication of cell death (Appendix L). 

 

3.7 Stability of PstSCR1 in apoplast  

The samples of apoplastic fluid, which were investigated on western blotting were 

the same as the one used to test cell death (Figure 3.17B).  Apoplastic fluid and 

extracted total protein were from the very same leave samples of which apoplastic 

fluid were removed of the leaves expressing SP-SCR1-FLAG (14.75 kDa expected 

size with SP) and SP-GFP-FLAG (33.2 kDa expected with SP).  In the control 

samples, the anti-GFP western blotting revealed that GFP is present both in apoplast 

and total protein extract. However, anti-FLAG antibody did not detect GFP-FLAG in 

apoplast.  It was concluded that FLAG tag was cleaved, suggesting that tagged GFP 

is prone to proteolysis in apoplast (Badel et al., 2013; van Esse et al., 2006), which 

can also be deducted from the size differences of the pre-stained protein bands on 

WB:GFP (Figure 3.17B).  In case of SP-SCR1-FLAG expressed samples, anti-FLAG 

antibody detected the FLAG-tagged effector both in apoplast and in the total protein 

extract (after apoplastic fluid removal). Double bands were detected in the protein 

total extract, but in apoplastic fluid mostly PstSCR1 appeared as SP-cleaved.  

Theoretical size of the SCR1-FLAG is smaller than that of the size observed on 

blots, which implies post-translational modification. The identical FLAG tag was 

cleaved from the SP-GFP-FLAG expressing N. benthamiana but not from SP-SCR1-
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FLAG. This result suggests that PstSCR1 protein is stable in apoplast and thereby it 

is functional. 
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Figure 3.17 (Continued in next page) 

A 

B 
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Figure 3.17 (Continued from previous page) Apoplastic fluid with secreted effector 

triggers cell death in N. benthamiana. The infiltration of N. benthamiana was 

conducted with apoplastic fluid containing processed PstSCR1. A) The 

representative leaf of N. benthamiana infiltrated with apoplastic fluid from N. 

benthamiana expressing SP-SCR1-FLAG and SP-GFP-FLAG. After 4-5 days of 

apoplastic fluid infiltration, the leaves were examined under normal light and UV 

exposure. B) Apoplastic fluid and total protein extract, from leaves after removal of 

apoplastic fluid, (10 µL) was loaded on SDS-PAGE gel and Western blotting was 

carried out with anti-FLAG (Thermo) or anti-GFP (Thermo) antibodies; total protein 

was detected by Reversible Protein Stain on PVDF membrane (Thermo). As a 

control, SP-GFP-FLAG was used. The theoretical sizes of the bands; SP-GFP-FLAG 

is 33.2 kD; SP-GFP-FLAG (SP and FLAG cleaved) is 29.4 kD; SP-SCR1-FLAG is 

14.74 kD and SCR1-FLAG is 11.96kD. 

 

3.9 PstSCR1 reducing the level of cell death in BAK1 silenced plants 

It is established that Brassinosteroid Insensitive 1-Associated Kinase 1 

(BAK1/SERK3) in plants is involved in response to PAMP molecules and it is a key 

participant of PTI response (Chaparro-Garcia et al., 2011; Heese et al., 2007; Shan et 

al., 2008; Zipfel, 2008).  To check whether BAK1/SERK3 is modulating the cell 

death by PstSCR1, we tested BAK1/SERK3 silenced N. benthamiana plants with 

apoplastic fluid extracted from N. benthamiana overexpressing the secreted effector.  

The NbBAK1/SERK3 silenced N. benthamiana plants showed phenotype of darkened 

green color and semi-dwarfism with comparison to the control pTRV2/GFP treated 

plants (Figure 3.18).  This is because, beside, plant defense related roles of BAK1, 

the gene product possibly also is involved in optimum development and growth of 

plants, (He et al., 2007). 
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Figure 3.18 Appearance of N. benthamiana plants expressing pTRV2/GFP or 

pTRV2/BAK1 construct. A and B illustrate representative plants of 10- and 20-day 

post infection (dpi), respectively, with TRV2/GFP construct which used as control. 

C and B illustrate representative plants of 10- and 20-dpi, respectively, with 

TRV2/BAK1 construct.  

 

The leaf samples were collected for total RNA isolation to quantify the level of 

silencing by qPCR.  The RNA integrity was tested by agarose gel electophoresis 

after DNase I treatment (Figure 3.19 and Section 2.3.1). Then, first strand cDNA was 

synthesized (Section 2.3.2). 

 

 

TRV2/GFP																																										TRV2/BAK1	
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Figure 3.19 The RNA quality of NbBAK1/SERK3 and GFP silenced N. benthamiana 

plants. M) 1 kb ladder (Fermentas #SM0311). 1) Total RNA of N. benthamiana 

infiltrated with pTRV2/GFP. 2) Total RNA of N. benthamiana infiltrated with 

pTRV2/BAK1-SERK3. After DNase I treatment, 1 µL of sample was loaded on 1% 

agarose gel. 

 

The qPCR was conducted with primers NbSerk3-F and NbSerk3-R for 

NbBAK1/SERK3, and NbEF1α-F and NbEF1α-R for NbEF1α as endogenous control 

by using the cDNA samples (Section 2.4).  The qPCR product profiles and the 

appearance on agarose gel are shown in Figure 3.20 and 3.21, respectively. The 

controls including all contents except template or primers did not produce any Ct 

value on profiles or bands on gel (data not shown). 

  

M											1												2										
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Figure 3.20 The qPCR profiles for NbEF1α and NbBAK1/SERK3 gene expressions 

in BAK1 and GFP silenced plants. The silencing was carried out with pTRV1 and 

pTRV2 systems. A) The endogenous control NbEF1α expression levels with 3 

replicates in both BAK1 and GFP silenced plants. B) Dissociation curve for NbEF1α 

amplification in both BAK1 and GFP silenced plants. C) The expression levels of 

NbBAK1/SERK3 gene with 3 replicates in BAK1 and GFP silenced plants. D) 

Dissociation curve for NbBAK1/SERK3 amplification in both BAK1 and GFP 

silenced plants. 
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Figure 3.21 NbBAK1/SERK3 was silenced by TRV2/BAK1 silencing construct. 

qPCRs were carried out on BAK1/SERK3 or control silenced leaf (TRV2/GFP). Total 

cDNA were subjected to PCR using endogenous control EF1α primers 

or NbSerk3 specific primers and visualized in an agarose gel. 

 

The ΔΔCt value was calculated using Ct values shown in Appendix-I (Section 2.5). 

First, average Ct value of the replicates and its standard deviation were calculated for 

qPCR amplifications Table J (in Appendix-J).  Then, the Ct values from 

NbBAK1/SERK3 amplification were normalized using the corresponding Ct values 

from NbEF1α amplification. The normalized ΔCt value differences resulted in ΔΔCt 

(Table 3.1 and Figure-J in Appendix-J). The fold change was calculated by the 

following formula RQ = 2- ΔΔCt = 0.23 with standard deviation of 0.04 (Table 3.2).  

 

Our results suggest that the NbBAK1/SERK3 gene was 77 % silenced in N. 

benthamiana leaves with comparison to the control plants (Table 3.2 and Figure 

3.22). 

  

TRV/Serk3-Bak1	 TRV/GFP	 TRV/Serk3-Bak1	 TRV/GFP	
NbSerk3-Bak1	PCR	 EF1α	PCR	

NT	 NT	M	 M	
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Table 3.1 The ΔCt, ΔΔCt, fold difference calculations. 
Sample CtBAK1 

average  
CtEF1α average  ΔCt = CtBAK1-

CtEF1α 
ΔΔCt= 
ΔCtBAK1-
ΔCtGFP 

Fold difference in 
BAK1 relative to 
GFP  

GFP-silenced 31.07±0.042 25.42±0.07 5.65±0.082 0±0.082 1 (0.87-1.17) 
BAK1-silenced 33.735±0.205 25.976±0.055 7.758±0.212 2.108±0.212 0.234 (0.200-0.268) 
 

 

Table 3.2 Relative quantification and its standard deviation of BAK1 silencing 
experiment. 

 TRV-BAK1 TRV-GFP 
RQ mean 0.23 1.00 
RQ stdev 0.04 0.08 

*RQ = relative quantification 
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Figure 3.22 BAK1 silencing.  In N. benthamiana plant leaves, BAK1 was silenced 

using TRV-BAK1 construct in comparison with TRV/GFP infected plants 

(Chaparro-Garcia et al., 2011). The expression levels of BAK1 were determined by 

qPCR in both plant sets. EF1α was used as an endogenous gene control. Means and 

standard deviations from biological replicates are illustrated. Asterisks indicate 

significant differences by ttest (**P = 0.007386 ≤ 0.01). 

The NbBAK1/SERK3 silenced plants were infiltrated with apoplastic fluid from N. 

benthamiana expressing SP-SCR1-FLAG and SP-GFP-FLAG.  The cell death was 

diminished with comparison to the control GFP silenced plants.  On the other hand, 

in the GFP silenced N. benthamiana plants, which served as control, no change was 

observed (Figure 3.23).   

 

The silencing of BAK1/SERK3 showed reduction in HR by the candidate effector 

thereby concluded that BAK1/SERK3 was required for cell death triggered by 

PstSCR1 in the apoplast.  This might indicate that PstSCR1 may be recognized by 

the plant surface receptors in which the immune response strength appeared to be 

concentration dependent (Figure 3.16, 3.17 and 3.23). It is difficult to rule out the 

involvement of other factors of apoplast in cell death in addition to the PstSCR1 
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since we introduced PstSCR1 as in apoplastic fluid, not as the purified protein.  

However, as a mean of control, the same construct where effector was substituted 

with GFP (SP-GFP-FLAG) did not cause any observable phenotypical changes 

suggesting that the effector is the source of cell death either directly or indirectly, 

such as, by inducing some elicitors or interacting with other pathogen secreted 

proteins. 
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Figure 3.23 (Continued in next page) 
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Figure 3.23 (Continued from previous page) PstSCR1 triggered cell death reduced in 

the BAK1 silenced N. benthamiana. Infiltration of BAK1 and GFP silenced N. 

benthamiana with apoplastic fluid from N. benthamiana expressing SP-SCR1-FLAG 

and SP-GFP-FLAG. Apoplastic fluid was diluted as 1 (no dilution), 1:3, 1:10 and 

1:30 dilution with distilled water before infiltration. After 4-5 days of apoplastic 

fluid infiltration, the leaves were examined under normal light and UV exposure. 

 

3.10 Activation of NbCYP71D20 and NbACRE31 genes upon SCR1 treatment 

In BAK1 silenced plants, cell death was significantly reduced, so we wanted to 

further analyze the SCR1 role on defense related gene activations in N. benthamiana.  

We chose two N. benthamiana genes namely NbCYP71D20 (a putative cytochrome 

P450) and NbACRE31 (a putative calcium-binding protein), which were reported that 

their expression levels were increased dramatically after treatment of PAMP 

molecules, such flg22 (Chaparro-Garcia et al., 2015; Xin et al., 2012).  

 

We isolated 40 mL of apoplastic fluid from N. benthamiana leaves expressing 

pTRBO/SP-SCR1-FLAG. Then, the apoplastic fluid was used for 

immunoprecipitation to purify the SCR1 protein using Anti-FLAG affinity beads 

(Sigma).  The purified SCR1 was separated on SDS-PAGE and western blotted to 

assess purification quality and protein concentration determination (Figure 3.24).  

The purified SCR1 was diluted 1:10 and infiltrated into N. benthamiana leaves.   
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Figure 3.24 Western blot analysis of purified SCR1 from planta. M) Pre-stained 

protein ladder (Thermo, #26616). 1) and 6) Apoplastic fluid with GFP and SCR1, 

respectively. 2) and 7) Apoplastic fluid with GFP and SCR1, respectively, after 

immunoprecipitation. 3) and 8) immunoprecipitated or purified GFP and SCR1, 

respectively, by anti-FLAG beads. 4) and 5)  no load 2). As a control, SP-GFP-

FLAG was used. Theoretical size of SCR1-FLAG is 11.96kD. 

 

The infiltrated leaves were collected and total RNA were isolated. The integrity of 

RNA was tested on an RNA agarose gel after DNase I treatment (Figure 3.25).  The 

first strand cDNA was synthesized for qPCR. 

  

	1											2												3												4												M											5												6													7													8	
	

17	kDa	

26	kDa	

34	kDa	

72	kDa	

10	kDa	
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Figure 3.25 The RNA isolated from N. benthamiana leaves injected with isolated 

PstSCR1 protein. M) 1 kb ladder (Fermentas #SM0311). 1 and 2 Total RNA of N. 

benthamiana treated with control sample after 2 dpi and 4 dpi, respectively. 3 and 4 

Total RNA of N. benthamiana treated with purified PstSCR1 after 2 dpi and 4 dpi, 

respectively. After DNase I treatment, 1 µL of RNA samples (≈100 ng/lane) was 

loaded on 1 % agarose gel for RNA quality check.  

 

The cDNA was used for amplifications of the NbCYP71D20 and NbACRE31. The 

qPCR profiles are shown in Figure 3.26. 

M										1										2									3									4										
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Figure 3.26 (Continued in next page) 

Amplification	curve	 Dissociation	curve	

A	

B	

C	

D	

E	



	89	

Figure 3.26 (Continued from previous page) The qPCR profiles for NbCYP71D20 

and NbACRE31 gene expressions in SCR1 and GFP treated plants. The qPCR was 

carried out 2nd and 4th day after treatment.  A) The endogenous control NbEF1α 

expression levels with 3 replicates in all four samples including negative control with 

no template. B and C are the expression level of NbCYP71D20 gene with 3 

replicates in 2dpi and 4dpi plants, respectively. D and E are the expression level of 

NbACRE31 gene with 3 replicates in 2-dpi and 4-dpi plants, respectively 

 

Figure 3.27 The SCR1 treated plants were analyzed by qPCR for defense related 

genes of N. benthamiana. Total RNA was isolated after 2-dpi and 4-dpi. The 

synthesized cDNAs were subjected to PCR using A) NbCYP71D20, B) NbACRE31 

or C) housekeeping EF1α gene specific primers and visualized in an agarose gel. 

M			rep1	rep2	rep3	rep1	rep2	rep3	rep1	rep2	rep3	rep1	rep2	rep3	rep1	rep2	rep3 
	 

GFP	2dpi	 GFP	4dpi	 SCR1	2dpi	 NT	SCR1	4dpi	

A	

B	

C	



	90	

As it is observed in the Figure 3.26 and 3.27, the defense gene NbCYP71D20 was 

expressed in the 4-dpi but not in the 2-dpi in SCR1 protein injected leaves.  

However, NbACRE31 gene expression was observed both in 2- and 4-dpi (Figure 

3.26 and 3.27).  The NbACRE31 was activated stably after the treatment of the 

effector but NbCYP71D20 took place later.  The SCR1 protein activated these two 

genes at different time point, independent from each other.  In control leaves treated 

with GFP, there were no expressions of these defense genes.  

 

In contrast to the expectation of HR when the leaves were injected with isolated 

SCR1 (Appendix K) or total protein with SCR1 (Appendix L) into the leaves of N. 

benthamiana, we observed no HR. This is obviously not due to the limited amount of 

protein injected, since the apoplastic fluid possesses a lesser amount of PstSCR1 that 

in pure and total protein samples (Figure 3.24). Therefore, it may be possible that the 

content of apoplastic fluid; other factors such as pH, reducing or oxidizing 

environment of the apoplast are required for the effector to stimulate HR. 

Alternatively, presence of DTT in the total protein extract and the purified PstSCR1 

may be changing the atmosphere of the apoplast for the effector to function to 

stimulate HR.  However, to trigger the immune response by purified PstSCR1 

injection suffices the PTI with no HR, since it induces the BAK1 dependent defense 

genes (Figure 3.26 and 3.27). 

 

3.11 Limitations of conducting expression of proteins in wheat 

Ideally, it is the most appropriate to conduct the experiments for investigating the 

function of effectors in their own host plants.  However, Agrobacterium-mediated 

transient expression a foreign protein on the leaves of wheat is not efficient, since 

studied strains of Agrobacterium are not infective to deliver T-DNA. Nevertheless, 

we tried the expression of PstSCR1 and GFP on wheat leaves by Agrobacterium-

mediated gene transfer; GFP fluorescence was not detectable (data not shown) in 

spite of using different combinations of vector constructs (pTRBO/GFP, 
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pK7FWG2/effector candidate constructs) and Agrobacterium strains (GV3101, 

LBA4404 and COR308).   In addition to this, Akkaya lab group applied type III 

secretion system (T3SS) for protein delivery using Pseudomonas fluorescens (Ethan) 

to express Pst effector candidates, including PstSCR1, which were cloned in pEDV6 

vector on various differential wheat lines of yellow rust.  However, the results were 

inconsistent in the biological replicates for assessing cell death. The naked bacteria 

(no effector) treatments were not consistent either. We are suspecting that 

Pseudomonas fluorescens requires very narrow margin of optimum conditions for 

infection and effective protein delivery, which are difficult to attain for reproducible 

data. 

 

We also treated wheat strains, Avoset-S, Siete Cerros and Super Kauz, with 

apoplastic fluid with SCR1 and purified SCR1.  Interestingly, the wheat leaves 

showed no indication of cell death as observed in N. benthamiana (Figure 3.17).  

This is because the amount of SCR1 in the samples was not enough to trigger cell 

death in host plant wheat.  Another explanation might be SCR1 interaction with N. 

benthamiana being non-host induced cell death. 
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CHAPTER IV 

CONCLUSION 

Although, there are remarkable efforts on the identification of cytoplasmic and 

apoplastic pathogen effectors (Djamei et al., 2011; Dou and Zhou, 2012; Fernandez 

et al., 2012), the information on their biochemical and biological roles in plant 

defense are limited (Doehlemann and Hemetsberger, 2013; van Esse et al., 2006).  

Apoplast is important for plants to activate initial defense responses upon pathogen 

invasions.  A large number of apoplastic effectors are found to be small cysteine-rich 

proteins (Kamoun, 2006).  Most often, they have multiple disulfide bonds, possibly 

for maintaining the stability in protease-abundant apoplast. They are also known to 

induce plant defenses such as cell death (Kamoun, 2006; Chen et al., 2015).   

 

The search in identification of effectors of wheat yellow rust disease causing agent, 

Puccinia striiformis f. sp. tritici, is intensified in recent years. Although a number of 

candidate effectors of Pst has been predicted, very recently a few of them were 

experimentally studied for subcellular localizations (Petre et al., 2016).  An effector 

of Pst identified as EST was selected for investigation in this thesis.  The aim was 

functionally analyze the small cysteine rich secreted effector, PstSCR1, from wheat 

pathogen Pst, on the model plant N. benthamiana. 

 

The candidate effector was shown i) to be expressed in a most appropriate model 

plant N. benthamiana as a fusion construct with red and green fluorescent proteins in 

apoplast; ii) This observation was also confirmed by western blotting with the 

apoplastic fluid of the samples collected from the PstSCR1 expressing plants; iii) 

when the PstSCR1 was expressed up on the inoculation with the host pathogens of N. 
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benthamiana, it was shown that the symptoms of disease were significantly reduced; 

iv) overexpression of PstSCR1 in N. benthamiana was resulted in cell death, 

suggesting the effector is likely to function in PAMP-triggered immunity (PTI); v) 

functioning of the effector as PTI agent was tested by means of two approaches. 

First, in BAK1/SERK3 silenced N. benthamiana, cell death was remarkably abated 

after treatment of apoplastic fluid extracted from N. benthamiana expressing 

PstSCR1. Secondly; purified SCR1 injection resulted in activation of defense genes 

NbCYP71D20 and NbACRE31 on N. benthamiana.  Based on the results conducted 

in N. benthamiana, we concluded that PstSCR1, as a small cysteine-rich effector of 

Pst, is secreted to apoplast causing cell death in defense as a PTI dependent manner. 

 

Since PstSCR1 awakes plant defense response, it can be utilized for plant 

improvement as an elicitor.  Transgenic plants expressing elicitors are found to be a 

good strategy to stimulate plant resistance against to broad-spectrum of pathogens 

(Cai et al., 2007; Choi et al., 2004; Keller et al., 1999; Vidhyasekaran, 2016).  For 

example, transgenic tobacco expressing the elicitor cryptogein gene from 

Phytophthora cryptogea, under the control of tobacco pathogen-inducible promoter, 

demonstrated resistance against several pathogens without any harmful effect on the 

plants (Keller et al., 1999).  In another study, the pemG1 elicitor from rice blast 

pathogen constitutively expressed by maize ubiquitin 1 promoter in rice transgenic 

plant showed elevated resistance to Magnaporthe oryzae (Qui et al., 2009).  

 

In this study, we demonstrated that the biological role of PstSCR1, secreted to 

apoplast is causing cell death via PTI response, however, until a biochemical 

function, its structure, modifications, and interactions with other factors (self or host) 

are determined, precise molecular mechanism of how it facilitates cell death awaits 

to be fully understood.  Unfortunately, our attempts to obtain the X-ray structure of 

the effector expressed in E. coli was not realized since the crystallization failed, most 

likely due to the improper folding.  Although it can be proposed that disulfide bonds 

may form solely to sustain the stability or cysteine amino acids may be involved in 

metal coordination bonds of apoplastic effectors, they may also regulate redox 
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(Khalinmonchuk and Winge, 2008; Rodinovich and Weiss, 2010). This is especially 

probable for an effector secreted and causing HR in apoplast, where the fluctuation 

of pH and the formation of reactive oxygen species take place upon biotic stress 

(Bolwell et al., 2002; Jashni et al., 2015).   Interestingly, the adjacent cysteine amino 

acids (-CC-) have been shown that they can form an eight membered ring by 

disulfide bond formation to each other, which is found to be less stable than 

interrupted cysteines (CxC-) (Maiorino et al., 2005; Miller et al., 1989; Park and 

Raines, 2001).  Thus, it can be speculated that the effector may assume in an active 

or inactive forms pH and/or redox dependent manner by the oxidation and the 

reduction of the adjacent -CC- with each other or other intra-cysteines, leading to 

switching back and forth as a dimer or a monomer.    

 

This study revealed that PstSCR1 is an apoplastic effector, a first from Pst that 

activates immune response by being dependent on plant surface receptor or by 

inducing formation of other cellular elicitors.   It should be noted that this study was 

carried out on the model plant N. benthamiana, therefore further research is required 

on broad host range to confirm its role as an effector in PTI. 
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APPENDIX-A 

pBSK-PstSCR1 (or pBSK-PSTHA2A5) PLASMID 
INFORMATION AND SEQUENCE 

LOCUS       GS50144_pBSK-PTSha2a5        3292 bp    DNA     circular SYN 18-
OCT-2010 
DEFINITION  Ligation of inverted PTSha2a5 into modified pBluescript 
ACCESSION   GS50144_pBSK-PTSha2a5 
KEYWORDS    . 
SOURCE      Unknown. 
  ORGANISM  Unknown 
            Unclassified. 
REFERENCE   1  (bases 1 to 3292) 
  AUTHORS   Self 
  JOURNAL   Unpublished. 
COMMENT     SECID/File created by SciEd Central, Scientific & Educational 
Software 
COMMENT     SECNOTES|Vector molecule:  modified pBluescript 
               Fragment ends: EcoRV 
               Fragment size: 2857 
            Insert molecule:  PTSha2a5 
               Fragment ends: blunt 
               Fragment size: 435 
FEATURES             Location/Qualifiers 
     CDS             21..327 
                     /gene="f1 origin" 
                     /SECDrawAs="Gene" 
     misc_feature    600..643 
                     /gene="T7/M13F" 
                     /SECDrawAs="Region" 
     CDS             complement (460..615) 
                     /gene="LacZ" 
                     /SECDrawAs="Gene" 
     CDS             complement (656..1088) 
                     /gene="PTSha2a5" 
                     /SECDrawAs="Gene" 
     misc_feature    complement (1103..1159) 
                     /gene="T3/M13R" 
                     /product="T3 primer" 
                     /SECDrawAs="Region" 
     misc_feature    1489..2156 
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                     /gene="pUC origin" 
                     /SECDrawAs="Region" 
     CDS             complement (2307..3164) 
                     /gene="Ampcillin" 
                     /SECDrawAs="Gene" 
ORIGIN       
ctgacgcgccctgtagcggcgcattaagcgcggcgggtgtggtggttacgcgcagcgtgaccgctaca
cttgccagcgccctagcgcccgctcctttcgctttcttcccttcctttctcgccacgttcgccggctt
tccccgtcaagctctaaatcgggggctccctttagggttccgatttagtgctttacggcacctcgacc
ccaaaaaacttgattagggtgatggttcacgtagtgggccatcgccctgatagacggtttttcgccct
ttgacgttggagtccacgttctttaatagtggactcttgttccaaactggaacaacactcaaccctat
ctcggtctattcttttgatttataagggattttgccgatttcggcctattggttaaaaaatgagctga
tttaacaaaaatttaacgcgaattttaacaaaatattaacgcttacaatttgccattcgccattcagg
ctgcgcaactgttgggaagggcgatcggtgcgggcctcttcgctattacgccagctggcgaaaggggg
atgtgctgcaaggcgattaagttgggtaacgccagggttttcccagtcacgacgttgtaaaacgacgg
ccagtgaattgtaatacgactcactatagggcgacccggggatattgcggccgcctaagatgctttgg
agcagttgtttgtccacatagcttgtttacttttctcaacttcaccaattctacctgcaacgtcacaa
cagaagctatctgtggcaaccgacccattcaagtccactttatcacacgagaatttcccgtcgactgt
cttgatttcttccttccacatggtgaactccttgccaatcttttttgcctttcgttcttcatcggtga
ttgatctggtgcaataaccatgtgtttggcttggcgttccatgcaaaccgggacacttgaacgacttc
acagaaatgaattgagtgttgatcaacaacactgcgaatacgatgaagaagttgaagctttgcttgtc
gtcgtcgtcggaattctcgagaagcttgactttgtcatcgtcgtccttgtagtccatttaattaatcc
taatcctcgaggttccctttagtgagggttaattgcgagcttggcgtaatcatggtcatagctgtttc
ctgtgtgaaattgttatccgctcacaattccacacaacatacgagccggaagcataaagtgtaaagcc
tggggtgcctaatgagtgagctaactcacattaattgcgttgcgctcactgcccgctttccagtcggg
aaacctgtcgtgccagctgcattaatgaatcggccaacgcgcggggagaggcggtttgcgtattgggc
gctcttccgcttcctcgctcactgactcgctgcgctcggtcgttcggctgcggcgagcggtatcagct
cactcaaaggcggtaatacggttatccacagaatcaggggataacgcaggaaagaacatgtgagcaaa
aggccagcaaaaggccaggaaccgtaaaaaggccgcgttgctggcgtttttccataggctccgccccc
ctgacgagcatcacaaaaatcgacgctcaagtcagaggtggcgaaacccgacaggactataaagatac
caggcgtttccccctggaagctccctcgtgcgctctcctgttccgaccctgccgcttaccggatacct
gtccgcctttctcccttcgggaagcgtggcgctttctcatagctcacgctgtaggtatctcagttcgg
tgtaggtcgttcgctccaagctgggctgtgtgcacgaaccccccgttcagcccgaccgctgcgcctta
tccggtaactatcgtcttgagtccaacccggtaagacacgacttatcgccactggcagcagccactgg
taacaggattagcagagcgaggtatgtaggcggtgctacagagttcttgaagtggtggcctaactacg
gctacactagaagaacagtatttggtatctgcgctctgctgaagccagttaccttcggaaaaagagtt
ggtagctcttgatccggcaaacaaaccaccgctggtagcggtggtttttttgtttgcaagcagcagat
tacgcgcagaaaaaaaggatctcaagaagatcctttgatcttttctacggggtctgacgctcagtgga
acgaaaactcacgttaagggattttggtcatgagattatcaaaaaggatcttcacctagatcctttta
aattaaaaatgaagttttaaatcaatctaaagtatatatgagtaaacttggtctgacagttaccaatg
cttaatcagtgaggcacctatctcagcgatctgtctatttcgttcatccatagttgcctgactccccg
tcgtgtagataactacgatacgggagggcttaccatctggccccagtgctgcaatgataccgcgagac
ccacgctcaccggctccagatttatcagcaataaaccagccagccggaagggccgagcgcagaagtgg
tcctgcaactttatccgcctccatccagtctattaattgttgccgggaagctagagtaagtagttcgc
cagttaatagtttgcgcaacgttgttgccattgctacaggcatcgtggtgtcacgctcgtcgtttggt
atggcttcattcagctccggttcccaacgatcaaggcgagttacatgatcccccatgttgtgcaaaaa
agcggttagctccttcggtcctccgatcgttgtcagaagtaagttggccgcagtgttatcactcatgg
ttatggcagcactgcataattctcttactgtcatgccatccgtaagatgcttttctgtgactggtgag
tactcaaccaagtcattctgagaatagtgtatgcggcgaccgagttgctcttgcccggcgtcaatacg
ggataataccgcgccacatagcagaactttaaaagtgctcatcattggaaaacgttcttcggggcgaa
aactctcaaggatcttaccgctgttgagatccagttcgatgtaacccactcgtgcacccaactgatct
tcagcatcttttactttcaccagcgtttctgggtgagcaaaaacaggaaggcaaaatgccgcaaaaaa
gggaataagggcgacacggaaatgttgaatactcatactcttcctttttcaatattattgaagcattt
atcagggttattgtctcatgagcggatacatatttgaatgtatttagaaaaataaacaaataggggtt
ccgcgcacatttccccgaaaagtgccac 
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APPENDIX-B 

pBSK-PstSCR1 (pBSK-PSTHA2A5) PLASMID MAP 

 

Figure B: pBSK-PstSCR1 plasmid map. PstSCR1 (PstHa2a5) synthetic gene was 

cloned into pBluescript II SK derivative at EcoRV site (lacking its multiple cloning 

sites).  
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APPENDIX-C 

SEQUENCING RESULTS OF DNA BANDS IN FIGURE 
3.5 A AND B IN SECTION 3.2 

 

Figure C-1 The chromatogram of the sequenced DNA band of Figure 3.5A. The 
sequencing was carried out with PstSCR1-SP-5-UTR-F primer. 
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Figure C-2 The band of Figure 3.5A sequencing chromatogram. The sequencing 
was carried out with PstSCR1-Rev primer. 
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Figure C-3 The band (a) of Figure 3.5B sequencing chromatogram. The sequencing 
was carried out with PstSCR1-TM-5-UTR-F primer. 
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Figure C-4 The band (b) of Figure 3.5B sequencing chromatogram. The sequencing 
was carried out with PstSCR1-TM-5-UTR-F primer. 

 

 

 

Figure C-5 The alignment of sequenced PCR product in Figure 3.5A by PstSCR1-

SP-5-UTR-F primer was aligned with EST of PstSCR1.  

Score Expect Identities Gaps Strand 
564 bits(305) 2e-165 324/333(97%) 2/333(0%) Plus/Plus 
Query  29   ATTATTTGTTTTAGAATTACACAAGATGCAAAGCTTCAACTTGTTCATCGTATTCGCAGT  88 
            |||||||| ||||||||||||||||||||||||||||||||| ||||||||||||||||| 
Sbjct  49   ATTATTTG-TTTAGAATTACACAAGATGCAAAGCTTCAACTTCTTCATCGTATTCGCAGT  107 
 
Query  89   GTTGTTGATCAACACTCAATTCATTTCTGTGAAGTTGTTCAAGTGTCCCGGTTTGAATGG  148 
            ||||||||||||||||||||||||||||||||||| ||||||||||||||||||| |||| 
Sbjct  108  GTTGTTGATCAACACTCAATTCATTTCTGTGAAGTCGTTCAAGTGTCCCGGTTTGCATGG  167 
 
Query  149  AAAGCCAACCCAAACACATGGTTATTGCACCAGATCAATCACCGATGAAGAACGAAAGGC  208 
            || ||||| ||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  168  AACGCCAAGCCAAACACATGGTTATTGCACCAGATCAATCACCGATGAAGAACGAAAGGC  227 
 
Query  209  AAAAAACATTGGCAAGGAGTTCACCATGTGGAAGGAAGAAATCAAGACAGTCGACGGGAA  268 
            |||||| ||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  228  AAAAAAGATTGGCAAGGAGTTCACCATGTGGAAGGAAGAAATCAAGACAGTCGACGGGAA  287 
 
Query  269  ATTCTCGTGTGATAAAGTGGACTTGAATGGGTCGGTTGCCACAGATAGCTTCTGTTGTGA  328 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  288  ATTCTCGTGTGATAAAGTGGACTTGAATGGGTCGGTTGCCACAGATAGCTTCTGTTGTGA  347 
 
Query  329  CGTTGCAGGTAGAATTGGCGAAGT-GAGAAAAG  360 
            |||||||||||||||||| ||||| |||||||| 
Sbjct  348  CGTTGCAGGTAGAATTGGTGAAGTTGAGAAAAG  380 
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Figure C-6 The alignment of sequenced PCR product in Figure 3.5A by PstSCR1-

Rev primer was aligned with EST of PstSCR1.  

 

Score Expect Identities Gaps Strand 
584 bits(316) 2e-171 325/329(99%) 1/329(0%) Plus/Plus 
Query  11   TCGTATTCGCAGTGTTGTTGATC-ACACTCAATTCATTTCTGTGAAGTCGTTCCAGTGTC  69 
            ||||||||||||||||||||||| ||||||||||||||||||||||||||||| |||||| 
Sbjct  95   TCGTATTCGCAGTGTTGTTGATCAACACTCAATTCATTTCTGTGAAGTCGTTCAAGTGTC  154 
 
Query  70   CCGGTTTGCATGGAACGCCAAGCCAAACACATGGTTATTGCACCAGATCAATCACCGATG  129 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  155  CCGGTTTGCATGGAACGCCAAGCCAAACACATGGTTATTGCACCAGATCAATCACCGATG  214 
 
Query  130  AATAACGAAAGGCAAAAAAGATTGGCAAGGAGTTCACCATGTGGAAGGAAGAAATCAAGA  189 
            || ||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  215  AAGAACGAAAGGCAAAAAAGATTGGCAAGGAGTTCACCATGTGGAAGGAAGAAATCAAGA  274 
 
Query  190  CAGTCGACGGGAAATTCTCGTGTGATAAAGTGGACTTGAATGGGTCGGTTGCCACAGATA  249 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  275  CAGTCGACGGGAAATTCTCGTGTGATAAAGTGGACTTGAATGGGTCGGTTGCCACAGATA  334 
 
Query  250  GCTTCTGTTGTGACGTTGCAGGTAGAATTGGTGAAGTTGATAAAAGTAAACAAGCTATGT  309 
            |||||||||||||||||||||||||||||||||||||||| ||||||||||||||||||| 
Sbjct  335  GCTTCTGTTGTGACGTTGCAGGTAGAATTGGTGAAGTTGAGAAAAGTAAACAAGCTATGT  394 
 
Query  310  GGACAAACAACTGCTCCAAAGCATCTTAG  338 
            ||||||||||||||||||||||||||||| 
Sbjct  395  GGACAAACAACTGCTCCAAAGCATCTTAG  423 
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Figure C-7 The alignment of sequenced PCR product (a) in Figure 3.5B by 

PstSCR1-TM-5-UTR-F primer was aligned with EST of PstSCR1.  

 

 

 

 

Score Expect Identities Gaps Strand 
765 bits(414) 0.0 419/421(99%) 1/421(0%) Plus/Plus 
Query  178  CAGGTACAACAACTTTTCCAACCACTCCTCAAAAATTAAATTCACATTATTTGTTTAGAA  237 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  4    CAGGTACAACAACTTTTCCAACCACTCCTCAAAAATTAAATTCACATTATTTGTTTAGAA  63 
 
Query  238  TTACACAAGATGCAAAGCTTCAACTTCTTCATCGTATTCGCAGTGTTGTTGATCAACACT  297 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  64   TTACACAAGATGCAAAGCTTCAACTTCTTCATCGTATTCGCAGTGTTGTTGATCAACACT  123 
 
Query  298  CAATTCATTTCTGTGAAGTCGTTCAAGTGTCCCGGTTTGCATGGAACGCCAAGCCAAACA  357 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  124  CAATTCATTTCTGTGAAGTCGTTCAAGTGTCCCGGTTTGCATGGAACGCCAAGCCAAACA  183 
 
Query  358  CATGGTTATTGCACCAGATCAATCACCGATGAAGAACGAAAGGCAAAAAAGATTGGCAAG  417 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  184  CATGGTTATTGCACCAGATCAATCACCGATGAAGAACGAAAGGCAAAAAAGATTGGCAAG  243 
 
Query  418  GAGTTCACCATGTGGAAGGAAGAAATCAAGACAGTCGACGGGAAATTCTCGTGTGATAAA  477 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  244  GAGTTCACCATGTGGAAGGAAGAAATCAAGACAGTCGACGGGAAATTCTCGTGTGATAAA  303 
 
Query  478  GTGGACTTGAATGGGTCGGTTGCCACAGATAAGCTTCTGTTGTGACGTTGCAGGTAAAAT  537 
            |||||||||||||||||||||||||||||| ||||||||||||||||||||||||| ||| 
Sbjct  304  GTGGACTTGAATGGGTCGGTTGCCACAGAT-AGCTTCTGTTGTGACGTTGCAGGTAGAAT  362 
 
Query  538  TGGTGAAGTTGAGAAAAGTAAACAAGCTATGTGGACAAACAACTGCTCCAAAGCATCTTA  597 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  363  TGGTGAAGTTGAGAAAAGTAAACAAGCTATGTGGACAAACAACTGCTCCAAAGCATCTTA  422 
 
Query  598  G  598 
            | 
Sbjct  423  G  423 
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Figure C-8 The alignment of sequenced PCR product (a) in Figure 3.5B by 

PstSCR1-TM-5-UTR-F primer was aligned with whole genome shotgun sequence of 

PstSCR1 homolog.  

Range 1: 16 to 444 
Alignment statistics for match #1 
Score Expect Identities Gaps Strand 
774 bits(419) 0.0 426/429(99%) 2/429(0%) Plus/Plus 
Query  7    TGCATC-AACGACCGAG-AATAGACTGGCGGCGGCCGTTCACTTAGCAAAGCAAGTAATC  64 
            |||||| |||||||||| |||||||||||||||||||||||||||||||||||||||||| 
Sbjct  16   TGCATCAAACGACCGAGAAATAGACTGGCGGCGGCCGTTCACTTAGCAAAGCAAGTAATC  75 
 
Query  65   GGTTTCGGCGCTTTGCCCTTAGCCTTAGGGTTCCCTGACGAGACCAAAATCTATAAGGGG  124 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  76   GGTTTCGGCGCTTTGCCCTTAGCCTTAGGGTTCCCTGACGAGACCAAAATCTATAAGGGG  135 
 
Query  125  GTGAAGCTGCAGCTACCAATGATTCACCAGCCTCCATCTCCTCCTCTTCAAGTCAGGTAC  184 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  136  GTGAAGCTGCAGCTACCAATGATTCACCAGCCTCCATCTCCTCCTCTTCAAGTCAGGTAC  195 
 
Query  185  AACAACTTTTCCAACCACTCCTCAAAAATTAAATTCACATTATTTGTTTAGAATTACACA  244 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  196  AACAACTTTTCCAACCACTCCTCAAAAATTAAATTCACATTATTTGTTTAGAATTACACA  255 
 
Query  245  AGATGCAAAGCTTCAACTTCTTCATCGTATTCGCAGTGTTGTTGATCAACACTCAATTCA  304 
            ||||||||||||||||||| |||||||||||||||||||||||||||||||||||||||| 
Sbjct  256  AGATGCAAAGCTTCAACTTATTCATCGTATTCGCAGTGTTGTTGATCAACACTCAATTCA  315 
 
Query  305  TTTCTGTGAAGTCGTTCAAGTGTCCCGGTTTGCATGGAACGCCAAGCCAAACACATGGTT  364 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  316  TTTCTGTGAAGTCGTTCAAGTGTCCCGGTTTGCATGGAACGCCAAGCCAAACACATGGTT  375 
 
Query  365  ATTGCACCAGATCAATCACCGATGAAGAACGAAAGGCAAAAAAGATTGGCAAGGAGTTCA  424 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  376  ATTGCACCAGATCAATCACCGATGAAGAACGAAAGGCAAAAAAGATTGGCAAGGAGTTCA  435 
 
Query  425  CCATGTGGA  433 
            ||||||||| 
Sbjct  436  CCATGTGGA  444 
 
Range 2: 517 to 631 
Alignment statistics for match #2 
Score Expect Identities Gaps Strand 
198 bits(107) 7e-55 114/117(97%) 2/117(1%) Plus/Plus 
Query  434  AGGAAGAAATCAAGACAGTCGACGGGAAATTCTCGTGTGATAAAGTGGACTTGAATGGGT  493 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  517  AGGAAGAAATCAAGACAGTCGACGGGAAATTCTCGTGTGATAAAGTGGACTTGAATGGGT  576 
 
Query  494  CGGTTGCCACAGATAAGCTTCTGTTGTGACGTTGCAGGTAAAATTGGTGAAGTTGAG  550 
            |||||||||||||| ||||||||||||||||||||||||| |||||||||||| ||| 
Sbjct  577  CGGTTGCCACAGAT-AGCTTCTGTTGTGACGTTGCAGGTAGAATTGGTGAAGT-GAG  631 
 
Range 3: 714 to 766 
Alignment statistics for match #3 
Score Expect Identities Gaps Strand 
99.0 bits(53) 7e-25 53/53(100%) 0/53(0%) Plus/Plus 
Query  545  GTTGAGAAAAGTAAACAAGCTATGTGGACAAACAACTGCTCCAAAGCATCTTA  597 
            ||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  714  GTTGAGAAAAGTAAACAAGCTATGTGGACAAACAACTGCTCCAAAGCATCTTA  766 
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Figure C-9 The alignment of sequenced PCR product (b) in Figure 3.5B by 

PstSCR1-TM-5-UTR-F primer was aligned with whole genome shotgun sequence of 

PstSCR1 homolog. 

 

 

 

Figure C-10 Schematic view of the PCR product (b) in Figure 3.5B after 

sequencing. 

Range 1: 12 to 191 
Alignment statistics for match #1 
Score Expect Identities Gaps Strand 
278 bits(150) 4e-79 171/180(95%) 5/180(2%) Plus/Plus 
Query  5    ACAA-GCATC-AACGACC--GAAATAGACTGGCGGCGGCCGTTC-CTTATCAAAGCAAGT  59 
            |||| ||||| |||||||  |||||||||||||||||||||||| |||| |||||||||| 
Sbjct  12   ACAATGCATCAAACGACCGAGAAATAGACTGGCGGCGGCCGTTCACTTAGCAAAGCAAGT  71 
 
Query  60   AATCGGCTTCGGCGCTTTGCCCTTAGCCTTACGGTTCCCTGACCAGACCAAAATCTATAA  119 
            |||||| |||||||||||||||||||||||| ||||||||||| |||||||||||||||| 
Sbjct  72   AATCGGTTTCGGCGCTTTGCCCTTAGCCTTAGGGTTCCCTGACGAGACCAAAATCTATAA  131 
 
Query  120  GGGGGTGAAGCTGCAGCTACCAATGATTCACCAGCCTCCATCTCCTCCTCTTCAAGTCAG  179 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  132  GGGGGTGAAGCTGCAGCTACCAATGATTCACCAGCCTCCATCTCCTCCTCTTCAAGTCAG  191 
 
 
Range 2: 325 to 444 
Alignment statistics for match #2 
Score Expect Identities Gaps Strand 
222 bits(120) 2e-62 120/120(100%) 0/120(0%) Plus/Plus 
Query  178  AGTCGTTCAAGTGTCCCGGTTTGCATGGAACGCCAAGCCAAACACATGGTTATTGCACCA  237 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  325  AGTCGTTCAAGTGTCCCGGTTTGCATGGAACGCCAAGCCAAACACATGGTTATTGCACCA  384 
 
Query  238  GATCAATCACCGATGAAGAACGAAAGGCAAAAAAGATTGGCAAGGAGTTCACCATGTGGA  297 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  385  GATCAATCACCGATGAAGAACGAAAGGCAAAAAAGATTGGCAAGGAGTTCACCATGTGGA  444 

Exon	1	 GTC	 Part	of	Exon	2	 Exon	3	 Exon	4	
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APPENDIX-D 

pTRBO CONSTRUCT SEQUENCES 

 

Figure D-1 PstSCR1 with SP fused with FLAG at C-terminus, and PacI at 5’ and 

NotI at 3’ end restriction site extensions. 

      

 

Figure D-2 PstSCR1 without SP fused with FLAG at C-terminus, and PacI at 5’ and 

NotI at 3’ end extensions. 

 

 

      PacI           SP 
GCGTTAATTAAATGcaaagcttcaacttcttcatcgtattcgcagtgttgttgatcaacactcaat
tcatttctgtgaagtcgttcaagtgtcccggtttgcatggaacgccaagccaaacacatggttatt
gcaccagatcaatcaccgatgaagaacgaaaggcaaaaaagattggcaaggagttcaccatgtgga
aggaagaaatcaagacagtcgacgggaaattctcgtgtgataaagtggacttgaatgggtcggttg
ccacagatagcttctgttgtgacgttgcaggtagaattggtgaagttgagaaaagtaaacaagcta
tgtggacaaacaactgctccaaagcatctGTCAAGCTTCTCGAGAATTCCGACTACAAGGACGACG
ATGACAAAtagGCGGCCGCAAT               Linker          Flag-Tag       
        NotI     

    PacI 
GAGTTAATTAAATGttcaagtgtcccggtttgcatggaacgccaagccaaacacatggttattgca
ccagatcaatcaccgatgaagaacgaaaggcaaaaaagattggcaaggagttcaccatgtggaagg
aagaaatcaagacagtcgacgggaaattctcgtgtgataaagtggacttgaatgggtcggttgcca
cagatagcttctgttgtgacgttgcaggtagaattggtgaagttgagaaaagtaaacaagctatgt
ggacaaacaactgctccaaagcatctGTCAAGCTTCTCGAGAATTCCGACTACAAGGACGACGATG
ACAAAtagGCGGCCGCAAT            Linker               Flag-Tag                                  

    NotI  
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Figure D-3 PstSCR1 without SP fused with FLAG at C-terminus, and PacI at 5’ and 

NotI at 3’ end extensions. 

 

 

Figure D-4 GFP with SP fused with FLAG at C-terminus, and PacI at 5’ and NotI at 

3’ end extensions. 

 

    PacI 
GAGTTAATTAAATGttcaagtgtcccggtttgcatggaacgccaagccaaacacatggttattgca
ccagatcaatcaccgatgaagaacgaaaggcaaaaaagattggcaaggagttcaccatgtggaagg
aagaaatcaagacagtcgacgggaaattctcgtgtgataaagtggacttgaatgggtcggttgcca
cagatagcttctgttgtgacgttgcaggtagaattggtgaagttgagaaaagtaaacaagctatgt
ggacaaacaactgctccaaagcatcttagGCGGCCGCAAT                              

                         NotI  

     PacI           SP 
GAGTTAATTAAATGcaaagcttcaacttcttcatcgtattcgcagtgttgttgatcaacactcaat
tcatttctgtgaagtcgaagggtgggcgcgccgacccagctttcttgtacaaagtggtgatatcaa
tggtgagcaagggcgaggagctgttcaccggggtggtgcccatcctggtcgagctggacggcgacg
taaacggccacaagttcagcgtgtccggcgagggcgagggcgatgccacctacggcaagctgaccc
tgaagttcatctgcaccaccggcaagctgcccgtgccctggcccaccctcgtgaccaccctgacct
acggcgtgcagtgcttcagccgctaccccgaccacatgaagcagcacgacttcttcaagtccgcca
tgcccgaaggctacgtccaggagcgcaccatcttcttcaaggacgacggcaactacaagacccgcg
ccgaggtgaagttcgagggcgacaccctggtgaaccgcatcgagctgaagggcatcgacttcaagg
aggacggcaacatcctggggcacaagctggagtacaactacaacagccacaacgtctatatcatgg
ccgacaagcagaagaacggcatcaaggtgaacttcaagatccgccacaacatcgaggacggcagcg
tgcagctcgccgaccactaccagcagaacacccccatcggcgacggccccgtgctgctgcccgaca
accactacctgagcacccagtccgccctgagcaaagaccccaacgagaagcgcgatcacatggtcc
tgctggagttcgtgaccgccgccgggatcactctcggcatggacgagctgtacaagGTCAAGCTTC
TCGAGAATTCCGACTACAAGGACGACGATGACAAAtagGCGGCCGCAAT                  
Linker    Flag-Tag              NotI 



	133	

APPENDIX-E 

SCR1-FLAG AND SP-SCR1-FLAG AMPLIFICATION 

 

Figure E-1 Sequence view of amplification of SCR1-FLAG construct. 
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Figure E-2 Schematic view of amplification of SP-SCR1-FLAG construct. 
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APPENDIX-F 

pTRBO CONSTRUCTS SEQUENCING 
CHROMATOGRAMS 

 

Figure F-1 pTRBO/SP-SCR1-FLAG sequencing chromatogram. The sequencing 
was carried out with pTRBO-seq-R primer. 
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Figure F-2 pTRBO/SCR1-FLAG sequencing chromatogram. The sequencing was 
carried out with pTRBO-seq-R primer. 
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Figure F-3 pTRBO/SP-GFP-FLAG sequencing chromatogram. The sequencing was 
carried out with pTRBO-seq-R primer. 
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Figure F-4 pTRBO/SP-SCR1 sequencing chromatogram. Sequencing was carried 
out with pTRBO-seq-F primer. 
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APPENDIX-G 

pJL48-TRBO VECTOR SEQUENCE 
(Lindbo, 2007) 

>pJL48 vector sequence (10606 bp):  (nucleotide 1 = first nucleotide 
of TMV) 
gtatttttacaacaattaccaacaacaacaaacaacagacaacattacaattactatttacaattaca
atggcatacacacagacagctaccacatcagctttgctggacactgtccgaggaaacaactccttggt
caatgatctagcaaagcgtcgtctttacgacacagcggttgaagagtttaacgctcgtgaccgcaggc
ccaaggtgaacttttcaaaagtaataagcgaggagcagacgcttattgctacccgggcgtatccagaa
ttccaaattacattttataacacgcaaaatgccgtgcattcgcttgcaggtggattgcgatctttaga
actggaatatctgatgatgcaaattccctacggatcattgacttatgacataggcgggaattttgcat
cgcatctgttcaagggacgagcatatgtacactgctgcatgcccaacctggacgttcgagacatcatg
cggcacgaaggccagaaagacagtattgaactatacctttctaggctagagagaggggggaaaacagt
ccccaacttccaaaaggaagcatttgacagatacgcagaaattcctgaagacgctgtctgtcacaata
ctttccagacatgcgaacatcagccgatgcagcaatcaggcagagtgtatgccattgcgctacacagc
atatatgacataccagccgatgagttcggggcggcactcttgaggaaaaatgtccatacgtgctatgc
cgctttccacttctccgagaacctgcttcttgaagattcatgcgtcaatttggacgaaatcaacgcgt
gtttttcgcgcgatggagacaagttgaccttttcttttgcatcagagagtactcttaattactgtcat
agttattctaatattcttaagtatgtgtgcaaaacttacttcccggcctctaatagagaggtttacat
gaaggagtttttagtcaccagagttaatacctggttttgtaagttttctagaatagatacttttcttt
tgtacaaaggtgtggcccataaaagtgtagatagtgagcagttttatactgcaatggaagacgcatgg
cattacaaaaagactcttgcaatgtgcaacagcgagagaatcctccttgaggattcatcatcagtcaa
ttactggtttcccaaaatgagggatatggtcatcgtaccattattcgacatttctttggagactagta
agaggacgcgcaaggaagtcttagtgtccaaggatttcgtgtttacagtgcttaaccacattcgaaca
taccaggcgaaagctcttacatacgcaaatgttttgtccttcgtcgaatcgattcgatcgagggtaat
cattaacggtgtgacagcgaggtccgaatgggatgtggacaaatctttgttacaatccttgtccatga
cgttttacctgcatactaagcttgccgttctaaaggatgacttactgattagcaagtttagtctcggt
tcgaaaacggtgtgccagcatgtgtgggatgagatttcgctggcgtttgggaacgcatttccctccgt
gaaagagaggctcttgaacaggaaacttatcagagtggcaggcgacgcattagagatcagggtgcctg
atctatatgtgaccttccacgacagattagtgactgagtacaaggcctctgtggacatgcctgcgctt
gacattaggaagaagatggaagaaacggaagtgatgtacaatgcactttcagaattatcggtgttaag
ggagtctgacaaattcgatgttgatgttttttcccagatgtgccaatctttggaagttgacccaatga
cggcagcgaaggttatagtcgcggtcatgagcaatgagagcggtctgactctcacatttgaacgacct
actgaggcgaatgttgcgctagctttacaggatcaagagaaggcttcagaaggtgcattggtagttac
ctcaagagaagttgaagaaccgtccatgaagggttcgatggccagaggagagttacaattagctggtc
ttgctggagatcatccggaatcgtcctattctaagaacgaggagatagagtctttagagcagtttcat
atggcgacggcagattcgttaattcgtaagcagatgagctcgattgtgtacacgggtccgattaaagt
tcagcaaatgaaaaactttatcgatagcctggtagcatcactatctgctgcggtgtcgaatctcgtca
agatcctcaaagatacagctgctattgaccttgaaacccgtcaaaagtttggagtcttggatgttgca
tctaggaagtggttaatcaaaccaacggccaagagtcatgcatggggtgttgttgaaacccacgcgag
gaagtatcatgtggcgcttttggaatatgatgagcagggtgtggtgacatgcgatgattggagaagag
tagctgttagctctgagtctgttgtttattccgacatggcgaaactcagaactctgcgcagactgctt
cgaaacggagaaccgcatgtcagtagcgcaaaggttgttcttgtggacggagttccgggctgtggaaa
aaccaaagaaattctttccagggttaattttgatgaagatctaattttagtacctgggaagcaagccg
cggaaatgatcagaagacgtgcgaattcctcagggattattgtggccacgaaggacaacgttaaaacc
gttgattctttcatgatgaattttgggaaaagcacacgctgtcagttcaagaggttattcattgatga
agggttgatgttgcatactggttgtgttaattttcttgtggcgatgtcattgtgcgaaattgcatatg
tttacggagacacacagcagattccatacatcaatagagtttcaggattcccgtaccccgcccatttt
gccaaattggaagttgacgaggtggagacacgcagaactactctccgttgtccagccgatgtcacaca
ttatctgaacaggagatatgagggctttgtcatgagcacttcttcggttaaaaagtctgtttcgcagg
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agatggtcggcggagccgccgtgatcaatccgatctcaaaacccttgcatggcaagatcttgactttt
acccaatcggataaagaagctctgctttcaagagggtattcagatgttcacactgtgcatgaagtgca
aggcgagacatactctgatgtttcactagttaggttaacccctacaccggtctccatcattgcaggag
acagcccacatgttttggtcgcattgtcaaggcacacctgttcgctcaagtactacactgttgttatg
gatcctttagttagtatcattagagatctagagaaacttagctcgtacttgttagatatgtataaggt
cgatgcaggaacacaatagcaattacagattgactcggtgttcaaaggttccaatctttttgttgcag
cgccaaagactggtgatatttctgatatgcagttttactatgataagtgtctcccaggcaacagcacc
atgatgaataattttgatgctgttaccatgaggttgactgacatttcattgaatgtcaaagattgcat
attggatatgtctaagtctgttgctgcgcctaaggatcaaatcaaaccactaatacctatggtacgaa
cggcggcagaaatgccacgccagactggactattggaaaatttagtggcgatgattaaaagaaacttt
aacgcacccgagttgtctggcatcattgatattgaaaatactgcatctttggttgtagataagttttt
tgatagttatttgcttaaagaaaaaagaaaaccaaataaaaatgtttctttgttcagtagagagtctc
tcaatagatggttagaaaagcaggaacaggtaacaataggccagctcgcagattttgattttgtggat
ttgccagcagttgatcagtacagacacatgattaaagcacaacccaaacaaaagttggacacttcaat
ccaaacggagtacccggctttgcagacgattgtgtaccattcaaaaaagatcaatgcaatattcggcc
cgttgtttagtgagcttactaggcaattactggacagtgttgattcgagcagatttttgtttttcaca
agaaagacaccagcgcagattgaggatttcttcggagatctcgacagtcatgtgccgatggatgtctt
ggagctggatatatcaaaatacgacaaatctcagaatgaattccactgtgcagtagaatacgagatct
ggcgaagattgggtttcgaagacttcttgggagaagtttggaaacaagggcatagaaagaccaccctc
aaggattataccgcaggtataaaaacttgcatctggtatcaaagaaagagcggggacgtcacgacgtt
cattggaaacactgtgatcattgctgcatgtttggcctcgatgcttccgatggagaaaataatcaaag
gagccttttgcggtgacgatagtctgctgtactttccaaagggttgtgagtttccggatgtgcaacac
tccgcgaatcttatgtggaattttgaagcaaaactgtttaaaaaacagtatggatacttttgcggaag
atatgtaatacatcacgacagaggatgcattgtgtattacgatcccctaaagttgatctcgaaacttg
gtgctaaacacatcaaggattgggaacacttggaggagttcagaaggtctctttgtgatgttgctgtt
tcgttgaacaattgtgcgtattacacacagttggacgacgctgtatgggaggttcataagaccgcccc
tccaggttcgtttgtttataaaagtctggtgaagtatttgtctgataaagttctttttagaagtttgt
ttatagatggctctagttgttaaaggaaaagtgaatatcaatgagtttatcgacctgacaaaaatgga
gaagatcttaccgtcgatgtttacccctgtaaagagtgttatgtgttccaaagttgataaaataatgg
ttcatgagaatgagtcattgtcaggggtgaaccttcttaaaggagttaagcttattgatagtggatac
gtctgtttagccggtttggtcgtcacgggcgagtggaacttgcctgacaattgcagaggaggtgtgag
cgtgtgtctggtggacaaaaggatggaaagagccgacgaggccactctcggatcttactacacagcag
ctgcaaagaaaagatttcagttcaaggtcgttcccaattatgctataaccacccaggacgcgatgaaa
aacgtctggcaagttttagttaatattagaaatgtgaagatgtcagcgggtttctgtccgctttctct
ggagtttgtgtcggtgtgtattgtttatagaaataatataaaattaggtttgagagagaagattacaa
acgtgagagacggagggcccatggaacttacagaagaagtcgttgatgagttcatggaagatgtccct
atgtcgatcaggcttgcaaagtttcgatctcgaaccggaaaaaagagtgatgtccgcaaagggaaaaa
tagtagtagtgatcggtcagtgccgaacaagaactatagaaatgttaaggattttggaggaatgagtt
ttaaaaagaataatttaatcgatgatgattcggaggctactgtcgccgaatcggattcgttttaaata
gatcttacagtatcactactccatctcagttcgtgttcttgtcattaattaacggcctagggcggccg
cggtcctgcaacttgaggtagtcaagatgcataataaataacggattgtgtccgtaatcacacgtggt
gcgtacgataacgcatagtgtttttccctccacttaaatcgaagggttgtgtcttggatcgcgcgggt
caaatgtatatggttcatatacatccgcaggcacgtaataaagcgaggggttcgaatccccccgttac
ccccggtaggggcccaggtacccggatgtgttttccgggctgatgagtccgtgaggacgaaaccctgc
aggcatgcaagcttggcgtaatcatggtcatagcctagctagagtccgcaaatcaccagtctctctct
acaaatctatctctctctattttctccagaataatgtgtgagtagttcccagataagggaattagggt
tcttatagggtttcgctcatgtgttgagcatataagaaacccttagtatgtatttgtatttgtaaaat
acttctatcaataaaatttctaattcctaaaaccaaaatccagtgacctgcagcccggccgggggatc
cactagcagattgtcgtttcccgccttcagtttaaactatcagtgtttgacaggatatattggcgggt
aaacctaagagaaaagagcgtttattagaataatcggatatttaaaagggcgtgaaaaggtttatccg
ttcgtccatttgtatgtgcatgccaaccacaggagatctcagtaaagcgctggctgaacccccagccg
gaactgaccccacaaggccctagcgtttgcaatgcaccaggtcatcattgacccaggcgtgttccacc
aggccgctgcctcgcaactcttcgcaggcttcgccgacctgctcgcgccacttcttcacgcgggtgga
atccgatccgcacatgaggcggaaggtttccagcttgagcgggtacggctcccggtgcgagctgaaat
agtcgaacatccgtcgggccgtcggcgacagcttgcggtacttctcccatatgaatttcgtgtagtgg
tcgccagcaaacagcacgacgatttcctcgtcgatcaggacctggcaacgggacgttttcttgccacg
gtccaggacgcggaagcggtgcagcagcgacaccgattccaggtgcccaacgcggtcggacgtgaagc
ccatcgccgtcgcctgtaggcgcgacaggcattcctcggccttcgtgtaataccggccattgatcgac
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cagcccaggtcctggcaaagctcgtagaacgtgaaggtgatcggctcgccgataggggtgcgcttcgc
gtactccaacacctgctgccacaccagttcgtcatcgtcggcccgcagctcgacgccggtgtaggtga
tcttcacgtccttgttgacgtggaaaatgaccttgttttgcagcgcctcgcgcgggattttcttgttg
cgcgtggtgaacagggcagagcgggccgtgtcgtttggcatcgctcgcatcgtgtccggccacggcgc
aatatcgaacaaggaaagctgcatttccttgatctgctgcttcgtgtgtttcagcaacgcggcctgct
tggcctcgctgacctgttttgccaggtcctcgccggcggtttttcgcttcttggtcgtcatagttcct
cgcgtgtcgatggtcatcgacttcgccaaacctgccgcctcctgttcgagacgacgcgaacgctccac
ggcggccgatggcgcgggcagggcagggggagccagttgcacgctgtcgcgctcgatcttggccgtag
cttgctggaccatcgagccgacggactggaaggtttcgcggggcgcacgcatgacggtgcggcttgcg
atggtttcggcatcctcggcggaaaaccccgcgtcgatcagttcttgcctgtatgccttccggtcaaa
cgtccgattcattcaccctccttgcgggattgccccgactcacgccggggcaatgtgcccttattcct
gatttgacccgcctggtgccttggtgtccagataatccaccttatcggcaatgaagtcggtcccgtag
accgtctggccgtccttctcgtacttggtattccgaatcttgccctgcacgaataccagcgacccctt
gcccaaatacttgccgtgggcctcggcctgagagccaaaacacttgatgcggaagaagtcggtgcgct
cctgcttgtcgccggcatcgttgcgccacatctaggtactaaaacaattcatccagtaaaatataata
ttttattttctcccaatcaggcttgatccccagtaagtcaaaaaatagctcgacatactgttcttccc
cgatatcctccctgatcgaccggacgcagaaggcaatgtcataccacttgtccgccctgccgcttctc
ccaagatcaataaagccacttactttgccatctttcacaaagatgttgctgtctcccaggtcgccgtg
ggaaaagacaagttcctcttcgggcttttccgtctttaaaaaatcatacagctcgcgcggatctttaa
atggagtgtcttcttcccagttttcgcaatccacatcggccagatcgttattcagtaagtaatccaat
tcggctaagcggctgtctaagctattcgtatagggacaatccgatatgtcgatggagtgaaagagcct
gatgcactccgcatacagctcgataatcttttcagggctttgttcatcttcatactcttccgagcaaa
ggacgccatcggcctcactcatgagcagattgctccagccatcatgccgttcaaagtgcaggaccttt
ggaacaggcagctttccttccagccatagcatcatgtccttttcccgttccacatcataggtggtccc
tttataccggctgtccgtcatttttaaatataggttttcattttctcccaccagcttatataccttag
caggagacattccttccgtatcttttacgcagcggtatttttcgatcagttttttcaattccggtgat
attctcattttagccatttattatttccttcctcttttctacagtatttaaagataccccaagaagct
aattataacaagacgaactccaattcactgttccttgcattctaaaaccttaaataccagaaaacagc
tttttcaaagttgttttcaaagttggcgtataacatagtatcgacggagccgattttgaaaccacaat
tatgggtgatgctgccaactcgagagcgggccgggagggttcgagaagggggggcaccccccttcggc
gtgcgcggtcacgcgcacagggcgcagccctggttaaaaacaaggtttataaatattggtttaaaagc
aggttaaaagacaggttagcggtggccgaaaaacgggcggaaacccttgcaaatgctggattttctgc
ctgtggacagcccctcaaatgtcaataggtgcgcccctcatctgtcagcactctgcccctcaagtgtc
aaggatcgcgcccctcatctgtcagtagtcgcgcccctcaagtgtcaataccgcagggcacttatccc
caggcttgtccacatcatctgtgggaaactcgcgtaaaatcaggcgttttcgccgatttgcgaggctg
gccagctccacgtcgccggccgaaatcgagcctgcccctcatctgtcaacgccgcgccgggtgagtcg
gcccctcaagtgtcaacgtccgcccctcatctgtcagtgagggccaagttttccgcgaggtatccaca
acgccggcggccggccgcggtgtctcgcacacggcttcgacggcgtttctggcgcgtttgcagggcca
tagacggccgccagcccagcggcgagggcaaccagcccggtgagctctagtggactgatgggctgcct
gtatcgagtggtgattttgtgccgagctgccggtcggggagctgttggctggctggtggcaggatata
ttgtggtgtaaacaaattgacgcttagacaacttaataacacattgcggacgtttttaatgtactggg
gtggttttggtaccgggccccccctcgaggtcgacggtatcgataagcttgatatcgaattcctgcag
gtcaacatggtggagcacgacactctcgtctactccaagaatatcaaagatacagtctcagaagacca
aagggctattgagacttttcaacaaagggtaatatcgggaaacctcctcggattccattgcccagcta
tctgtcacttcatcaaaaggacagtagaaaaggaaggtggcacctacaaatgccatcattgcgataaa
ggaaaggctatcgttcaagatgcctctgccgacagtggtcccaaagatggacccccacccacgaggag
catcgtggaaaaagaagacgttccaaccacgtcttcaaagcaagtggattgatgtgataacatggtgg
agcacgacactctcgtctactccaagaatatcaaagatacagtctcagaagaccaaagggctattgag
acttttcaacaaagggtaatatcgggaaacctcctcggattccattgcccagctatctgtcacttcat
caaaaggacagtagaaaaggaaggtggcacctacaaatgccatcattgcgataaaggaaaggctatcg
ttcaagatgcctctgccgacagtggtcccaaagatggacccccacccacgaggagcatcgtggaaaaa
gaagacgttccaaccacgtcttcaaagcaagtggattgatgtgatatctccactgacgtaagggatga
cgcacaatcccactatccttcgcaagaccttcctctatataaggaagttcatttcatttggagagg 
// 
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APPENDIX-H 

pK7FWG2 GATEWAY DESTINATION VECTOR 
SEQUENCE 

(Karimi et al., 2002) 

>pK7FWG2,0 standard; circular DNA; 11880 bp. 
ggccctctagaggatccccgggtaccctcgaattatcatacatgagaattaagggagtcacgttatga
cccccgccgatgacgcgggacaagccgttttacgtttggaactgacagaaccgcaacgttgaaggagc
cactcagccgcgggtttctggagtttaatgagctaagcacatacgtcagaaaccattattgcgcgttc
aaaagtcgcctaaggtcactatcagctagcaaatatttcttgtcaaaaatgctccactgacgttccat
aaattcccctcggtatccaattagagtctcatattcactctcaactcgatcgaggcatgattgaacaa
gatggattgcacgcaggttctccggccgcttgggtggagaggctattcggctatgactgggcacaaca
gacaatcggctgctctgatgccgccgtgttccggctgtcagcgcaggggcgcccggttctttttgtca
agaccgacctgtccggtgccctgaatgaactccaagacgaggcagcgcggctatcgtggctggccacg
acgggcgttccttgcgcagctgtgctcgacgttgtcactgaagcgggaagggactggctgctattggg
cgaagtgccggggcaggatctcctgtcatctcaccttgctcctgccgagaaagtatccatcatggctg
atgcaatgcggcggctgcatacgcttgatccggctacctgcccattcgaccaccaagcgaaacatcgc
atcgagcgagcacgtactcggatggaagccggtcttgtcgatcaggatgatctggacgaagagcatca
ggggctcgcgccagccgaactgttcgccaggctcaaggcgcggatgcccgacggcgaggatctcgtcg
tgacccacggcgatgcctgcttgccgaatatcatggtggaaaatggccgcttttctggattcatcgac
tgtggccggctgggtgtggcggaccgctatcaggacatagcgttggctacccgtgatattgctgaaga
gcttggcggcgaatgggctgaccgcttcctcgtgctttacggtatcgccgctcccgattcgcagcgca
tcgccttctatcgccttcttgacgagttcttctgagcgggactctggggttcggactctagctagagt
caagcagatcgttcaaacatttggcaataaagtttcttaagattgaatcctgttgccggtcttgcgat
gattatcatataatttctgttgaattacgttaagcatgtaataattaacatgtaatgcatgacgttat
ttatgagatgggtttttatgattagagtcccgcaattatacatttaatacgcgatagaaaacaaaata
tagcgcgcaaactaggataaattatcgcgcgcggtgtcatctatgttactagatcgaccggcatgcaa
gctgataattcaattcggcgttaattcagtacattaaaaacgtccgcaatgtgttattaagttgtcta
agcgtcaatttgtttacaccacaatatatcctgccaccagccagccaacagctccccgaccggcagct
cggcacaaaatcaccactcgatacaggcagcccatcagtccgggacggcgtcagcgggagagccgttg
taaggcggcagactttgctcatgttaccgatgctattcggaagaacggcaactaagctgccgggtttg
aaacacggatgatctcgcggagggtagcatgttgattgtaacgatgacagagcgttgctgcctgtgat
caattcgggcacgaacccagtggacataagcctcgttcggttcgtaagctgtaatgcaagtagcgtaa
ctgccgtcacgcaactggtccagaaccttgaccgaacgcagcggtggtaacggcgcagtggcggtttt
catggcttcttgttatgacatgtttttttggggtacagtctatgcctcgggcatccaagcagcaagcg
cgttacgccgtgggtcgatgtttgatgttatggagcagcaacgatgttacgcagcagggcagtcgccc
taaaacaaagttaaacatcatgggggaagcggtgatcgccgaagtatcgactcaactatcagaggtag
ttggcgtcatcgagcgccatctcgaaccgacgttgctggccgtacatttgtacggctccgcagtggat
ggcggcctgaagccacacagtgatattgatttgctggttacggtgaccgtaaggcttgatgaaacaac
gcggcgagctttgatcaacgaccttttggaaacttcggcttcccctggagagagcgagattctccgcg
ctgtagaagtcaccattgttgtgcacgacgacatcattccgtggcgttatccagctaagcgcgaactg
caatttggagaatggcagcgcaatgacattcttgcaggtatcttcgagccagccacgatcgacattga
tctggctatcttgctgacaaaagcaagagaacatagcgttgccttggtaggtccagcggcggaggaac
tctttgatccggttcctgaacaggatctatttgaggcgctaaatgaaaccttaacgctatggaactcg
ccgcccgactgggctggcgatgagcgaaatgtagtgcttacgttgtcccgcatttggtacagcgcagt
aaccggcaaaatcgcgccgaaggatgtcgctgccgactgggcaatggagcgcctgccggcccagtatc
agcccgtcatacttgaagctagacaggcttatcttggacaagaagaagatcgcttggcctcgcgcgca
gatcagttggaagaatttgtccactacgtgaaaggcgagatcaccaaggtagtcggcaaataatgtct
agctagaaattcgttcaagccgacgccgcttcgccggcgttaactcaagcgattagatgcactaagca
cataattgctcacagccaaactatcaggtcaagtctgcttttattatttttaagcgtgcataataagc
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cctacacaaattgggagatatatcatgcatgaccaaaatcccttaacgtgagttttcgttccactgag
cgtcagaccccgtagaaaagatcaaaggatcttcttgagatcctttttttctgcgcgtaatctgctgc
ttgcaaacaaaaaaaccaccgctaccagcggtggtttgtttgccggatcaagagctaccaactctttt
tccgaaggtaactggcttcagcagagcgcagataccaaatactgtccttctagtgtagccgtagttag
gccaccacttcaagaactctgtagcaccgcctacatacctcgctctgctaatcctgttaccagtggct
gctgccagtggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggcgca
gcggtcgggctgaacggggggttcgtgcacacagcccagcttggagcgaacgacctacaccgaactga
gatacctacagcgtgagctatgagaaagcgccacgcttcccgaagggagaaaggcggacaggtatccg
gtaagcggcagggtcggaacaggagagcgcacgagggagcttccagggggaaacgcctggtatcttta
tagtcctgtcgggtttcgccacctctgacttgagcgtcgatttttgtgatgctcgtcaggggggcgga
gcctatggaaaaacgccagcaacgcggcctttttacggttcctggccttttgctggccttttgctcac
atgttctttcctgcgttatcccctgattctgtggataaccgtattaccgcctttgagtgagctgatac
cgctcgccgcagccgaacgaccgagcgcagcgagtcagtgagcgaggaagcggaagagcgcctgatgc
ggtattttctccttacgcatctgtgcggtatttcacaccgcatatggtgcactctcagtacaatctgc
tctgatgccgcatagttaagccagtatacactccgctatcgctacgtgactgggtcatggctgcgccc
cgacacccgccaacacccgctgacgcgccctgacgggcttgtctgctcccggcatccgcttacagaca
agctgtgaccgtctccgggagctgcatgtgtcagaggttttcaccgtcatcaccgaaacgcgcgaggc
agggtgccttgatgtgggcgccggcggtcgagtggcgacggcgcggcttgtccgcgccctggtagatt
gcctggccgtaggccagccatttttgagcggccagcggccgcgataggccgacgcgaagcggcggggc
gtagggagcgcagcgaccgaagggtaggcgctttttgcagctcttcggctgtgcgctggccagacagt
tatgcacaggccaggcgggttttaagagttttaataagttttaaagagttttaggcggaaaaatcgcc
ttttttctcttttatatcagtcacttacatgtgtgaccggttcccaatgtacggctttgggttcccaa
tgtacgggttccggttcccaatgtacggctttgggttcccaatgtacgtgctatccacaggaaagaga
ccttttcgacctttttcccctgctagggcaatttgccctagcatctgctccgtacattaggaaccggc
ggatgcttcgccctcgatcaggttgcggtagcgcatgactaggatcgggccagcctgccccgcctcct
ccttcaaatcgtactccggcaggtcatttgacccgatcagcttgcgcacggtgaaacagaacttcttg
aactctccggcgctgccactgcgttcgtagatcgtcttgaacaaccatctggcttctgccttgcctgc
ggcgcggcgtgccaggcggtagagaaaacggccgatgccgggatcgatcaaaaagtaatcggggtgaa
ccgtcagcacgtccgggttcttgccttctgtgatctcgcggtacatccaatcagctagctcgatctcg
atgtactccggccgcccggtttcgctctttacgatcttgtagcggctaatcaaggcttcaccctcgga
taccgtcaccaggcggccgttcttggccttcttcgtacgctgcatggcaacgtgcgtggtgtttaacc
gaatgcaggtttctaccaggtcgtctttctgctttccgccatcggctcgccggcagaacttgagtacg
tccgcaacgtgtggacggaacacgcggccgggcttgtctcccttcccttcccggtatcggttcatgga
ttcggttagatgggaaaccgccatcagtaccaggtcgtaatcccacacactggccatgccggccggcc
ctgcggaaacctctacgtgcccgtctggaagctcgtagcggatcacctcgccagctcgtcggtcacgc
ttcgacagacggaaaacggccacgtccatgatgctgcgactatcgcgggtgcccacgtcatagagcat
cggaacgaaaaaatctggttgctcgtcgcccttgggcggcttcctaatcgacggcgcaccggctgccg
gcggttgccgggattctttgcggattcgatcagcggccgcttgccacgattcaccggggcgtgcttct
gcctcgatgcgttgccgctgggcggcctgcgcggccttcaacttctccaccaggtcatcacccagcgc
cgcgccgatttgtaccgggccggatggtttgcgaccgtcacgccgattcctcgggcttgggggttcca
gtgccattgcagggccggcagacaacccagccgcttacgcctggccaaccgcccgttcctccacacat
ggggcattccacggcgtcggtgcctggttgttcttgattttccatgccgcctcctttagccgctaaaa
ttcatctactcatttattcatttgctcatttactctggtagctgcgcgatgtattcagatagcagctc
ggtaatggtcttgccttggcgtaccgcgtacatcttcagcttggtgtgatcctccgccggcaactgaa
agttgacccgcttcatggctggcgtgtctgccaggctggccaacgttgcagccttgctgctgcgtgcg
ctcggacggccggcacttagcgtgtttgtgcttttgctcattttctctttacctcattaactcaaatg
agttttgatttaatttcagcggccagcgcctggacctcgcgggcagcgtcgccctcgggttctgattc
aagaacggttgtgccggcggcggcagtgcctgggtagctcacgcgctgcgtgatacgggactcaagaa
tgggcagctcgtacccggccagcgcctcggcaacctcaccgccgatgcgcgtgcctttgatcgcccgc
gacacgacaaaggccgcttgtagccttccatccgtgacctcaatgcgctgcttaaccagctccaccag
gtcggcggtggcccatatgtcgtaagggcttggctgcaccggaatcagcacgaagtcggctgccttga
tcgcggacacagccaagtccgccgcctggggcgctccgtcgatcactacgaagtcgcgccggccgatg
gccttcacgtcgcggtcaatcgtcgggcggtcgatgccgacaacggttagcggttgatcttcccgcac
ggccgcccaatcgcgggcactgccctggggatcggaatcgactaacagaacatcggccccggcgagtt
gcagggcgcgggctagatgggttgcgatggtcgtcttgcctgacccgcctttctggttaagtacagcg
ataaccttcatgcgttccccttgcgtatttgtttatttactcatcgcatcatatacgcagcgaccgca
tgacgcaagctgttttactcaaatacacatcacctttttagacggcggcgctcggtttcttcagcggc
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caagctggccggccaggccgccagcttggcatcagacaaaccggccaggatttcatgcagccgcacgg
ttgagacgtgcgcgggcggctcgaacacgtacccggccgcgatcatctccgcctcgatctcttcggta
atgaaaaacggttcgtcctggccgtcctggtgcggtttcatgcttgttcctcttggcgttcattctcg
gcggccgccagggcgtcggcctcggtcaatgcgtcctcacggaaggcaccgcgccgcctggcctcggt
gggcgtcacttcctcgctgcgctcaagtgcgcggtacagggtcgagcgatgcacgccaagcagtgcag
ccgcctctttcacggtgcggccttcctggtcgatcagctcgcgggcgtgcgcgatctgtgccggggtg
agggtagggcgggggccaaacttcacgcctcgggccttggcggcctcgcgcccgctccgggtgcggtc
gatgattagggaacgctcgaactcggcaatgccggcgaacacggtcaacaccatgcggccggccggcg
tggtggtgtcggcccacggctctgccaggctacgcaggcccgcgccggcctcctggatgcgctcggca
atgtccagtaggtcgcgggtgctgcgggccaggcggtctagcctggtcactgtcacaacgtcgccagg
gcgtaggtggtcaagcatcctggccagctccgggcggtcgcgcctggtgccggtgatcttctcggaaa
acagcttggtgcagccggccgcgtgcagttcggcccgttggttggtcaagtcctggtcgtcggtgctg
acgcgggcatagcccagcaggccagcggcggcgctcttgttcatggcgtaatgtctccggttctagtc
gcaagtattctactttatgcgactaaaacacgcgacaagaaaacgccaggaaaagggcagggcggcag
cctgtcgcgtaacttaggacttgtgcgacatgtcgttttcagaagacggctgcactgaacgtcagaag
ccgactgcactatagcagcggaggggttggatcaaagtactttgatcccgaggggaaccctgtggttg
gcatgcacatacaaatggacgaacggataaaccttttcacgcccttttaaatatccgttattctaata
aacgctcttttctcttaggtttacccgccaatatatcctgtcaaacactgatagtttaaactgaaggc
gggaaacgacaatctgatccaagctcaagctaagcttgagctctcccatatggtcgactagagccaag
ctgatctcctttgccccggagatcaccatggacgactttctctatctctacgatctaggaagaaagtt
cgacggagaaggtgacgataccatgttcaccaccgataatgagaagattagcctcttcaatttcagaa
agaatgctgacccacagatggttagagaggcctacgcggcaggtctcatcaagacgatctacccgagt
aataatctccaggagatcaaataccttcccaagaaggttaaagatgcagtcaaaagattcaggactaa
ctgcatcaagaacacagagaaagatatatttctcaagatcagaagtactattccagtatggacgattc
aaggcttgcttcataaaccaaggcaagtaatagagattggagtctctaagaaagtagttcctactgaa
tcaaaggccatggagtcaaaaattcagatcgaggatctaacagaactcgccgtgaagactggcgaaca
gttcatacagagtcttttacgactcaatgacaagaagaaaatcttcgtcaacatggtggagcacgaca
ctctcgtctactccaagaatatcaaagatacagtctcagaagaccaaagggctattgagacttttcaa
caaagggtaatatcgggaaacctcctcggattccattgcccagctatctgtcacttcatcaaaaggac
agtagaaaaggaaggtggcacctacaaatgccatcattgcgataaaggaaaggctatcgttcaagatg
cctctgccgacagtggtcccaaagatggacccccacccacgaggagcatcgtggaaaaagaagacgtt
ccaaccacgtcttcaaagcaagtggattgatgtgatatctccactgacgtaagggatgacgcacaatc
ccactatccttcgcaagacccttcctctatataaggaagttcatttcatttggagaggactccggtat
ttttacaacaataccacaacaaaacaaacaacaaacaacattacaatttactattctagtcgacctgc
aggcggccgcactagtgatatcacaagtttgtacaaaaaagctgaacgagaaacgtaaaatgatataa
atatcaatatattaaattagattttgcataaaaaacagactacataatactgtaaaacacaacatatc
cagtcactatggcggccgcattaggcaccccaggctttacactttatgcttccggctcgtataatgtg
tggattttgagttaggatccggcgagattttcaggagctaaggaagctaaaatggagaaaaaaatcac
tggatataccaccgttgatatatcccaatggcatcgtaaagaacattttgaggcatttcagtcagttg
ctcaatgtacctataaccagaccgttcagctggatattacggcctttttaaagaccgtaaagaaaaat
aagcacaagttttatccggcctttattcacattcttgcccgcctgatgaatgctcatccggaattccg
tatggcaatgaaagacggtgagctggtgatatgggatagtgttcacccttgttacaccgttttccatg
agcaaactgaaacgttttcatcgctctggagtgaataccacgacgatttccggcagtttctacacata
tattcgcaagatgtggcgtgttacggtgaaaacctggcctatttccctaaagggtttattgagaatat
gtttttcgtctcagccaatccctgggtgagtttcaccagttttgatttaaacgtggccaatatggaca
acttcttcgcccccgttttcaccatgggcaaatattatacgcaaggcgacaaggtgctgatgccgctg
gcgattcaggttcatcatgccgtctgtgatggcttccatgtcggcagaatgcttaatgaattacaaca
gtactgcgatgagtggcagggcggggcgtaaacgcgtggatccggcttactaaaagccagataacagt
atgcgtatttgcgcgctgatttttgcggtataagaatatatactgatatgtatacccgaagtatgtca
aaaagaggtgtgctatgaagcagcgtattacagtgacagttgacagcgacagctatcagttgctcaag
gcatatatgatgtcaatatctccggtctggtaagcacaaccatgcagaatgaagcccgtcgtctgcgt
gccgaacgctggaaagcggaaaatcaggaagggatggctgaggtcgcccggtttattgaaatgaacgg
ctcttttgctgacgagaacagggactggtgaaatgcagtttaaggtttacacctataaaagagagagc
cgttatcgtctgtttgtggatgtacagagtgatattattgacacgcccgggcgacggatggtgatccc
cctggccagtgcacgtctgctgtcagataaagtctcccgtgaactttacccggtggtgcatatcgggg
atgaaagctggcgcatgatgaccaccgatatggccagtgtgccggtctccgttatcggggaagaagtg
gctgatctcagccaccgcgaaaatgacatcaaaaacgccattaacctgatgttctggggaatataaat
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gtcaggctcccttatacacagccagtctgcaggtcgaccatagtgactggatatgttgtgttttacag
tattatgtagtctgttttttatgcaaaatctaatttaatatattgatatttatatcattttacgtttc
tcgttcagctttcttgtacaaagtggtgatatcaatggtgagcaagggcgaggagctgttcaccgggg
tggtgcccatcctggtcgagctggacggcgacgtaaacggccacaagttcagcgtgtccggcgagggc
gagggcgatgccacctacggcaagctgaccctgaagttcatctgcaccaccggcaagctgcccgtgcc
ctggcccaccctcgtgaccaccctgacctacggcgtgcagtgcttcagccgctaccccgaccacatga
agcagcacgacttcttcaagtccgccatgcccgaaggctacgtccaggagcgcaccatcttcttcaag
gacgacggcaactacaagacccgcgccgaggtgaagttcgagggcgacaccctggtgaaccgcatcga
gctgaagggcatcgacttcaaggaggacggcaacatcctggggcacaagctggagtacaactacaaca
gccacaacgtctatatcatggccgacaagcagaagaacggcatcaaggtgaacttcaagatccgccac
aacatcgaggacggcagcgtgcagctcgccgaccactaccagcagaacacccccatcggcgacggccc
cgtgctgctgcccgacaaccactacctgagcacccagtccgccctgagcaaagaccccaacgagaagc
gcgatcacatggtcctgctggagttcgtgaccgccgccgggatcactctcggcatggacgagctgtac
aagtaaccgcggccatgctagagtccgcaaaaatcaccagtctctctctacaaatctatctctctcta
tttttctccagaataatgtgtgagtagttcccagataagggaattagggttcttatagggtttcgctc
atgtgttgagcatataagaaacccttagtatgtatttgtatttgtaaaatacttctatcaataaaatt
tctaattcctaaaaccaaaatccagtgacctgcaggcatgcgacgtcg 
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APPENDIX-I 

THE CT VALUES OF qPCR IN BAK1 SILENCING 
EXPERIMENT 

Table I. The CT values of qPCR in BAK1 silencing experiment 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

*Ct values not included in ΔCt and ΔΔCt calculations. 
 
 

 

RNA samples Gene amplification  Ct (dR) 
Bak1 silenced(rep1) Bak1 33.88 
Bak1 silenced(rep2) Bak1 No Ct* 
Bak1 silenced(rep3) Bak1 33.59 
GFP silenced(rep1) Bak1 30.67* 
GFP silenced(rep2) Bak1 31.04 
GFP silenced(rep3) Bak1 31.1 
- (rep1) Bak1 No Ct 
- (rep2) Bak1 No Ct 
- (rep3) Bak1 No Ct 
Bak1 silenced(rep1) EF1α 25.95 
Bak1 silenced(rep2) EF1α 25.94 
Bak1 silenced(rep3) EF1α 26.04 
GFP silenced(rep1) EF1α 25.39 
GFP silenced(rep2) EF1α 25.37 
GFP silenced(rep3) EF1α 25.5 
- (rep1) EF1α No Ct 
- (rep2) EF1α No Ct 
- (rep3) EF1α No Ct 
Bak1 silenced(rep1) - No Ct 
Bak1 silenced(rep2) - No Ct 
GFP silenced(rep1) - No Ct 
GFP silenced(rep2) - No Ct 
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APPENDIX-J 

THE AVERAGE OF CT VALUES AND ΔΔCT 
CALCULATION OF qPCR IN BAK1 SILENCING 

EXPERIMENT 

Table J Averages and standard deviations of Ct values.  

 

 

 

Figure J The ΔΔCt calculation. 

 

  

Gene Amplification  NbBAK1/SERK3 NbEF1α 
    Silenced plant sample  Bak1 

silenced 
GFP 
silenced 

Bak1 
silenced 

GFP 
silenced 

Ct Mean  33.735 31.07 25.976 25.42 
Ct StDev  0.205 0.042 0.055 0.07 

1) ΔCt(BAK1)= Ct (Bak1 silenced-Bak1 amplification) – Ct (Bak1 silenced-EF1α 

amplification) = 33.735-25.97667= 7.75833 

ΔCt(GFP)= Ct (GFP silenced-Bak1 amplification) – Ct (GFP silenced-EF1α 

amplification) = 30.93667-25.42= 5.517 

2) s(BAK1)= (( 0.205061)2+(0.055076)2)1/2=0.212 

s(GFP)= ((0.042426)2+(0.07)2)1/2=0.081853316 

3) ΔΔCt= ΔCt(BAK1) -ΔCt(GFP)=  7.758±0.212-5.517±0.0818=2.10833±0.212 
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APPENDIX-K 

DAB STAINING OF N. BENTHAMIANA LEAF 
TREATED WITH PURIFIED SCR1 

 

Figure K DAB staining of N. benthamiana leaves (4-dpi) infiltrated with purified 

SCR1. 1) and 2) GFP and SCR1 purified using apoplastic fluids isolated from N. 

benthamiana leaves expressing SP-GFP-FLAG and SP-SCR1-FLAG, respectively. 

3) and 4) apoplastic fluids isolated from N. benthamiana leaves expressing SP-GFP-

FLAG and SP-SCR1-FLAG, respectively. A) Representatvie N. benthamiana leaf. 

B) Representatvie N. benthamiana leaf after DAB staining. 
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APPENDIX-L 

APOPLASTIC FLUID AND TOTAL PROTEIN WITH 
SCR1 INFILTRATION INTO N. BENTHAMIANA 

 

Figure L Representative N. benthamiana leaf infiltrated with samples possessing 

SCR1 protein. Apoplastic fluid (AF) isolated from pJL48-TRBO/SP-SCR1-FLAG or 

pJL48-TRBO-SP-GFP-FLAG expressing N. benthamiana (3dpi). AF, AF after 

Immunoprecipitation (IP) of FLAG, Purified protein (SCR1) from apoplastic fluid, 

and total protein (TP) from N. benthamiana expressing pJL48-TRBO/SP-SCR1-

FLAG or pJL48-TRBO-SP-GFP-FLAG were infiltrated on the same leaf.  
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APPENDIX-M 

AMINO ACID SEQUENCE OF PstSCR1  
(GH737102.1) 

MQSFNFFIVFAVLLINTQFISVKSFKCPGLHGTPSQTHGYCTRSITDEERKAKK

IGKEFTMWKEEIKTVDGKFSCDKVDLNGSVATDSFCCDVAGRIGEVEKSKQ

AMWTNNCSKAS 

// 
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