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Collapse of Resistance to Tomato Yellow Leaf Curl Virus in Tomato upon Silencing the 

Elongation factor 1-alpha Gene 

 
By 

 
Amer Talal Husni Wazwaz 

 
 
 
 

ABSTRACT 
 
 
Tomato yellow leaf curl virus (TYLCV) is a geminivirus belongs to the genus Begomovirus from 

Geminiviridae family, which is the causal agent of tomato yellow leaf curl disease (TYLCD); the 

most devastating viral disease attacking tomato worldwide. Whitefly Bemisia tabaci is the vector 

of TYLCV, transmitting the virus in a circulative persistent manner. However TYLCD is a major 

threat and an international problem for tomato production. Its management still problematically 

expensive and with limited options.  

 

In order to determine genes involved in tomato resistance to Tomato yellow leaf curl virus 

(TYLCV), previous scientific studies compared cDNA libraries from susceptible (S) and resistant 

(R) tomato lines from the same breeding program. Hypothesizing that the genes preferentially 

expressed in R line are possibly part of the network(s) sustaining resistance to TYLCV. Among the 

genes preferentially expressed in R plants and over expressed following TYLCV infection was the 

Elongation factor 1-alpha gene which encodes the translational Elongation factor 1-alpha protein. 

The encoded protein responsible for the GTP-dependent binding of aminoacyl-tRNAs to 

ribosomes during translation.                                                                                                                 

             

In this study, we followed a reverse-genetics approach in our attempt to identify genes involved in 

TYLCV resistance. We applied the most flexible system in this area of gene functionality research, 

which is the virus-induced gene silencing (VIGS). Silencing the Elongation factor 1-alpha gene in 

R plants using the Tobacco Rattle Virus (TRV) vector, then inoculating these R plants with 

TYLCV outcomes in resistance collapse. The collapse of resistance was evaluated through 



 II 

monitoring the development of the typical disease symptoms as in the case of infected susceptible 

plants. As well as the accumulation and spread of the virus which measured quantitatively by PCR. 

Therefore, this study demonstrated the key role of the Elongation factor 1-alpha gene in sustaining 

the resistance against TYLCV, most probably by inhibiting virus replication and/or movement.      
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  كات ألجینـعد إسـب م النامیة في الطماطمـد القمـرض اصفرار و تجعـاومة لمـالمقحدار ان

Elongation factor 1-alpha 

 

 
 ملخص

 
ھو المسبب لمـرض اصفرار و تجعـد  ،فیروس مرض اصفرار و تجعد القمم النامیة في الطماطم من عائلة الفیروسات التوأمیة 

الذبابة . ي ینجم عنھ خسائر فادحة و یعتبر اشد أمراض الطماطم الفیروسیة فتكا و شراسةو الذ القمـم النامیة في الطماطم

على الرغم من أھمیة ھذا المرض . مستمرالدوري ال بأسلوبحیث تقوم بنقلھ من نبات آلخر ، البیضاء ھي الناقل لھذا الفیروس

فإن إدارة المرض ما تزال غیر مجدیة ، العالميمشكلة اقتصادیة على المستوى  اعتبارهو كمصدر تھدید لمحصول الطماطم

عملیا من حیث التكلفة أو الخیارات المتاحة و التي تنحصر بالمكافحة الكیماویة للناقل و عزل المحصول عن الناقل بوسائل 

                                                                                                                                             .   میكانیكیة

  

ل ــــالسالسالجینیة لھذه  بنیةال. مرض من أنجع سبل المكافحة المتوفرةــلة لھذا الـــالمقاومة و المتحم سالسل النسبتعتبر تربیة 

لتحقیق  وـبیر یرنــجزء من مجھود علمي ك كلــذا البحث یشـفھ. دد من قبلــتحوي الجینات المانحة لصفة المقاومة و التي لم تح

بیرات ـمقارنة التع من خالل .ة المقاومة لھذا المرض في سالسل النسب الحاملة لھذه الصفةــصفل المكونةھدف معرفة الجینات 

 ،ابقـــلمي سضمن مجھود ع و ذلك بعد اإلصابة بالمرض -أي یحدث لھا زیادة في التعبیر الجیني- الجینیة المختلفة و التي تتغیر

 تلك الجینات نـمن ضمو . فیروساإلصابة بال رھا الجیني بعدــالتي زاد تعبی الجینات تم تحدیدد ــنتیجة لتلك الدراسات السابقة فق

            .Elongation factor1-alpha  و المسمى المبحوث في ھذه الدراسة لجینأكان  

 

                     .بروتین ھام و حیوي في عملیة الترجمة من جین إلى بروتین ھذا ألجین یعطي بروتین یحمل نفس االسم و ھو

بحیث یتم إسكات ألجین و من ثم النظر في ، خالل ھذه الدراسة تم إتباع أسلوب الوراثة الرجعیة في معرفة وظیفة و أھمیة ألجین

ھو النبات في ھذه و مستوى الخلیة و الكائن الحي ما ینتج عن ذلك اإلسكات في ما یخص الوظیفة المفترضة لذلك ألجین على 

ستحث بواسطة الفیروس و الذي ، من بین األنظمة المتبعة في أسلوب الوراثة الرجعیة. الدراسة تم اختیار نظام اإلسكات المُّ

قیح النباتات بالفیروس بعد القیام بعملیة اإلسكات وفق النظام المذكور و من ثم تل. للقیام بالمھمة جلجلیوظف فیروس التبغ المُ 

نتج عن ذلك انحدار لصفة المقاومة في تلك النباتات و الذي تمثل في ظھور واضح لألعراض المعیاریة للمرض كالتي تظھر 

، بناءا على ذلك. صابةفي حالة سالسل نسب الطماطم الحساسة للمرض و تعاظم التراكم و االنتشار للفیروس في النباتات الم

و من المرجح ، الحاملة لھذه الصفة المحوري لھذا ألجین في إحداث و استدامة صفة المقاومة لسالسل النسب یتضح جلیا الدور

                       .أو حركة و انتشار الفیروس في النبات/دوره في تثبیط تكاثر و لدور المحوري للجین یأتي من خاللأن ھذا ا
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CHAPTER ONE 

 

INTRODUCTION 

 

1.1 Tomato Yellow Leaf Curl Virus (TYLCV)   

Tomato yellow leaf curl virus (TYLCV) is a geminivirus belongs to the genus 

Begomovirus from Geminiviridae family. Geminiviridae consists the largest family of 

plant DNA viruses which is characterized by the circular single stranded DNA genomes 

that encapsidated in twinned quasi isometric particles. Begomovirus is the largest genus 

among the four genera of Geminiviridae, whereas these genera are classified according to 

their genomes organization and hosts range (Hanssen et al., 2010) . TYLCV is the causal 

agent of Tomato Yellow Leaf Curl Disease (TYLCD), which is the most devastating viral 

disease afflicting tomato worldwide including Palestine and most countries of the Middle 

East (Hanssen et al., 2010). Whenever TYLCD affects young plants, they might produce 

few -if any marketable- fruits while losses can reach up to 100% of the potential 

production. Although TYLCV was first identified in 1961, historical records reveal that a 

disease with symptoms similar to TYLCD in the tomato fields was already reported in 

mandatory Palestine since 1930s.  Indeed, tomato production in the Middle East has been 

harshly affected from the 1970s to date (Ghanim & Czosnek, 2000; Hanssen et al., 2010).  

 

Although TYLCV can exhibit distinct symptoms in tomato, it can also establish 

symptomless infections in both wild and cultivated species, however the host in both cases 

can serve as a virus reservoir. Therefore, whiteflies still able to acquire and transmit the 

virus from the infected nonsymptomatic plants despite lacking TYLCV-induced disease 

symptoms (Czosnek & Ghanim, 2012). TYLCD management rely mainly on controlling 

whitefly -which is the insect vector of TYLCV- either chemically by using pesticides 
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and/or physically by isolating the production atmosphere with mesh fences (Akad et al., 

2007). Additionally, TYLCV resistant tomato lines have been developed in several 

countries over the last two decades, usually through introgression breeding programs from 

wild species of the Solanum Genus (Castro et al., 2012). However, resistant lines are often 

insufficient commercially due to a linkage with poor fruits quality. Likewise, the tolerant 

commercial cultivars often collapse under severe infection pressure and require protection 

during early growth stages. Moreover, even if these cultivars tolerated the infection and 

produced yield along with the TYLCV presence, they still support the replication of 

TYLCV and can act as a reservoir of TYLCV against other susceptible crops (Shepherd et 

al., 2009; Castro et al., 2012).                                                                     

 

1.1.1Genome Organization of TYLCV   

TYLCV possess a ssDNA genome of about 2.7 kb in size, which encodes six partially 

overlapping open reading frames (ORFs) with bidirectional organization as in figure1.1. 

Two of these ORFs (V1 and V2) are in the virion sense orientation. V1 encodes the Capsid 

Protein (CP), which is involved, as in other geminiviruses, in a number of processes during 

the life cycle of the virus (Harrison et al., 2002; Glick et al., 2009). While its primary 

function is the encapsidation of ssDNA and forming virus particles to protect the viral 

DNA during transmission by the insect vector (Morilla et al., 2006). Interestingly, point 

mutations in TYLCV CP cause loss of infectivity or loss of whitefly transmissibility (Luna 

et al., 2011). On the same strand, V2 encodes a distinct motion-related protein, which is 

involved in cell-to-cell viral movement and spread, for that V2 is considered as a 

pathogenicity gene (Harrison et al., 2002; Morilla et al., 2006; Glick et al., 2009).     
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The other four ORFs (C1-C4) are in the complementary sense orientation; C1 encodes a 

replication associated protein (Rep) which is the essential protein required for viral DNA 

replication, as it initiate and terminate plus-strand replication through specific binding to a 

DNA sequence motive located in the intergenic region (IR) during origin-of-replication 

recognition (Glick et al., 2009). C2 encodes a transcription activator protein (TrAP) which 

functions as a suppressor of post transcriptional gene silencing (PTGS) in the host plant 

cells, hence it is considered as a pathogenicity gene (Morilla et al., 2006). C3 encodes a 

replication enhancer protein (REn) which is required for the efficient viral DNA replication 

and it also enhances viral DNA accumulation for approximately 50 folds (Morilla et al., 

2006; Glick et al., 2009). The fourth gene C4 encodes C4 protein (also known as AC4) 

which consist of a small ORF located entirely within the Rep ORF but in a different 

reading frame. C4 protein is considered as a pathogenicity gene, as it together with C3 

(TrAP) protein play an important role in the infection process through post transcriptional 

gene silencing (PTGS) suppression and the induction of necrosis in the host plant cells 

(Morilla et al., 2006; Luna et al., 2011). Between the two transcriptional units, there is an 

intergenic region (IR) of approximately 300-nt length, which contains key elements for 

replication and transcription of the viral genome. These key elements comprise the origin 

of replication and viral promoters (Morilla et al., 2006;  Briddon et al., 2010).                                   

Fig 1.1: TYLCV genome organization. 
The open reading frames are designated 

V (virion sense orientation) or  

C (complementary sense orientation) in 

addition to the intergenic region.  

 

Source: (Glick et al., 2009). 
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1.1.2 Virion Structure       

TYLCV is characterized by its unique capsid morphology, which consists of two geminate 

(twinned) incomplete icosahedral particles as shown in figure 1.2. The particles are 

approximately 38 nm in length and 22 nm in diameter. The capsid contains 22 pentameric 

capsomers made of 110 capsid proteins. Each capsid protein is made of 260 amino acids 

(Harrison et al., 2002).                                              

 

 
1.1.3 TYLCV Replication  

 
Replication of TYLCV, like all geminiviruses, occurs in the nuclei of infected cells 

through using a combination of a rolling circle mechanism and recombination mediated 

replication (Ivanov & Ma, 2012). Since geminiviruses do not encode their own DNA 

polymerases, they rely on the nuclear DNA replication machinery in a similar approach to 

some mammalian DNA tumor viruses (Morilla et al., 2006). Geminivirus infection starts 

by inducing the host DNA replication machinery by activating host genes that are required 

for DNA replication (Glick et al., 2009). Numerous interactions between geminiviruses 

Rep protein and plant cellular proteins have been identified by biochemical (affinity 

chromatography) or genetic (yeast two-hybrid system) assays. These interactions involve 
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mainly with phosphorylating the host DNA replication machinery proteins in order to 

accomplish the transition of the cell to the synthesis phase during geminiviruses infection 

development (Boulton, 2002; Ivanov & Ma, 2012). As both replication and transcription 

occur in the nucleus, importation of the viral DNA or virions into and out the nucleus of 

the host cell is essential for successful completion of the virus life cycle (Harrison et al., 

2002; Morilla et al., 2006).  

                                                                                                          

1.1.4 TYLCV Nuclear, Cellular and Systemic Movement 

Since TYLCV enters the host cell without encoded viral proteins, just with its genome and 

the CP. Thus, movement to the nucleus -where TYLCVs, like all other geminiviruses, 

transcribe and replicate their genome- must for that reason be entirely dependent on the CP 

and the host transport mechanisms (Harrison et al., 2002). Several substantial experiments 

have provided insight into the mechanism by which the CP may function in the 

intracellular movement of the TYLCV genome (Boulton et al., 2002; Morilla et al., 2006; 

García-Andrés et al., 2009). These experiments localized the TYLCV CP into the nuclei of 

host cells and shown that the transport of the TYLCV CP into the nuclei was an active, 

energy-dependent process. Other experiments showed that a Nuclear Localization 

Sequence (NLS) resides in the TYLCV CP can facilitate nuclear import (Lapidot et al., 

2007). Moreover, recent studies confirmed the karyophilic nature of the TYLCV CP, 

which suggest that TYLCV CP would interact with karyopherin α (a protein that serves as 

a nuclear shuttle for NLS-bearing proteins) through its NLS (Yaakov et al., 2011). 

Furthermore, this interaction of a tomato karyopherin α with TYLCV CP was verified in a 

yeast two-hybrid system study. The results indicated that a tomato karyopherin α which 

specifically interacts with CP, most likely mediating its nuclear import by a karyopherin α-

dependent mechanism (Yaakov et al., 2011; Ivanov & Ma, 2012). Another requirement for 
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the TYLCV CP to function as a nuclear shuttle protein for the viral genome is the ssDNA-

binding ability, which was certainly demonstrated by the Electrophoretic Mobility Shift 

Assays (EMSA). The EMSA assay can be used to detect protein interactions with DNA 

and can be qualitatively used to identify sequence-specific DNA-binding proteins (García-

Andrés et al., 2009; Yaakov et al., 2011).                                            

                                                                                                                                         

Upon entry into the nucleus, TYLCV replicates, producing both single-stranded and 

double-stranded forms of the viral genome. Once viral DNA has begun to replicate in the 

nucleus, the newly synthesized CP will carry out two distinct functions: the encapsidation 

of ssDNA into virions, and the nuclear export of the infectious form of the virus (Ivanov & 

Ma, 2012). However, to move from cell to cell, the virus must be able to leave the host cell 

nucleus and be transported to the plasmodesmata, and through them to adjacent cells to 

repeat the infection cycle (Harrison et al., 2002).  

 

A functional analysis to characterize the proteins involved in the intracellular movement of 

TYLCV to the cell periphery in order to be transported to adjacent cells, demonstrated that 

the CP together with two adjuvant proteins are involved in that process of viral DNA 

delivery either as virions or as nucleoprotein complexes (Gafni & Epel, 2002; Yaakov et 

al., 2011). Then, the virus must overcome the cell wall to reach the stage of cell-to-cell 

movement. Accordingly, the virus encodes movement protein (MP) which biochemically 

mediate with plasmodesmata to facilitate the transport process (Ivanov & Ma, 2012). 

Building on these concrete and recently accumulated data, Gafni and Epel (2002) 

suggested a model for geminiviruses (including TYLCV) intra- and intercellular 

movement, in which the movement of geminiviruses is strictly and inevitably dependent on 

the CP (Gafni & Epel, 2002). 
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1.1.5 Vector of TYLCV 

Whitefly Bemisia tabaci is the vector of TYLCV, which has a wide host range and feeds 

by sucking plant sap from leaves undersurface. Whitefly transmits TYLCV to tomato in a 

circulative persistent manner; routing to the salivary gland from the digestive track through 

hemolymph (Ghanim & Czosnek, 2000). Usually, whitefly can acquire the virus after 

feeding on infected plants for 15 to 30 minutes, and can transmit the virus after 24 hours of 

incubation. Viruliferous whiteflies retain the virus till adults life end and can transmit the 

virus to its progeny for two generations (Czosnek & Ghanim, 2012). More interesting, 

TYLCV can be transmitted from one whitefly to another in a sex-dependent manner, which 

leads to an increase in the virus inoculation-potential of a certain whitefly population 

(Ghanim & Czosnek, 2000; Hanssen et al., 2010).      

 

1.2 Breeding Efforts to Generate TYLCV Resistant Tomato Lines  

Planting TYLCV resistant or tolerant tomato lines is an achievable and environmentally 

reasonable strategy when combined with chemical and physical control methods in an 

integrative management of the disease. Hence, breeding for TYLCV resistance probably 

remained the most important long-lasting TYLCV remedy. A controversial issue deserves 

mentioning here, is the consensus definition of a TYLCV resistant line, since most 

commercial lines conceived as resistant are tolerant lines indeed (Glick et al., 2009). In 

essence, a certain line can be named resistant to TYLCV if it can suppress its 

multiplication and accumulation as well as the development of disease symptoms with 

infinitesimal effect of the infection on the total yield quantitatively and qualitatively. While 

tolerant lines can exhibit nonsymptomatic appearance with negligible productivity 

reduction, but with similar levels of TYLCV multiplication to the susceptible lines (Castro 

et al., 2012).  
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On the practical side, screening procedures for TYLCV resistance is necessary for all 

breeding programs aimed at developing tomato lines resistant to TYLCV. On the same 

side, selecting plants solely on the basis of the presence or absence of symptoms in 

infected fields, without taking into account the time of inoculation and the levels of viral 

inoculums would lead to substantially biased and non-standardized lines (Castro et al., 

2012). Finally, it is not a mysterious revelation that the resistance genes will consist a 

prospective powerhouse in controlling TYLCV, essentially when those genes are identified 

(Anand et al., 2012).                                                                 

 

1.2.1 Classical Breeding for Resistance 

Since early 1970s, classical breeding programs have attempted to introduce TYLCV 

genetic resistance or tolerance traits against TYLCV into the cultivars of domesticated 

tomato Solanum lycopersicum from wild Solanum species, (Glick et al., 2009). Through 

introgression of those traits, chromosomal fragments from the wild species have been 

loaded onto the commercial lines. Consequently, these chromosomal fragments can be 

identified with certain polymorphic DNA markers (Vidavski et al., 2008; Castro et al., 

2012). As a result, five major loci (Ty1-Ty5) from wild tomato species, which associated 

with resistance or tolerance to TYLCV have been identified (Vidavski et al., 2008). 

Regardless of the hard efforts of different research groups to develop TYLCV resistant 

lines, the available lines still develop symptoms and yield losses under the conditions of 

high inoculum pressure and early infections (Castro et al., 2012). Therefore, research 

groups should incorporate more of the different available genetic sources into their 

TYLCV resistance breeding programs.                                                                                                                                    

           

 



Introduction 

 Page 9

1.2.2 Genetic Engineering Resistance  

Recently, several strategies and techniques have been implemented to engineer TYLCV 

resistant lines. Most of these strategies and techniques based on the concept of introducing 

and expressing viral sequences in the host plants in order to interfere with the virus life 

cycle, which is also called the concept of pathogen-derived resistance (Yang et al., 2004). 

For instance, the post-transcriptional gene silencing (PTGS) against TYLCV was induced 

as a result of many attempts for transforming tomato plants with constructs that express 

either sense or antisense RNA from the TYLCV replication-associated (Rep) gene 

sequences (Russo & Slack, 1998; Yang et al., 2004). On the other hand, the vector-virus 

interrelations have been exploited to generate TYLCV resistant lines. For instance, 

transforming tomato plants to express the whitefly protein GroEL in their phloem would 

trap the virus since TYLCV avoids destruction in the hemolymph of whitefly by 

interacting with GroEL. Upon that, TYLCV particles will be trapped in the plants phloem 

by GroEL i.e. inhibiting virus replication and movement, thus rendering the plants resistant 

(Akad et al., 2007). Therefore, generating transgenic tomato plants appears to be a more 

promising way of obtaining resistance to TYLCV, though still confronting regulation- 

restrictions in numerous countries (Mehrotra & Goyal, 2013).  

 

1.3 Gene Silencing in Plants      

In general, gene silencing in plants can occur at both transcriptional and post-

transcriptional levels (Vanitharani et al., 2005). Silencing through transcription suppression 

is called transcriptional gene silencing (TGS), while silencing through mRNA degradation 

is called post-transcriptional gene silencing (PTGS) (Vaucheret & Fagard, 2001). Initially, 

TGS is related to the regulation of transposons through DNA methylation in the nucleus, 
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whereas PTGS was shown to encounter virus infections through double-stranded RNA in 

the cytoplasm (Vaucheret & Fagard, 2001; Alvarado & Scholthof, 2009).  

 

At the beginning, the mechanism of TGS was originally thought to be the DNA 

methylation of promoter sequences which either suppresses the promoter through blocking 

its fundamental interactions with the transcription factors, or through attracting the 

chromatin-remodeling-proteins; which in turn could lead to the heterochromatinization of  

promoter sequences (Vaucheret & Fagard, 2001; Chellappan et al., 2004; Vanitharani et 

al., 2005). Recently, numerous studies reported that TGS like PTGS, can be triggered by 

either dsRNA or viruses and then finish without changing the methylation pattern of the 

silenced gene (Raja et al., 2010; Garcia-ruiz et al., 2010; Bai et al., 2012). Lately, upon 

piles of evidence, TGS and PTGS were not considered as entirely separate pathways. Since 

major breakthroughs in the attempt to discriminate between TGS and PTGS established the 

finding that viruses and transgenes encoding certain dsRNAs which can induce either TGS 

or PTGS of a homologous transgene (Dalmay et al., 2000; Vaucheret & Fagard, 2001; Raja 

et al., 2010; Bai et al., 2012).                                                                        

 

1.3.1 Post Transcriptional Gene Silencing (PTGS) 

RNA silencing phenomenon was first discovered in plants and termed post-transcriptional 

gene silencing (PTGS), while designated different terms in other eukaryotic kingdoms 

(Wu, 2013). Generally, RNA silencing involves suppression of the gene expression by 

sequence-specific interactions with RNA at the post-transcriptional level in diverse 

eukaryotes (Vanitharani et al., 2005). In plants, post-transcriptional gene silencing (PTGS) 

acts as a natural antiviral defense system and plays several roles in either genome 
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preservation or development (Alvarado & Scholthof, 2009). During the past decade, there 

was considerable evidence of PTGS suppression by various viruses as a prerequisite for 

establishing a viral infection in plants (Hohn & Vazquez, 2011). However, viruses which 

have no double-stranded RNA phase in their replication cycle (in particular, the nuclear-

replicating geminiviruses including TYLCV) are able to induce and suppress the PTGS 

and become targets for PTGS (Alvarado & Scholthof, 2009). 

 

There are at least two different pathways of the RNA gene silencing in plants: cytoplasmic 

short interfering (siRNA) silencing and the silencing of endogenous mRNA by 

microRNAs (miRNA) (Brodersen & Voinnet, 2006). Though both siRNA and miRNA are 

processed inside the cell through the cleavage of long double-stranded RNAs into small 

RNAs  by a ribonuclease-III enzyme called Dicer, then these small RNAs are incorporated 

into a complex called RNA-induced silencing complex (RISC) (Jiang et al., 2011; 

Bratkovič et al., 2012). miRNAs are endogenous, non-coding RNAs with a 18–25 

nucleotide length, exist both in plants and in animals (Voinnet, 2009). These small RNA 

fragments work as the specificity determinant by being incorporated into the RISC 

endonuclease, which degrades mRNAs in a sequence-specific manner or inhibits protein 

translation (Voinnet, 2009). On the other side, siRNAs are exogenous double-stranded 

RNA that is taken up by cells or entering by means of vectors like viruses, with a 21–26 

nucleotide length (Brodersen & Voinnet, 2006). Four Dicer-like (DCL) enzymes have been 

identified in the model plants with distinct functions. DCL1 is involved in miRNA 

biogenesis, DCL2 has been connected with viral siRNA production and DCL3 is required 

for retroelement and transposon siRNA production as well as chromatin silencing 

(Shimura & Pantaleo, 2011; Mccue & Slotkin, 2012). The function of DCL4 is apparently 
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related to siRNA production and some other processes, but not yet verified (Vanitharani et 

al., 2005; Brodersen & Voinnet, 2006).  

 

Within the context of this thesis, I will focus on the ability of  geminiviruses to trigger and 

suppress the induced PTGS in order to replicate and induce disease symptoms in the 

infected plants (Raja et al., 2010). Paradoxically, geminiviruses can equally stimulate and 

turn into targets of gene silencing. More-detailed analysis regarding siRNA is initiated by 

dsRNAs which could be viral replication intermediates or ssRNAs that became dsRNA by 

host-encoded RNA-dependent RNA polymerase (RdRP) (Preuss et al., 2008; Mccue & 

Slotkin, 2012).  

 

1.3.1.1 Virus-derived siRNA as an Antivirus Defense Mechanism in Plants 

In plants, some virus-host interactions naturally lead to host recovery. This natural 

recovery phenomenon is similar to RNA-mediated virus resistance, which is unusual for 

geminiviruses (Wang et al., 2012). Upon inoculation experiments, such recovery of 

symptoms is associated with the production of virus-derived siRNAs and accompanied by 

a reduction in the levels of viral DNA (Raja et al., 2010). Those consequences started one 

week post-inoculation and became abundant in the newly grown symptomless recovered 

leaves. An investigation of the composition of siRNAs has revealed that the majority of 

these siRNAs were derived from a region that corresponds to the 3'end of C1 gene which 

overlaps with 5' of the C2 gene (Wang et al., 2012). Therefore, it is probable that in 

infected plants, the presence of virus-specific siRNAs may have silenced the corresponding 

mRNAs, which in turn delayed viral replication and movement. Accordingly, a reduction 

in both virus titer and symptoms in the newly developed leaves occurred (Garcia-ruiz et al., 

2010).                                                                                                          
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Since symptoms recovery is not the common plant response against virus infection; virus-

derived siRNAs implicating virus-induced PTGS have been shown for geminiviruses and 

for RNA viruses, while the infected plants do not recover (Wang et al., 2012). Though the 

non-recovery type phenomenon initiated through the geminivirus-host interactions are able 

to trigger the host PTGS, however, the produced amount of siRNAs was less than 10% 

when compared with the amount that accumulated with the recovery type virus 

(Chellappan et al., 2004; Alvarado & Scholthof, 2009). These findings indicate that the 

ongoing silencing of viral RNAs can occur in successful virus infections and may not be 

sufficient to lead to a recovery or may that these viruses encode strong silencing 

suppressors.                                                                        

 

1.3.1.2 Suppressing the Induced RNA Silencing 

Currently, more than thirty RNA silencing-suppressor proteins which counteract the 

antiviral RNA silencing have been identified in several plant and animal viruses (Alvarado 

& Scholthof, 2009). The identified suppressor proteins do not share sequence homology. 

However, these suppressor proteins may target similar or different steps of the RNA 

silencing pathway (Wu et al., 2010). Recent comprehensive analyses of key representatives 

from geminiviruses including Tomato yellow leaf curl China virus (TYLCCNV) showed 

that C4 and C2 genes have the capacity to suppress the induced-PTGS with varied 

suppression activity (Hohn & Vazquez, 2011; Zhang et al., 2012). Moreover, the 

suppression activity for C4 was obviously stronger when compared with C2 gene. This 

indicates that geminiviruses have evolved variable methods to interact with their hosts 

(Vanitharani et al., 2005; Shimura & Pantaleo, 2011). The above mentioned studies along 

with previous ones concluded that these proteins play different roles and can target 

different steps in the silencing pathway(s), or could interact with different host proteins 
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which collectively contribute to the suppression of RNA silencing (Alvarado & Scholthof, 

2009; Wu et al., 2010).                                                                                                                                          

 

1.3.2 Virus-induced Gene Silencing 

The sweeping efforts of genomic sequencing provide fundamental raw data for studying 

genomes (Kushalappa & Gunnaiah, 2013). These new data require nonconventional tools 

to specify genes functionality, while conventional genetic tools are mostly restricted to 

model plants (Aoki et al., 2013). In particular, reproducible protocols for stable genetic 

transformation are extremely challenging to be established for the majority of non-model 

plant species (Tzfira & Citovsky, 2006). Accordingly, this thesis is part of a research 

project to identify TYLCV resistance genes and to study their counter-pathogenicity roles 

by reverse-genetics, including virus-induced gene silencing (VIGS) technique.  

 

VIGS is a type of RNA silencing that is initiated by virus-vectors carrying the host-derived 

sequence inserts -from the host genes-, later those inserts will initiate targeting host genes 

corresponding to the inserts and leading to the degradation of homologous mRNAs, then 

all that interpreted into suppressing a gene expression. In details, TRV- treatment by itself 

did not has effect on the subsequent TYLCV infection as it neither enhance nor depress the 

virus spread or any other typical aspect of TYLCD; which demonstrating that TRV did not 

initiate cross-protection against TYLCV (Czosnek et al., 2013). Therefore, with the 

potential to silence certain specific genes and to study the rapid loss-of-function VIGS is a 

powerful technique and it has already been employed successfully in a wide range of plant 

species including both monocots and dicots (Purkayastha & Dasgupta, 2009). Nowadays, 

many recent improvements have enabled the use of VIGS as the tool of choice for 

functional genomics for an increasing number of plant species, while gene functions of 
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these plant species are extremely laborious to analyze by conventional methods (Senthil-

kumar & Mysore, 2011).                                                                                                             

                                                                                                   

1.3.2.1 Implementation of the Virus-induced Gene Silencing  

VIGS, in general, is implemented by cloning a 150-350 bp exon DNA insert of the target 

gene into a virus vector. Insert length is a critical factor in the silencing efficiency of 

VIGS. The transgenic viral vector is introduced into Agrobacterium and then to the host 

plants by means of agroinfiltration (Purkayastha & Dasgupta, 2009; Senthil-kumar & 

Mysore, 2011). It worth mentioning that the presence of a virus vector may interfere with 

the metabolism of the host plant. Subsequently this may affect the results of studies aiming 

at investigating plant-microbe interaction. In addition to the finding that the genotype of 

some plant species can affect the performance of VIGS insert. For this reason, appropriate 

standardization and optimization of the VIGS protocol is required for each plant species 

(Martínez-priego et al., 2008; Romero et al., 2011).  

 

Later, during viral replication, double-stranded RNAs from the viral genome are formed, 

including the gene of interest. These double-stranded RNAs are then going to be chopped 

into siRNAs by the plant Dicer-like enzymes, thus activating the post-transcriptional gene 

silencing (PTGS). As a result, mRNAs of the targeted gene are degraded leading to 

silencing the gene of interest (Purkayastha & Dasgupta, 2009).  

 

1.3.2.2 Tobacco Rattle Virus (TRV) 

Tobacco rattle virus (TRV) is a bipartite single-stranded RNA plant virus with a positive 

sense strand. It is the type-member of the genus Tobravirus. The genomic RNA1 (TRV I) 

encodes RNA-dependent RNA polymerase (RdRp), a cell-to-cell movement protein and 
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the third called 16 kDa protein. Whereas the genomic RNA2 (TRV II) encodes the coat 

protein and containing the Multiple Cloning Site (MCS); at the MCS as elaborated in 

figure1.3, an insert of the gene of interest is supposed to be ligated. Another characteristic 

of TRV is that the ability of RNA1 to replicate and spread within the host plant in the 

absence of RNA2 (Martínez-priego et al., 2008). Currently, Tobacco rattle virus (TRV) is 

the most common VIGS vector, and therefore is the vector of choice in this research 

project to identify TYLCV resistance genes. Because VIGS technique is dependent on the 

host range of the used virus-vectors which are usually limited, the wide host range of TRV 

complete the potency of VIGS through erasing that limitation. Together, TRV-induced 

gene silencing is considered as a powerful tool in the field of functional genomics with 

high silencing efficiency (Ratcliff et al., 2001; Kumar et al., 2012).                                                                                                      

 

Several comparative feasibility studies of other VIGS vectors, mainly Tobacco mosaic 

virus (TMV), Potato virus X (PVX) and Tomato golden mosaic virus (TGMS) in 

comparison with TRV in silencing either a certain key gene among different host plants, or 

silencing different genes within a certain species host plant, concluded the TRV superiority 

whenever the host specificity is not a barrier (Ratcliff et al., 2001; Jing-di et al., 2012). 

However, the wide host range of TRV does not mean that it can be used for all plant 

species thus appropriate VIGS vectors must be developed to fill the gap. In order to 

develop new VIGS vectors, researchers may chose to develop a specific vector for the 

desired plant species from a suitable virus that infects the same species. For example, 

Apple latent spherical virus (ALSV) is being developed as a VIGS vector that cover a 

broad host range (Gilchrist & Haughn, 2010; Senthil-kumar & Mysore, 2011). 
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Fig 1.3: Maps of TRVI and TRVII. (A) TRVII vector with the silencing insert of the gene of interest. (B) 

Map of the TRV binary vectors; TRV cDNA clones of RNA1 (TRVI) and RNA2 (TRVII) were cloned in 

between two CaMV 35S promoters (2X35S) and NOS terminator (NOSt) T-DNA vector. TRVI contains 

RNA-dependent RNA polymerase (RdRp), movement protein (MP), and a 16 kDa cysteine-rich protein 

(16K). TRVII contains the coat protein (CP) and multiple cloning site (MCS). Rz refers to a self-cleaving 

ribozyme and LB and RB are left and right borders of T-DNA which are shared by both vectors. 

 

Source: (Eybishtz, Assaf. Protocol for Gene Silencing, 2009 [Unpublished Document]) 

 

1.4 Overview of the Targeted Gene for Silencing                                                                 

Preceding studies have identified preferential expression of genes in the resistant tomato 

line (R) in relation to the susceptible line (S), whereas both resistant and susceptible 

tomato lines were generated from the same breeding program (Eybishtz et al., 2009). One 

of these genes, namely the Elongation factor1-alpha gene which encodes the translational 
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Elongation factor1-alpha (EF1α) protein will be the focus of this study. This gene is 

preferentially expressed in R plants and up-regulated after TYLCV infection.                                                                                                    

                                                                        

In general, eukaryotic protein synthesis is commonly occurring in three stages: initiation, 

elongation and termination. Each stage requires the action of not only the ribosome, 

mRNA and aminoacyl-tRNAs (aa-tRNA), but also a series of proteins that facilitate each 

step. During protein biosynthesis, the step of aa-tRNA delivery is catalyzed by the 

eukaryotic EF1α protein, as it promotes the GTP-dependent binding of aa-tRNA to the A-

site of  the ribosome (Ursin et al., 1991).  

 

1.4.1 Secondary Roles of the Elongation Factor 1-alpha                                                     

Away from its function in translation elongation, EF1α protein have various and significant 

secondary functions which include but not restricted to quality surveillance of the newly 

synthesized proteins, protein degradation through ubiquitin-dependent pathways and actin-

cytoskeleton organization (Li et al., 2009; Sasikumar et al., 2012; Hwang et al., 2013).  

 

Since EF1α is one of the most abundant cellular proteins, and because viruses exploit host 

proteins as well as their own proteins in order to replicate, exploiting EF1α by many 

positive-strand RNA viruses in their replication is a highly probable fate (Ursin et al., 

1991). Generally, these positive-strand RNA viruses utilize the EF1α in their replication 

via two ordinary routes. In some cases EF1α interacts directly with the 3′-terminal end of 

the viral RNA; most likely due to the fact that the projected secondary structure of the 3′-

ends of the viral RNA is similar to the tRNA structure, whereas tRNA is the ordinary 

binding-partner of EF1α (Thivierge et al., 2008). In other cases, the EF1α interacts with the 

viral RNA-dependent RNA polymerase (RdRp), which is the essential polypeptide for 
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synthesizing RNA from single-stranded templates of the viral RNA. Trying to speculate 

the importance of the EF1α for replication of RNA viruses, and after considering the fact 

that the viral replication cycle is a chronicle series of events, the EF1α might be involved 

in keeping that order (Sasikumar et al., 2012). The third route for positive-strand RNA 

viruses to utilize the EF1α protein in their replication is a recently studied route comprises 

membranous induced-vesicles. Positive-strand RNA viruses generally assemble their RNA 

replication complexes on the intracellular membranes in association with membrane-

vesicles formation (Thivierge et al., 2008). In accordance with that, several recent studies 

have ascertained that viral polyproteins from the positive-strand RNA viruses induce the 

formation of cytoplasmic vesicles, some of these vesicles are derived from the 

Endoplasmic Reticulum (ER) (Beauchemin et al., 2007; Li et al., 2009; Hwang et al., 

2013). In addition, these studies revealed the presence of the EF1α protein in the induced-

vesicles during the infection cycle of the investigated viruses. Upon that, these induced 

vesicles are supposed to shelter the virus replication complex and the EF1α protein along 

with at least other two translation factors (Li et al., 2009; Hwang et al., 2013).                                 

 
For those viruses where EF1α protein interacts with both the viral RdRp and the vesicle-

inducing viral polyproteins, the EF1α is speculated to help sequestering the virus 

replication complex into vesicles. In other words, the EF1α can help in fastening the 

components of the virus replication complex onto the induced-vesicles membrane through 

modification of phospholipids and eventually by mediating the vesicle formation (Li et al., 

2009).  
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CHAPTER TWO 

 

PROBLEM STATEMENT AND OBJECTIVES 
 

Naturally, there are wild tomato species having resistance against TYLCV, and those 

species have been recruited in the breeding programs to produce TYLCV resistant lines. 

The genes of these TYLCV resistant lines which conferring them the trait of resistance 

against TYLCV are not yet identified. While identifying the resistance genes is considered 

an imperative priority for the interested researchers in order to unfold the molecular basis 

of the resistance against TYLCV. Subsequent to identifying the genes, researchers can 

understand TYLCV-host interactions and ultimately can confront the disease. 

 

The specific objectives of this research are: 

 To silence the Elongation factor1-alpha gene as a putative TYLCV resistance gene in 

TYLCV-resistant tomato plants. 

 
 To determine if silencing that gene will collapse the resistance of these plants. 
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CHAPTER THREE 

 

MATERIALS AND METHODS     
 

3.1 Materials 

3.1.1 Source of Tomato Plants  

Two inbred tomato lines were used, line 902 is resistant (R) to TYLCV, while line 906-4 is 

susceptible (S). These two lines were kindly supplied from Prof. Henryk Czosnek, The 

Otto Warburg Minerva Center for Agricultural Biotechnology and the Institute of Plant 

Sciences and Genetics in Agriculture, The Robert H. Smith Faculty of Agriculture, Food 

and Environment, The Hebrew University of Jerusalem, Rehovot 76100, Israel.  Both lines 

were produced from a breeding program aimed to introgress resistance to TYLCV from 

Solanum habrochaites -as a source for wild tomato resistance- into the susceptible 

domesticated tomato Solanum lycopersicum (Vidavski et al., 2008). Upon whitefly-

mediated inoculation either in the lab or in the field, plants of R line remain symptomless 

while S line plants present leaf curling, yellowing and stunting. 

 

 

 

 

 

 

Fig 3.1: TYLCV infected susceptible (S) and resistant (R) tomato plants in the field; typical 

symptoms in S plants and symptomless appearance of R plants.  

 

Source: (Eybishtz et al., 2009). 



Materials & Methods 

 Page 22

3.2 Methods 

3.2.1 Differentiation of R from S Plants by SNP-PCR  

To avoid possible mixing of the seeds, previous work of Gorovits & Czosnek (2007) 

located a single nucleotide polymorphism (SNP) which found in a MunI restriction site 

within an intron of the Heat shock protein 70 (hsp70) gene; the SNP can be used to 

distinguish between R and S plants (Gorovits & Czosnek, 2007). That SNP is not linked to 

resistance, and can be PCR-amplified using the primers HSP17F (5'-GTCGCCATG-

AATCCTATTAACACCG-3') and HSP678R (5'-CCCAGTTTGATGTCACTCTGTAC-3') 

(Eybishtz, et al., 2010).  

 

Ten seeds from each line (R and S) were germinated in trays in a controlled growth room 

for 25 days then transferred into disposable plastic cups and were still growing in the same 

controlled growth room. One week after transfer, DNA was extracted from the five most 

vigorous and healthy plants of R and S using QIAGEN plant DNA extraction kit 

(QIAGEN, Germany). Later, these PCR parameters were followed: one cycle at 95°C for 2 

minutes; 30 cycles at 94ºC for 1 minute, 55ºC for 1 minute, and 72ºC for 1 minute, 

followed by one cycle at 94ºC for 1 minute, 55ºC for 1 minute, and 72ºC for 5 minutes. 

Then, the PCR products were incubated with the restriction enzyme MunI according to 

manufacturer instructions (New England BioLabs®, USA). Afterward, 10 µl of the 

incubated PCR-products were subjected to electrophoresis in 1.5% agarose gel in Tris-

Borate-EDTA (TBE) buffer and stained with ethidium bromide. 

 

3.2.2 Primers Design 

The sequence of Elongation factor1-alpha gene was retrieved from Sol Genomics Network 

(http://solgenomics.net), under Unigene-ID number SGN-U232161. Then, AmplifX 1.5.4 

http://solgenomics.net/
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software was used to design the primers within one of the exons of the gene, while ApE-A 

plasmid editor software was used to identify the open reading frames (ORFs), and to assure 

the absence of restriction sites for XbaI and KpnI. Since both of these restriction enzymes 

will be used for cloning the silencing insert into the silencing vector (TRV II) later. 

 

3.2.3 PCR Amplification of the Silencing Insert 

The designed primer pair 4F3-F (5'-CTTTGGCCCTACTGGTTTGACA-3') and 4F3-R (5'-

GAGGCAACATAACCACGCTT-3') were used to amplify the genomic DNA template of 

the silencing insert. Then, the PCR reaction performed according to these parameters: one 

cycle at 95°C for 3 minutes, 30 cycles at 94ºC for 35 seconds, 62ºC for 30 seconds, and 

72ºC for 40 seconds, followed by one cycle at 72ºC for 5 minutes. The PCR mix was in a 

total volume of 20 µl, containing 0.4 µM of each primer, about 100 ng of the genomic 

DNA and using AccuPower® PCR PreMix (Bioneer, South Korea). Afterward, 5 µl of the 

PCR products were subjected to electrophoresis in 2% agarose gel in TBE buffer and 

stained with ethidium bromide. 

 

3.2.4 Cloning the Silencing Insert into TOPOII Vector  

The PCR product was directly cloned into TOPOII vector (TA cloning) according to the 

manufacturer instructions (TOPO® TA Cloning® Dual Promoter Kit, Invitrogen™, USA). 

Briefly, the insert and the vector at 3:1 ration were allowed to ligate by incubating the 

reaction mixture for 1 hour at 25˚C, followed by 5 hours at 15˚C.                                                                                                                                 

 

3.2.5 Transforming Competent Cells with the Recombinant TOPOII Vector     

E.coli DH5α competent cells (BioSuper Competent Cells, Bio-Lab Ltd., Israel) were 

transformed by the recombinant TOPOII vectors via heat shock transformation. That 
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transformation accomplished by adding 6 µl of the recombinant TOPOII vector mixture to 

40 µl of the competent cells then mixing gently while keeping the tubes on ice. Next, tubes 

kept on ice for 30 minutes before a heat shock for 60 seconds at 42˚C in a hot water bath. 

After that, tubes returned immediately on ice for 5 minutes, and then under the hood, 1 ml 

of LB liquid media -without antibiotics- was added on each tube. Afterward, tubes 

incubated for 1 hour at 37˚C with shacking. Finally, transformants were smeared on four 

LB media plates containing 100 µg/ml ampicillin, and 40 µl/ml of X-gal. Afterward, plates 

incubated at 37˚C for 24 hours.                                                                                                                                          

 

3.2.6 Preparation of the Recombinant TRVII Silencing Vector    

Following subsections describe cloning the silencing insert of EF1α into TRVII vector. 

 

3.2.6.1 Retrieving the Silencing Insert from TOPOII Vector and Sequencing it 

White colonies were picked by pipette tips and transferred to Eppendorf tubes with 100 µl 

ultra pure water, in order to be used for a screening PCR to confirm the presence of the 

silencing insert in the transformed colonies. At the same time, plates must be labeled at the 

locations where the selected colonies were taken for screening. The screening PCR was 

performed exactly the same as in the section 3.2.3 concerning PCR amplification of the 

silencing insert. Upon the screening PCR results, the transformed E.coli DH5α cells were 

grown in liquid LB with 100 µg/ml ampicillin at 37˚C under shacking. Then plasmid mini-

prep has been made according to manufacturer instructions (Wizard® Plus SV Minipreps 

DNA Purification System, Promega, USA). Then, the purified plasmid was sequenced 

using the insert amplification primers at Hereditary Research Laboratory in Bethlehem 

University by Sanger sequence to assure the identity of the insert. Afterward, the plasmid 

was digested with XbaI and KpnI according to the manufacturer instructions (New England 

BioLabs®, USA). Then, the digested products were subjected to electrophoresis in 1.5% 
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agarose gel for 1 hour and the insert was purified from the gel by QIAquick® Gel 

Extraction Kit and according to manufacturer instructions (QIAGEN, Germany). 

 

3.2.6.2 Opening the Silencing Vector 

TRVII vectors were isolated from a 24 hour-old culture of E. coli according to 

manufacturer instructions (Wizard® Plus SV Minipreps DNA Purification System, 

Promega, USA). Next, the plasmid was incubated with the same restriction enzymes XbaI 

and KpnI according to the manufacturer instructions (New England BioLabs®, USA) to 

open it. Then, the opened plasmid was subjected to electrophoresis in 1.5% agarose gel for 

1 hour and the band was cut and purified using QIAquick® Gel Extraction Kit and 

according to manufacturer instructions (QIAGEN, Germany).  

                                                                                                   

3.2.6.3 Ligation of the Silencing Insert into the Open TRVII Vector 

The silencing insert of the targeted gene was ligated into the XbaI / KpnI cut open TRVII 

vector using T4 DNA Ligase Kit (New England BioLabs®, USA) and according to the 

manufacturer instructions. Then, the reaction mixture incubated at the thermal cycler for 2 

hours at 20˚C, followed by 14 hours at 16˚C. 

 

3.2.7 Introducing the Recombinant TRVII into Agrobacterium   

The recombinant TRVII vector was introduced into Agrobacterium LBA4404 competent 

cells as follows. First, Agrobacterium cells were grown in 5 ml YEB media containing 100 

µg/ml rifampicin for 48 hours at 28˚C with shaking. Then, 2 ml from the grown cells 

solution were centrifuged for 10 minutes at 4500 rpm. The pelleted cells were resuspended 

into 0.5 ml YEB media (without antibiotics) and kept on ice. Next, 20 µl of the prepared 

TRVII vector was added to the Agrobacterium cells-solution tube, then mixed and kept on 
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ice for 5 minutes. Afterward, the tubes were transferred to liquid nitrogen and kept for 5 

minutes, then the tubes re-transferred to the incubator for 5 minutes at 37˚C. After that, 1 

ml of YEB media without antibiotics was added, and the Agrobacterium cells were grown 

for 4 hours at 28˚C with shaking. The grown cells were pelleted by centrifugation for 5 

minutes at 4500 rpm. After that, 80 µl of YEB media without antibiotics was added, then 

mixed and plated on YEB agar plates which supplemented with 100 µg/ml ampicillin and 

100 µg/ml rifampicin. Finally, the plates were incubated for 48 hours at 28˚C. Colonies 

were checked for positive transformation by means of PCR. The transformed colonies 

were transferred into YEB liquid media and incubated at 28˚C for 48 hours under shaking.  

 

3.2.8 Agroinfection of Tomato Plants with Agrobacterium  

Two stocks of Agrobacterium cells (the first containing TRVI and the second containing 

the recombinant TRVII with the silencing insert) were grown for 48 hours at 28˚C under 

shacking in 20 ml YEB liquid media containing 50 µg/ml rifampicin and either 12 µg/ml 

kanamycin or ampicillin for TRVI and TRVII, respectively. After that, the optical density 

(OD600) of the bacterial growth cultures of both TRVI and TRVII were measured. Proper 

adjustment of the OD by dilution with YEB medium was made when needed in order to 

obtain an OD between 1.2 and 1.5 for both cultures. Then, the bacterial cultures were 

centrifuged  at 2,800 rpm for 20 minutes and the pelleted cells were resuspended in 10ml 

of YEB medium using a pipette. Afterward, the two cultures were mixed at a ratio of  1:1 

and were kept on ice till use. Consequently, small cuts with a sterile scalpel were made on 

all the leaves undersurface of the 28 days old tomato plants, and then the Agrobacterium 

mixture was deposited onto the cut area by using blunted-tip syringe, accompanied with 

gentle finger pressing on the drop. About 2 ml of the mixture was applied for each plant: 1 
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ml on the leaves and 1 ml on the soil. Finally, the plants were grown in a controlled growth 

room with a regime of 16 hours light, for 7 days before inoculating them with TYLCV.                                                                                                                             

 

3.2.9 Inoculating the Tomato Plants with Viruliferous Whiteflies  

One week after agroinfection, the plants were inoculated with TYLCV by caging them 

with viruliferous whiteflies for 3 days in specially-designed cages (about 50 insects per 

plant). After the 3 days period, insects were exterminated with imidacloprid 0.05% 

(Confidor®, Bayer Crop Science, Germany). After confirming that the plants are free from 

whitefly, they moved back into the controlled growth room for continuing growth.  

 

3.2.10 Sample Collection for DNA and RNA Extraction 

In order to quantify TYLCV replication and the expression of target host gene in the 

agroinfected R plants, two young leaves were collected weekly from each plant including 

controls. As in the timeline schedule below, samples were collected weekly starting 

directly before the agroinfection. Symptoms monitoring was started from the third week 

after TYLCV inoculation. Also, collected leaves were labeled and stored at -80˚C till use. 

 

 

Fig 3.2: A timeline scheme for sampling and symptoms monitoring periods in order to check for silencing 

effects on the resistance. 

Source: (Eybishtz, Assaf. Protocol for Gene Silencing, 2009 [Unpublished Document]) 
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3.2.11 Estimation of TYLCV Quantities 

A general screening by PCR on DNA extracted from leaves collected 5 weeks after 

TYLCV inoculation was carried out to select plants with high virus amounts for further 

investigations. A pair of primers for the virus coat protein and another pair targeting the 

housekeeping gene β-actin were used. The primers were designed using the AmplifX 1.5.4 

software to amplify a 67-bp fragment of the TYLCV coat protein gene. The designed 

primers were: TY2480-F (5'-TCCACGTAGGTCTTGACATCTG-3') and TY2547-R (5'-

AGGTCAGCACATTTCCATCC-3'). While, a 180-bp fragment of the tomato β-actin gene 

was amplified using the primer pair ACT771-F (5'-GGAAAAGCTTGCCTATGTGG-3') 

and ACT951-R (5'-CCTGCAGCTTCCATACCAAT-3') (Eybishtz et al., 2009). The PCR 

parameters were: one cycle at 94°C for 3 minutes, then 31 cycles at 94ºC for 30 seconds, 

55ºC for 30 seconds, and 72ºC for 30 seconds, followed by one cycle at 94ºC for 30 

seconds, 55ºC for 30 seconds, and 72ºC for 3 minutes. The PCR mix was in a total volume 

of 20 µl, containing 0.4 µM of each primer, 100 ng of the tomato genomic DNA and using 

AccuPower® PCR PreMix (Bioneer, South Korea). Then, 15 µl from each PCR product 

was subjected to electrophoresis in 2% agarose gel in TBE buffer and stained with 

ethidium bromide.       

 

3.2.12 Quantitative Measurement of the Targeted Gene Transcripts 

3.2.12.1 RNA Extraction  

To measure the amount of transcripts of the targeted gene by quantitative Real Time-PCR 

(qRT-PCR), RNA was extracted from the leaves which were collected 1, 2 and 3 weeks 

after TYLCV inoculation by using QIAGEN® RNeasy Plant Mini Kit (QIAGEN, 

Germany) and following the manufacturer instructions. In order to eliminate genomic 

DNA carry over, on-column DNase digestion was performed using QIAGEN® RNase-

Free DNase Set (Catalog no.79254, QIAGEN, Germany).  
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3.2.12.2 cDNA Synthesis  

The High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, USA) was used 

according to the manufacturer instructions for the synthesis of cDNA using hexamer 

primers. As equal volumes of the same concentration from the RNA samples must be used 

to eliminate concentration differences in the templates, RNA concentrations in the products 

of RNA extraction were measured, then proper dilutions with ultra pure water were made 

to get 1000 ng of RNA in the 10 µl cDNA reaction solution. Upon manufacturer 

instructions, the thermal cycler program comprised: first step at 25ºC for 10 minutes, 

second step at 37ºC for 2 hours, and the third step at 85ºC for 5 minutes.       

 

3.2.12.3 Quantification of the Targeted Gene by Real Time-PCR  

The qRT-PCR was performed in a AB7300 Real-Time PCR System® (Applied 

Biosystems, USA) using SYBR® Premix ExTaqII™ from TAKARA (Catalog no. 

RR82SW, TAKARA, Japan). Specific primers to amplify the targeted gene were designed 

using AmplifX 1.5.4 software and the NCBI Primer-BLAST utility was used for checking 

the primers specificity versus database of consensus sequences concerning Solanum 

lycopersicum (taxid:4081). A 61-bp fragment was amplified by using the primer pair 

Rt4F3-F (5'-AGTCTGTAGAGATGCACCACGA-3') and Rt4F3-R (5'-AACCCAACATT-

GTCACCAGGGA-3') in both silenced and non-silenced plants in order to compare the 

expression of the silenced EF1α gene. The thermal cycler program was: first step (as a hot 

start step) at 95ºC for 30 seconds, followed by second step which consisting from 40 cycles 

of 95ºC for 5 seconds, 60ºC for 31 seconds, then the melting curve step of 95ºC for 15 

seconds, 60ºC for 1 minute, 95ºC for 15 seconds.  
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The qRT-PCR mix was in a total volume of 20 µl, containing 0.8 µM of each primer, 2 µl 

of the synthesized cDNA solution that was diluted 1:1 with ultra pure water to simplify 

pipetting and 0.4 µl of ROX dye 50X as a reference dye. MicroAmp® Optical 96-Well 

Reaction Plate with Barcode® (Applied Biosystems, USA) were used and sealed with 

MicroAmp® Caps (Applied Biosystems, USA) according to the manufacturer instructions. 

Moreover, the reactions were conducted in duplication (two technical replicates for each 

experimented plant of the five R biological replicates). 

 

3.2.13 Semi-quantitative PCR of TYLCV  

Semi-quantitative PCR of DNA extracted from leaves collected 5 weeks after TYLCV 

inoculation was carried out to compare TYLCV quantities between the silenced and non-

silenced plants in reference to the housekeeping gene β-actin. cDNA of the reference 

housekeeping gene were synthesized from RNA extracted from leaves which collected also 

at the fifth week after TYLCV inoculation. The same procedural steps of RNA extraction 

and cDNA synthesis for the targeted-gene transcripts in sections 3.2.12.1 and 3.2.12.2 were 

followed with the β-actin gene transcripts. A pair of primers for TYLCV coat protein and 

another pair targeting the housekeeping gene β-actin were used. The primers were the same 

pairs that used to estimate TYLCV quantities in section 3.2.11. The semi-quantitative PCR 

reactions were grouped within two batches with different number of cycles.                                                                  

 

The parameters for the first batch of reactions were: one cycle at 94°C for 3 minutes, then 

25 cycles at 94ºC for 30 seconds, 55ºC for 30 seconds, and 72ºC for 30 seconds. While the 

parameters for the second batch of reactions were: one cycle at 94°C for 3 minutes, then 30 

cycles at 94ºC for 30 seconds, 55ºC for 30 seconds, and 72ºC for 30 seconds. The PCR mix 

was in a total volume of 20 µl, containing 0.4 µM of each primer, 100 ng of tomato 
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genomic DNA for TYLCV reactions (equal volumes of the same DNA concentration from 

the samples were used) and corresponding concentration of cDNA for β-actin reactions.  

Furthermore, the AccuPower® PCR PreMix (Bioneer, South Korea) was used. Then, 15 µl 

from each semi-quantitative PCR product was subjected to electrophoresis in 2% agarose 

gel in TBE buffer and stained with ethidium bromide.                                                                                                                              

 

 

Table 3.1: The PCR primers used in this study. 

PRODUCT 
SIZE 
(BP) 

MELTING 
TEMP. 

ºC 
PRIMER SEQUENCE 

PRIMER 
NAME 

780 65.2  GTCGCCATGAATCCTATTAACACCG HSP17(F) 

57.2   CCCAGTTTGATGTCACTCTGTAC HSP678(R) 

144 62.1   CTTTGGCCCTACTGGTTTGACA 4F3(F) 

58.6   GAGGCAACATAACCACGCTT 4F3(R) 

67 58.7   TCCACGTAGGTCTTGACATCTG TY2480(F) 

58.4   AGGTCAGCACATTTCCATCC TY2547(R) 

180 58.2   GGAAAAGCTTGCCTATGTGG ACT771(F) 

58.6   CCTGCAGCTTCCATACCAAT ACT951(R) 

61 58.4   AGTCTGTAGAGATGCACCACGA Rt4F3(F) 

64.3   AACCCAACATTGTCACCAGGGA Rt4F3(R) 
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CHAPTER FOUR 

 

RESULTS    
 

4.1 Sequence Identification of EF1α  

The BLAST results of the sequence of the cloned PCR fragment of the Elongation factor1-

alpha (EF1α) gene from the resistant (R) plants against the NCBI database (figure 4.1) 

showed high identity (99%) with the corresponding exon of the same gene of L. 

esculentum (accession number X53043.1).  

                                                                                                          

 

 

Fig 4.1: Sequence identification of the cloned fragment of Elongation factor1-alpha (EF1α) gene from R 

plants. Upper sequence is the silencing insert of EF1α gene, and lower sequence is the corresponding exon of 

the same gene of L. esculentum (accession number X53043.1).                                                                                                                              

 

4.2 PCR Results 

4.2.1  Differentiation of R from S by SNP-PCR  

To avoid mixing of the R and S seeds and to make sure that the correct tomato lines are 

employed in the subsequent experiments, they were distinguished by a single nucleotide 

polymorphism (SNP) found in a MunI restriction site within an intron of the hsp70 gene. 

The DNA fragment containing that SNP was PCR-amplified, and the PCR products were 

incubated with the restriction enzyme MunI according to manufacturer instructions (New 

England BioLabs®, USA). As in figure 4.2, PCR products of R plants were digested as 

they contain the MunI site while PCR products of S plants are not.  
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Fig 4.2: SNP-PCR products of five R and five S individual plants, M: 100bp ladder.  

 
 
4.2.2 PCR Amplification of the Silencing Insert  

 
The designed silencing insert (144 bp of one of the exons of EF1α gene) was amplified 

from the genomic DNA of R plants. PCR products were subjected to electrophoresis. 

Specific and intense band in each lane was observed, which is as an indicator of a good 

nucleic acids quality for the subsequent cloning steps (figure 4.3).    

                                          

 
 

Fig 4.3: PCR products of the designed silencing insert from EF1α gene, amplified from five different R 

plants, M: 100bp ladder. 
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4.2.3 Quantification of EF1α Gene by Real Time-PCR 

To measure the amount of transcripts of EF1α gene, RNA was extracted from leaves which 

were collected at 1, 2 and 3 weeks after TYLCV inoculation and cDNAs were synthesized. 

The quantitative Real Time-PCR (qRT-PCR) of 5 silenced R plants (5 biological 

replicates), each tested twice (2 technical replicates) showed variations in the silencing 

efficiency of EF1α gene. In RT-PCR the reaction is detected by accumulating a fluorescent 

signal and that detection is measured by the threshold cycle (Ct) which is the number of 

required cycles for the fluorescent signal to cross the threshold of the background level. Ct 

values are inversely proportional to the amount of template in the sample. Thus, for the 5 

silenced R plants each Ct value of a certain plant with one cycle lower than a different 

plant means the amount of EF1α transcript templates in the first plant is double the amount 

in the second plant which has one cycle higher of Ct value. Upon that, silencing of EF1α 

gene reached around 90% in plant number 5 from the second week after TYLCV 

inoculation as in figure 4.6, that in comparison with the non-silenced control plant. The 

silencing efficiency was more pronounced when the EF1α transcripts quantified at one and 

two weeks after TYLCV inoculation than when quantified at the third week (figures 4.5 

and 4.6). In the latter case, there was no significant difference in the amount of EF1α 

transcripts between the silenced plants and the non-silenced control plant (figure 4.7).                                                                                                 

 
 

Fig 4.4: Approximate histogram of silencing the EF1α gene among R plants from the first three weeks after 
TYLCV inoculation in comparison with a non-silenced control plant.    
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Fig 4.5: qRT-PCR curves of representative sample replicates from EF1α-silenced R plants and non-silenced 
control plant replicates at the first week after TYLCV inoculation.  
 
                                                                            

   
 

 
 

Fig 4.6: qRT-PCR curves of representative sample replicates from EF1α-silenced R plants and non-silenced 
control plant replicates at the second week after TYLCV inoculation.                                                                          
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Fig 4.7: qRT-PCR curves of representative sample replicates from EF1α-silenced R plants and non-silenced 
control plant replicates at the third week after TYLCV inoculation.                                                                               

 
 
 

 
 

Fig 4.8: The dissociation curve plot of our results which is properly typical. Since dissociation curves can 
detect the nonspecific amplification products. 
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4.2.4 Semi-quantitative PCR of TYLCV  

Increased TYLCV replication in the cells of EF1α-silenced plants is an indicator of the 

collapse of resistance in these plants. Semi-quantitative PCR of total DNA as well as 

synthesized cDNA that were extracted from leaves collected at 5 weeks after TYLCV 

inoculation showed differences in bands intensity of the PCR products among the silenced 

plants. These differences were appeared after 25 cycles, then solidified after 30 cycles of 

amplification. Compared to the non-silenced control plant (WF), the band intensity of the 

PCR products from plants number 3, 4, 5 and 6 was higher (figure 4.9). However, plants 

number 1 and 2 showed band intensities similar to that of the non-silenced control plant 

(WF). Whereas the band intensity of the PCR products from transcripts of the 

housekeeping gene β-actin were similar among all the plants.  

 

 

Fig 4.9: Semi-quantitative PCR to compare TYLCV quantities within 6 EF1α-silenced plants and a WF 

control (non-silenced control plant with TYLCV inoculation) in reference to the β-actin as a house keeping 

gene, NTC: non-template control. Since the band intensity indicates the amount of the template, it is an 

indicator of resistance collapse upon EF1α gene silencing in the plants number 3, 4, 5 and 6. 
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4.3 Symptomatic Results 

4.3.1 Typical TYLCD Symptoms Development  

Typical TYLCD symptoms on EF1α-silenced R plants appeared four weeks after TYLCV 

inoculation and become more sever one week later (figure 4.10). These symptoms include 

yellowing and curling of the leaves. 

  

 

Fig 4.10: A comparative picture of both silenced and non-silenced tomato R plants at the fifth week after 

TYLCV-inoculation. Since typical symptoms appeared obviously on TYLCV-resistant tomato plant, it is an 

indicator of resistance collapse upon EF1α gene silencing. 
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CHAPTER FIVE 

 

DISCUSSION  

 

5.1 The Resistant and Susceptible Lines  

In this study, line 902 which is TYLCV resistant (R) was used to study the molecular basis 

of its resistance to TYLCV. Line 902 and line 906-4 which is TYLCV susceptible (S) were 

produced from the same breeding program aiming at the introgression of TYLCV 

resistance into a susceptible domesticated cultivar of tomato (Vidavski & Czosnek 1998). 

Two resistant accessions of S. habrochaites which are LA1777 and LA386 which were 

derived from the parent TYLCV-resistant line H902 through a series of self-pollinations 

and selections (Vidavski et al., 2008). The two accessions were crossed and F1 population 

with high TYLCV resistance was produced. Upon that, the F1 plants were further crossed 

with the domesticated tomato S. lycopersicum. Then, part of the produced F1 plants, which 

demonstrated resistance to TYLCV, was backcrossed with commercial lines (Vidavski & 

Czosnek 1998). After backcrossing, resistant plants were selected upon field and 

laboratory tests for TYLCV resistance. The field test results were measured by virus 

quantification and symptoms evaluation -during the first month after inoculation. Similar 

tests were conducted on the other part of F1 plants, which proved to be susceptible to the 

virus (Vidavski & Czosnek 1998). Upon TYLCV infection, the susceptible-line plants 

presented typical disease symptoms, while resistant-line plants remained symptomless with 

significantly lower virus quantities (Czosnek et al., 2013). Therefore, we have chosen these 

two lines for our study because they have similar genes pool (line 902 and line 906-4) and 

minimum genetic variations. Since differentiating R and S plants by phenotypic traits is 

laborious and time-consuming, a single nucleotide polymorphism (SNP) which found in 

the MunI restriction site within an intron of hsp70 gene was developed to distinguish 
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between the R and S plants that used in this study (Gorovits & Czosnek, 2007). The DNA 

fragment which contained that SNP was PCR-amplified, and digested with MunI (figure 

4.2). This SNP is not linked to resistance and was not identified in other TYLCV-resistant 

tomato lines (Eybishtz et al., 2010). Also, this R-specific SNP was traced back to accession 

LA1777 from S. habrochaites by examining a range of plants which were selected at 

different stages of that breeding program (Vidavski and Czosnek, 1998). In a previous 

work by Eybishtz et al. (2009), cDNA libraries from R and S plants were compared before 

and after TYLCV infection. Upon that comparison, 69 genes were found to be 

preferentially overexpressed in R plants than in S plants. Among them, 19 genes were 

found to be more preferentially-expressed in TYLCV-infected R plants than non-infected 

R plants. Moreover, 18 genes were found to be preferentially-expressed in S plants than R 

plants (Eybishtz et al., 2009). Among the 69 identified genes, 25 genes have been silenced 

and only 5 genes out of them led to the collapse of resistance upon silencing (Czosnek et 

al., 2013). Elongation factor1-alpha (EF1α) gene which is the subject of this study was one 

of the 19 genes that are more preferentially-expressed in TYLCV infected R plants than 

non-infected R plants.                      

 

5.2 Silencing the EF1α Gene 

In this study, TRV-VIGS presented the proper silencing system. Congruent with this study 

results, VIGS may give variable silencing levels of the targeted gene depending on the 

insert and the plant growth conditions. Also, VIGS may result in uneven or localized 

silencing or lack of silencing in certain tissues which is mainly due to inefficient virus 

movement. These problems can be alleviated by maintaining environmental conditions 

favoring systemic virus movement, and more importantly by choosing appropriate viral 

vectors that do not suppress or weaken the virus ability of multiplication and spread 
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(Senthil-kumar & Mysore, 2011). In this study, the most common VIGS vector which is 

Tobacco rattle virus (TRV) was chosen (Gilchrist & Haughn, 2010). Since VIGS depends 

on the host range of the used vector which is usually limited, the wide host-range of TRV 

completed the potency of VIGS approach during our study. Although permanent silencing 

of genes by VIGS could be achieved by Agrobacterium-mediated transformation of plant 

cells, this approach is laborious, expensive and time-consuming. Therefore, we followed 

the transient silencing approach in out attempt to silence EF1α gene, since several weeks of 

silencing the EF1α gene is enough to study its effect on TYLCV resistance. Furthermore, 

the limitation of uneven or localized silencing was solved by sufficiently-representative 

sampling throughout the period of five weeks after TYLCV inoculation. TYLCV was 

introduced into the silenced plants by caging them with viruliferous whiteflies for 3 days. 

Although a shorter period is enough to inoculate the plants with TYLCV, the plants were 

caged for 3 days in order to insure that the plants acquired sufficient inoculums of TYLCV. 

Since this method of inoculation mimics the natural process of TYLCV infection in the 

field it was chosen to be followed in this study. Furthermore, safety regulations were 

implemented when dealing with the whiteflies throughout the experiments including 

whiteflies extermination. 

 

The amounts of EF1α transcripts were measured weekly during the first 3 weeks after 

TYLCV-inoculation. According to several previous studies, measuring at the second week 

after TYLCV-inoculation represent the best time to measure the silenced gene transcripts 

(Eybishtz et al., 2010; Sade et al., 2012; Czosnek et al., 2013). As already mentioned in the 

results chapter, the systemic spread of the silencing-signal was peaked after 20 days of 

silencing the gene. Since silencing the EF1α gene associated with TYLCV resistance-

collapse, this study estimations to quantify viral accumulation shown that TYLCV was 
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detectable at the first week after TYLCV inoculation. Later, viral quantities exponentially 

and steadily increased up to the fifth week after TYLCV inoculation.  

 

Real Time-PCR based on SYBR Green II chemistry has been successfully applied to detect 

EF1α gene transcripts. SYBR II offered exceedingly reproducible with high-sensitivity 

detection RT-PCR analyses by inhibiting nonspecific amplifications through a hot-start 

PCR enzyme that uses an anti-Taq antibody. Also, SYBR II reduced the PCR-inhibition 

(which results from residual mRNAs when using cDNA as a template) by a heat resistant 

RNase H. Generally, in RT-PCR the reaction is detected by accumulating a fluorescent 

signal. And the threshold cycle (Ct) is the number of the required cycles for the fluorescent 

signal to cross the threshold of the background level. Ct values are inversely proportional 

to the amount of template in the sample. Thus, lower Ct value means greater amount of 

template in the sample. In that relation, a sample with twice starting amount of templates 

will get Ct value with one cycle earlier. Accordingly, Ct value of this study results shown 

that the expression of EF1α gene was knocked down to 90% in some samples (figure 4.4). 

While silencing is uneven within the samples, RT-PCR results revealed that samples with 

strong EF1α gene-silencing correlated with significant increase in TYLCV quantities. 

Thus, inverse proportionality was clear between EF1α gene-transcripts and TYLCV 

accumulation. Regarding symptoms development on the silenced and TYLCV infected 

plants, the symptoms were TYLCD-typical and dramatically exposed at the fourth week 

and exacerbated at the fifth week after TYLCV inoculation. As in the figure 4.10, 

symptoms on the silenced plants were as severe as the susceptible plants symptoms. Later, 

after the fifth week, plants growth was ceased and in some plants the early-senescence 

appearance was noticed.      
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5.3 Elongation factor1-alpha Gene 

In this study, sequence of the silenced gene was retrieved from the International 

Solanaceae Genome Project (SOL) data. Gene ontology (GO) analysis of the 69 candidate 

resistance genes (with differential expression) revealed that many of them are associated 

with cellular membranes (Czosnek et al., 2013). This fact indicates the membranes 

participation in sustaining resistance via transportation and/or signaling-transduction 

activities. Therefore, many researchers were interested in studying membrane-associated 

resistance genes. However, subsequent research findings for Pectin methylesterase as a 

membrane-associated gene but not a resistant gene refuted the notion of considering each 

membrane-associated gene from the candidate genes as a potential resistant gene (Eybishtz 

et al., 2009). On the other hand, non-membranous genes with housekeeping functions 

could break the resistance as already confirmed in the case of Chlorophyll a-b binding 

protein 7 and Thioredoxin peroxidase findings (Czosnek et al., 2013). Several secondary 

functions have been reported for EF1α, which in general related to protein post-

translational modifications (PTM). A secondary function of EF1α was recently reported 

which is related to virus-host interactions. In fact, EF1α reported to interact exclusively 

with the positive-strand RNA viruses. In this relation, many positive-strand RNA viruses 

utilize EF1α in their replication; whereas EF1α can interact directly with the 3′ terminal 

end of the viral RNA or otherwise EF1α could interacts with the viral RNA-dependent 

RNA polymerase (RdRp) (Yamaji et al., 2006; Thivierge et al., 2008; Sasikumar et al., 

2012). Furthermore, positive-strand RNA viruses might utilize EF1α in their replication 

through mediating the generation of membrane induced-vesicles.  

 

Alternatively, functions of the main resistance genes against a close relative to TYLCV -

which is Tomato yellow leaf curl Sardinia virus (TYLCSV) are related to post-translation 
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modification (PTM) processes. In a similar work for specifying the genes related to 

resistance against TYLCSV upon infecting a transgenic line of the model plant Nicotiana 

benthamiana (Luna et al., 2011), 44% of the genes which implicated with TYLCSV 

infection were actually PTM genes and essentially performing ubiquitination-related 

functions (Czosnek et al., 2013). Those PTM genes are postulated to provide a mechanism 

of quick response to various stimuli in an efficient way when compared with the 

transcriptional activation mechanisms. Thus, it is not unexpected for the PTM genes to 

interfere with the TYLCV infection. Ubiquitination has a well-established participation in 

the PTMs throughout diverse plant as well as animal viral infections (Chuang et al., 2005; 

Tan et al., 2007). Also, evidence from TYLCSV studies confirmed the essential roles of 

ubiquitination within the host to respond against assailant viruses. Specifically, silencing 

the Ubiquiting-activating gene (UBA1) in tomato (which encodes an enzyme that catalyzes 

the first step in ubiquitin conjugation) promoted the TYLCSV infection (Lozano-Durán et 

al., 2011). Therefore, and since a literature-search did not reveal a possible role of EF1α 

with such merely studied single-stranded DNA viruses (Bennett et al., 2008). This study 

results could collectively suggest that EF1α gene-product might be involved in directing 

the viral transcribed proteins from the ribosome to the proteasome for degradation.  

 

5.4 TYLCV-Host Interactions 

Principally, the limited understanding of the interactions between TYLCV and tomato 

require referring to the biological models of the virus-host interactions in order to speculate 

the effects of this study results on understanding the molecular basis of TYLCV resistance. 

The identified TYLCV-host interactions are restricted to virus entry into the nucleus of the 

host cell and the interactions between the virus Rep protein and the plant retinoblastoma-

related protein to induce host cell division (Eybishtz et al., 2010). Contextually, TYLCV 
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resistance was hypothesized to be conferred by several genes, and these genes were 

supposed to be organized in a hierarchically-linked network of defense (Czosnek et al., 

2013). Consequently, silencing EF1α gene would probably down-regulate other genes 

which are located downstream within that network. To verify the hierarchy of TYLCV 

resistance genes in a network and whether they are positioned at critical junctions or nods; 

the transcriptomic profiles for three resistance genes were analyzed after co-silencing 

(Czosnek et al., 2013). Accordingly, Lipocalin-like gene expression was evaluated in R 

plants with silenced Hexose transporter LeHT1 gene; whereas the Lipocalin-like gene 

expression was completely repressed. However, silencing Lipocalin-like gene did not 

repress Hexose transporter LeHT1 gene expression. Therefore, the Lipocalin-like gene 

assumed to be located downstream of Hexose transporter LeHT1 gene in the network. 

Likewise, silencing the Permease I-like gene did not repress the expression of either 

Lipocalin-like gene or Hexose transporter LeHT1 gene; while silencing Lipocalin-like gene 

or Hexose transporter LeHT1 gene did not affect the Permease I-like gene expression. 

Therefore, the Permease I-like gene was proposed to be located on a different branch of the 

network (Adi et al., 2012; Sade et al., 2012; Czosnek et al., 2013). Since a chromosomal 

location of a certain R gene may provide a clue for the hierarchical organization of the 

network. EF1α gene locates on chromosome number six, thus it would be possible that the 

EF1α gene was introgressed on a separate chromosomal fragment during breeding and 

selection for resistance. Eventually, as future antiviral therapies will probably be developed 

to block the interaction of a viral protein with an essential cellular target (Kuiken et al., 

2006). Or might be developed to possibly interfere at a given point of the host cell network 

in order to counteract the virus, identifying the commonalities and/or specificities of the 

TYLCV-host interactions is fundamentally essential to pave the way ahead of those future 

antiviral therapies. 
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5.5 Prospective Work  

Since TYLCV resistance conferred by a number of genes, and these genes were 

hypothesized to be hierarchically organized in networks. Prospective efforts might be 

aimed at the positional localization of EF1α gene within the resistance network through 

combinations of co-silencing between EF1α gene and the other confirmed resistance genes 

in order to definitely specify which genes are located down- or upstream of EF1α within 

that network.                                                                                                                                   



References 

 Page 47

REFERENCES 
 

Adi, M., Jens, P., Brotman, Y., Mikhail, K., Iris, S., Henryk, C., & Rena, G. (2012). Stress 
Responses to Tomato Yellow Leaf Curl Virus ( TYLCV ) Infection of Resistant and 
Susceptible Tomato Plants are Different. Metabolomics, 1–13. doi:10.4172/2153-0769. 
S1-006. 

Akad, F., Eybishtz, a, Edelbaum, D., Gorovits, R., Dar-Issa, O., Iraki, N., & Czosnek, H. 
(2007). Making a friend from a foe: expressing a GroEL gene from the whitefly Bemisia 
tabaci in the phloem of tomato plants confers resistance to tomato yellow leaf curl virus. 
Archives of Virology, 152(7), 1323–39. doi:10.1007/s00705-007-0942-0. 

Alvarado, V., & Scholthof, H. B. (2009). Plant responses against invasive nucleic acids: RNA 
silencing and its suppression by plant viral pathogens. Seminars in Cell & 
Developmental Biology, 20, 1032–1040. doi:10.1016/j.semcdb. 2009. 06.001. 

Anand, M., Venkatesh, J., Prakash, C., Nookaraju, A., Kumar, S., & Won, S. (2012). Plant 
disease resistance genes: Current status and future directions. Physiological and 
Molecular Plant Pathology, 78, 51–65. doi:10.1016/j.pmpp. 2012.01.002. 

Aoki, K., Ogata, Y., Igarashi, K., Yano, K., Nagasaki, H., Kaminuma, E., & Toyoda, A. 
(2013). Functional genomics of tomato in a post-genome-sequencing phase. Breeding 
Science, 63(1), 14–20. doi:10.1270/jsbbs.63.14. 

Bai, M., Yang, G., Chen, W., Mao, Z., Kang, H., Chen, G., & Xie, B. (2012). Genome-wide 
identification of Dicer-like , Argonaute and RNA-dependent RNA polymerase gene 
families and their expression analyses in response to viral infection and abiotic stresses 
in Solanum lycopersicum. Gene, 501(1), 52–62. doi:10.1016/j.gene.2012.02.009. 

Beauchemin, C., Boutet, N., & Laliberté, J.-F. (2007). Visualization of the interaction 
between the precursors of VPg, the viral protein linked to the genome of turnip mosaic 
virus, and the translation eukaryotic initiation factor iso 4E in Planta. Journal of 
Virology, 81(2), 775–82. doi:10.1128/JVI.01277-06. 

Bennett, A., McKenna, R., & Agbandje-McKenna, M. (2008). A Comparative Analysis of the 
Structural Architecture of ssDNA Viruses. Computational and Mathematical Methods in 
Medicine, 9(34), 183–196. doi:10.1080/ 17486700-802168247. 

Boulton, M. I. (2002). Functions and interactions of mastrevirus gene products. Physiological 
and Molecular Plant Pathology, 60(5), 243–255. doi:10.1006/ pmpp.2002.0403. 

Bratkovič, T., Glavan, G., Štrukelj, B., Živin, M., & Rogelj, B. (2012). Exploiting 
microRNAs for cell engineering and therapy. Biotechnology Advances, 30(3), 753–765. 
doi:10.1016/j.biotechadv.2012.01.006. 

Briddon, R. W., Patil, B. L., Bagewadi, B., Nawaz-ul-Rehman, M. S., & Fauquet, C. M. 
(2010). Distinct evolutionary histories of the DNA-A and DNA-B components of 
bipartite begomoviruses. BMC Evolutionary Biology, 10, 97. doi:10.1186/1471-2148-
10-97. 

Brodersen, P., & Voinnet, O. (2006). The diversity of RNA silencing pathways in plants. 
Trends in Genetics, 22(5). doi:10.1016/j.tig.2006.03.003. 



References 

 Page 48

Castro, D., Julia, O., & Pe, A. (2012). Genetic control and mapping of Solanum chilense 
LA1932 , LA1960 and LA1971-derived resistance to Tomato yellow leaf curl disease. 
Euphytica. doi:10.1007/s10681-012-0792-z. 

Chellappan, P., Vanitharani, R., & Fauquet, C. M. (2004). Short Interfering RNA 
Accumulation Correlates with Host Recovery in DNA Virus-Infected Hosts , and Gene 
Silencing Targets Specific Viral Sequences. JOURNAL OF VIROLOGY, 78(14), 7465–
7477. doi:10.1128/JVI.78.14.7465. 

Chuang, S., Chen, L., Lambertson, D., Kinzy, T. G., Madura, K., & Anand, M. (2005). 
Proteasome-Mediated Degradation of Cotranslationally Damaged Proteins Involves 
Translation Elongation Factor 1A. MOLECULAR AND CELLULAR BIOLOGY, 25-1, 
403–413. doi:10.1128/MCB.25.1.403. 

Czosnek, H., Eybishtz, A., Sade, D., Gorovits, R., Sobol, I., Bejarano, E., & Lozano-Durán, 
R. (2013). Discovering host genes involved in the infection by the Tomato Yellow Leaf 
Curl Virus complex and in the establishment of resistance to the virus using Tobacco 
Rattle Virus-based post transcriptional gene silencing. Viruses, 5(3), 998–1022. 
doi:10.3390/v5030998. 

Czosnek, H., & Ghanim, M. (2012). Back to Basics: Are Begomoviruses Whitefly 
Pathogens? Journal of Integrative Agriculture, 11(2), 225–234. doi:10.1016/ S2095-
3119(12)60007-0. 

Dalmay, T., Hamilton, a, Rudd, S., Angell, S., & Baulcombe, D. C. (2000). An RNA-
dependent RNA polymerase gene in Arabidopsis is required for post-transcriptional 
gene silencing mediated by a transgene but not by a virus. Cell, 101(5), 543–53. 

Eybishtz, A., Peretz, Y., & Sade, D. (2010). Tomato yellow leaf curl virus infection of a 
resistant tomato line with a silenced sucrose transporter gene LeHT1 results in inhibition 
of growth, enhanced virus spread, and necrosis. Planta, (231), 537–548. doi:10.1007/ 
s00425-009-1072-6. 

Eybishtz, A., Peretz, Y., Sade, D., Akad, F., & Czosnek, H. (2009). Silencing of a single gene 
in tomato plants resistant to Tomato yellow leaf curl virus renders them susceptible to 
the virus. Plant Molecular Biology, 71(1-2), 157–71. doi:10.1007/s11103-009-9515-9. 

Gafni, Y., & Epel, B. L. (2002). The role of host and viral proteins in intra- and inter-cellular 
trafficking of geminiviruses. Physiological and Molecular Plant Pathology, 60(5), 231–
241. doi:10.1006/pmpp.2002.0402. 

García-Andrés, S, Tomás, D. M., Navas-Castillo, J., & Moriones, E. (2009). Resistance-
driven selection of begomoviruses associated with the tomato yellow leaf curl disease. 
Virus Research, 146(1-2), 66–72. doi:10.1016/j.virusres. 2009.08.012. 

Garcia-ruiz, H., Takeda, A., Chapman, E. J., Sullivan, C. M., Fahlgren, N., Brempelis, K. J., 
& Carrington, J. C. (2010). Arabidopsis RNA-Dependent RNA Polymerases and Dicer-
Like Proteins in Antiviral Defense and Small Interfering RNA Biogenesis during Turnip 
Mosaic Virus Infection. The Plant Cell, 22 (2), 481–496. doi:10.1105/tpc.109. 073056. 

Ghanim, M., & Czosnek, H. (2000). Tomato Yellow Leaf Curl Geminivirus ( TYLCV-Is ) Is 
Transmitted among Whiteflies ( Bemisia tabaci ) in a Sex-Related Manner. Journal of 
Virology, 74 (10). doi:10.1128/JVI.74.10.4738-4745. 2000.Updated. 



References 

 Page 49

Gilchrist, E., & Haughn, G. (2010). Reverse genetics techniques: engineering loss and gain of 
gene function in plants. BRIEFINGS IN FUNCTIONAL GENOMICS, 9(2), 103–110. 
doi:10.1093/bfgp/elp059. 

Glick, E., Gafni, Y., Dagan, B., & Mina, T. (2009). The Viral Etiology of Tomato Yellow 
Leaf Curl Disease - A Review. Plant Protection Science, 45(3), 81–97. 

Gorovits, R.,  & Czosnek, H. (2007).  Biotic and  abiotic stress responses in breeding tomato 
lines resistant and susceptible to Tomato yellow leaf curl virus. In: Czosnek, H. (ed) 
Tomato yellow leaf curl virus disease: management, molecular biology and   breeding 
for resistance. Springer, Dordrecht, pp 223–237. 

Hanssen, I. M., Lapidot, M., & Thomma, B. P. H. J. (2010). Emerging Viral Diseases of 
Tomato Crops. Molecular Plant-Microbe Interactions, 23(5), 539–548. 

Harrison, B. D., Swanson, M. M., & Fargette, D. (2002). Begomovirus coat protein: serology, 
variation and functions. Physiological and Molecular Plant Pathology, 60(5), 257–271. 
doi:10.1006/pmpp.2002.0404. 

Hohn, T., & Vazquez, F. (2011). RNA silencing pathways of plants: Silencing and its 
suppression by plant DNA viruses. Biochimica et Biophysica Acta- Gene Regulatory 
Mechanisms, 1809 (11-12), 588–600. doi:10.1016/j.bbagrm. 2011. 06.002. 

Hwang, J., Oh, C.-S., & Kang, B.-C. (2013). Translation elongation factor 1B (eEF1B) is an 
essential host factor for Tobacco mosaic virus infection in plants. Virology, 439(2), 105–
14. doi:10.1016/j.virol.2013.02.004. 

Ivanov, K. I., & Ma, K. (2012). Coat proteins, host factors and plant viral replication. Current 
Opinion in Virology, 3(2), 712–718. doi:10.1016/j.coviro.2012.10.001. 

Jiang, F., Song, Y., Han, Q., Zhu, C., & Wen, F. (2011). The choice of target site is crucial in 
artificial miRNA-mediated virus resistance in transgenic Nicotiana tabacum. 
Physiological and Molecular Plant Pathology, 76(1), 2–8. doi:10.1016 /j.pmpp.2011.07. 
002. 

Jing-di, Z. N., Zhuo, Z., Jie, L. V, Xiao-wei, W. I., Rui, C. I., & Hong-wei, X. U. (2012). The 
Feasibility Analysis of PVX and TRV Vectors as the VIGS Tool for Studying the Gene 
Function. Physics Procedia, 33, 46–54. doi:10.1016/j.phpro. 2012. 05.029. 

Kuiken, T., Holmes, E. C., McCauley, J., Rimmelzwaan, G. F., Williams, C. S., & Grenfell, 
B. T. (2006). Host species barriers to influenza virus infections. Science, 312(5772), 
394–7. doi:10.1126/science.1122818. 

Kumar, P., Pandit, S. S., & Baldwin, I. T. (2012). Tobacco Rattle Virus Vector: A Rapid and 
Transient Means of Silencing Manduca sexta Genes by Plant Mediated RNA 
Interference. PloS one, 7(2), 31347. doi:10.1371/ journal. pone.0031347. 

Kushalappa, A. C., & Gunnaiah, R. (2013). Metabolo-proteomics to discover plant biotic 
stress resistance genes. Trends in Plant Science, 18(9), 522–31. doi:10.1016/j.tplants. 
2013.05.002. 



References 

 Page 50

Lapidot, M., Weil, G., Cohen, L., Segev, L., & Gaba, V. (2007). Biolistic inoculation of 
plants with Tomato yellow leaf curl virus DNA. Journal of Virological Methods, 144, 
143–148. doi:10.1016/j.jviromet.2007.04.011. 

Li, Z., Pogany, J., Panavas, T., Xu, K., Esposito, A. M., Kinzy, T. G., & Nagy, P. D. (2009). 
Translation elongation factor 1A is a component of the tombusvirus replicase complex 
and affects the stability of the p33 replication co-factor. Virology, 385(1), 245–60. 
doi:10.1016/j.virol.2008.11.041. 

Lozano-Durán, R., Rosas-Díaz, T., Gusmaroli, G., Luna, A. P., Taconnat, L., Deng, X. W., & 
Bejarano, E. R. (2011). Geminiviruses subvert ubiquitination by altering CSN-mediated 
derubylation of SCF E3 ligase complexes and inhibit jasmonate signaling in Arabidopsis 
thaliana. The Plant cell, 23(3), 1014–32. doi:10.1105/tpc.110.080267. 

Luna, A. P., Bejarano, E. R., & Lozano-dura, R. (2011). Identification of Host Genes 
Involved in Geminivirus Infection Using a Reverse Genetics Approach. PloS one, 6(7). 
doi:10.1371/journal. pone.0022383. 

Martínez-priego, L., Donaire, L., Barajas, D., & Llave, C. (2008). Silencing suppressor 
activity of the Tobacco rattle virus-encoded 16 kDa protein and interference with 
endogenous small RNA-guided regulatory pathways. Virology, 376,346–356. doi:10.10 
16/j.virol.2008.03.024. 

Mccue, A. D., & Slotkin, R. K. (2012). Transposable element small RNAs as regulators of 
gene expression. Trends in Genetics, 28(12), 616–623. doi:10.1016 /j.tig.2012.09.001. 

Mehrotra, S., & Goyal, V. (2013). Evaluation of designer crops for biosafety- A scientist’s 
perspective. Gene, 515(2), 241–248. doi:10.1016/j.gene.2012.12.029. 

Morilla, G., Castillo, A. G., Preiss, W., Bejarano, E. R., & Jeske, H. (2006). A Versatile 
Transreplication-Based System To Identify Cellular Proteins Involved in Geminivirus 
Replication. Journal of Virology, 80(7), 3624–3633. doi:10.1128 /JVI.80.7.3624. 

Preuss, S. B., Costa-nunes, P., Tucker, S., Pontes, O., Lawrence, R. J., Mosher, R., & Pikaard, 
C. S. (2008). Multimegabase Silencing in Nucleolar Dominance Involves siRNA-
Directed DNA Methylation and Specific Methylcytosine-Binding Proteins. Molecular 
Cell, 32, 673–684. doi:10.1016/ j.molcel. 2008.11.009. 

Purkayastha, A., & Dasgupta, I. (2009). Virus-induced gene silencing: A versatile tool for 
discovery of gene functions in plants. Plant  Physiology and Biochemistry, 47(11-12), 
967–976. doi:10.1016/j.plaphy.2009.09.001. 

Raja, P., Wolf, J. N., & Bisaro, D. M. (2010). RNA silencing directed against geminiviruses: 
Post-transcriptional and epigenetic components. Biochimica et Biophysica Acta- Gene 
Regulatory Mechanisms, 1799(3-4), 337–351. doi: 10.1016/j.bbagrm.2010.01.004. 

Ratcliff, F., Baulcombe, D. C., Lane, C., & Nr, N. (2001). Tobacco rattle virus as a vector for 
analysis of gene function by silencing. The Plant Journal,  25(2), 237–245. 

Romero, I., Tikunov, Y., & Bovy, A. (2011). Virus-induced gene silencing in detached 
tomatoes and biochemical effects of phytoene desaturase gene silencing. Journal of 
Plant Physiology, 168(10), 1129–1135. doi:10.1016 /j.jplph.2010.12.020. 



References 

 Page 51

Russo, P., & Slack, S. A. (1998). Tissue Culture Methods for the Screening and Analysis of 
Putative Virus-Resistant Transgenic Potato Plants. Phytopathology, 88(5), 437–441. 

Sade, D., Eybishtz, A., & Gorovits, R. (2012). A developmentally regulated lipocalin-like 
gene is overexpressed in Tomato yellow leaf curl virus-resistant tomato plants upon 
virus inoculation, and its silencing abolishes resistance. Plant Molecular Biology, 10 
(11103-012), 9946–60. doi:10.1007/s11103-012-9946-6. 

Sasikumar, A. N., Perez, W.B., & Kinzy, T. G. (2012). The Many Roles of the Eukaryotic 
Elongation Factor 1 Complex. Wiley Interdisciplinary Reviews:RNA, 3(4),543–555.doi: 
10.1002/wrna.1118. 

Senthil-kumar, M., & Mysore, K. S. (2011). New dimensions for VIGS in plant functional 
genomics. Trends in Plant Science, 16(12), 656–665. doi:10.1016 /j.tplants.2011.08.006. 

Shepherd, D. N., Martin, D. P., & Thomson, J. (2009). Transgenic strategies for developing 
crops resistant to geminiviruses. Plant Science,176(1),1–11. doi:10.1016/j.plantsci.2008. 
08.011. 

Shimura, H., & Pantaleo, V. (2011). Viral induction and suppression of RNA silencing in 
plants. Biochimica et Biophysica Acta- Gene Regulatory Mechanisms, 1809(11-12), 601 
-612. doi:10.1016/j.bbagrm.2011.04.005. 

Tan, S. L., Ganji, G., Paeper, B., Proll, S., & Katze, M. G. (2007). Systems biology and the 
host response to viral infection. Nature Biotechnology, 25(12), 1383–9. doi:10.1038/ 
nbt1207-1383. 

Thivierge, K., Cotton, S., Dufresne, P. J., Mathieu, I., Beauchemin, C., Ide, C., & Laliberté, J. 
(2008). Eukaryotic elongation factor 1A interacts with Turnip mosaic virus RNA-
dependent RNA polymerase and VPg-Pro in virus-induced vesicles. Virology, 377, 216-
225. doi:10.1016/j.virol.2008.04.015. 

Tzfira, T., & Citovsky, V. (2006). Agrobacterium-mediated genetic transformation of plants: 
biology and biotechnology. Current Opinion in Biotechnology, 17, 147–154. doi:10. 
1016/j.copbio.2006.01.009. 

Ursin, V. M., Irvine, J. M., Hiatt, W. R., & Shewmaker, C. K. (1991). Developmental 
Analysis of Elongation Factor-1-alpha Expression in Transgenic Tobacco. The Plant 
Cell, 3(June), 583–591. 

Vanitharani, R., Chellappan, P., & Fauquet, C. M. (2005). Geminiviruses and RNA silencing. 
Trends in Plant Science, 10(3), 144–151.doi:10.1016/j.t. plants. 2005.01.005. 

Vaucheret, H., & Fagard, M. (2001). Transcriptional gene silencing in plants: targets, 
inducers and regulators. Trends in Genetics, 17(1), 29–35. 

Vidavski, F., Czosnek. H., (1998). Tomato breeding lines immune and tolerant to Tomato 
yellow leaf curl virus (TYLCV) issued from Lycopersicon hirsutum. Phytopathology, 
88:910–914. 

Vidavski, F., Czosnek, H., Gazit, S., Levy, D., Lapidot, M., (2008). Pyramiding of genes 
conferring resistance to Tomato yellow leaf curl virus from different wild tomato 
species. Plant Breeding, 127:625–63. 



References 

 Page 52

Voinnet, O. (2009). Review Origin, Biogenesis, and Activity of Plant MicroRNAs. Cell, 
136(4), 669–687. doi:10.1016/j.cell.2009.01.046. 

Wang, M.-B., Masuta, C., Smith, N. a, & Shimura, H. (2012). RNA silencing and plant viral 
diseases. Molecular Plant-Microbe Interactions, 25(10), 1275–85. doi:10.1094/MPMI-
04-12-0093-CR. 

Wu, G. (2013). Plant microRNAs and development. Journal of Genetics and Genomics, 
40(5), 217–30. doi:10.1016/j.jgg.2013.04.002. 

Wu, Q., Wang, X., & Ding, S. (2010). Viral Suppressors of RNA-Based Viral Immunity: 
Host Targets. Cell Host and Microbe, 8(1), 12–15. doi:10.1016/ j.chom.2010.06.009. 

Yaakov, N., Levy, Y., Belausov, E., Gaba, V., Lapidot, M., & Gafni, Y. (2011). Effect of a 
single amino acid substitution in the NLS domain of Tomato yellow leaf curl virus-
Israel (TYLCV-IL) capsid protein (CP) on its activity and on the virus life cycle. Virus 
Research, 158(1-2), 8–11.doi:10.1016/j.virusres. 2011.02.016. 

Yamaji, Y., Kobayashi, T., Hamada, K., Sakurai, K., Yoshii, A., Suzuki, M., & Hibi, T. 
(2006). In vivo interaction between Tobacco mosaic virus RNA-dependent RNA 
polymerase and host translation elongation factor 1A. Virology, 347(1), 100–8. doi:10. 
1016/j.virol.2005.11.031. 

Yang, Y., Sherwood, T. a, Patte, C. P., Hiebert, E., & Polston, J. E. (2004). Use of Tomato 
yellow leaf curl virus (TYLCV) Rep Gene Sequences to Engineer TYLCV Resistance in 
Tomato. Phytopathology, 94(5), 490–6. doi:10.1094/ PHYTO.2004.94.5.490. 

Zhang, J., Dong, J., Xu, Y., & Wu, J. (2012). V2 protein encoded by Tomato yellow leaf curl 
China virus is an RNA silencing suppressor. Virus Research, 163, 51–58. doi:10.1016/ 
j.virusres.2011.08.009. 

 
 

 


	 Dr. Ghassan Handal, Bethlehem University                                          Date 
	1.3 Gene Silencing in Plants     
	1.3.1 Post Transcriptional Gene Silencing (PTGS)
	1.3.1.2 Suppressing the Induced RNA Silencing



