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ABSTRACT 

Engineered resistance mediated by RNA interference (RNAi) to control viral 

diseases in plants has shown great promise. However, the discovery that most known 

plant viruses encode RNAi suppressor proteins which interfere with RNAi pathway 

raised the issue to whether this type of engineered resistance can be durable in the 

presence of heterologous viruses in mixed infection.  The overall goal of this study was to 

investigate the mechanism of suppression of RNAi-mediated resistance in transgenic 

plants in the presence of a virus carrying a strong suppressor of RNAi. Nicotiana 

benthamiana plants were transformed with a 1.2 kb fragment from the 5’ end of Red 

clover necrotic mosaic virus (RCNMV) RNA-1. Transgenic resistant lines were obtained. 

Resistance in two different transgenic lines was subsequently shown to be mediated by 

two different types of RNAi: constitutive RNAi in D2 line induced by doubles-stranded 

(ds) transgene transcripts and virus-induced RNAi in B1 line. We demonstrated that PVY 

differentially affected RNAi-mediated resistance in these two lines. D2 line is completely 

immune to RCNMV infection. D2 line contained multiple copies of the 1.2 kb transgene 

which are rearranged and produced dsRNAs.  PVY did not break the resistance in this 

transgenic line however data showed that PVY interfered with RNAi which correlated to 

an increase of the 1.2 kb transgene mRNA. In addition, PVY infection induced 

accumulation of 21 nt small interfering RNA and did not alter the transcription of the 

transgene. In contrast, PVY infection suppressed resistance mediated by virus-induced 

RNAi in B1 line. B1 contains a single copy of the1.2 kb transgene and is initially 

susceptible to RCNMV infection however became resistant to RCNMV in newly 
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merging leaves after 14 days post inoculation.  PVY infection did not affect the 

accumulation of the 1.2 kb transgene mRNA nor the accumulation of 21 nt siRNA 

corresponding to the transgene. The differential effect of PVY infection on the two 

RNAi-mediated resistances in these transgenic lines suggests that properly designed 

resistant plants might withstand mixed virus infections and the presence of a strong 

suppressor of RNAi. In addition, the differential effect of PVY on RNAi mechanism 

suggests that parallel but distinct pathways are involved in dsRNA-induced RNAi, virus-

induced RNAi, and sense RNAi.  
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GENERAL INTRODUCTION 

Currently, the world population stands at approximately 6.6 billion and it is 

projected to reach 9 billion by 2050 (UNPF, 2006). Food security remains one of most 

challenging problems facing the world today. The increasing number of mouths to feed is 

inversely proportional to the amount of available fertile lands for cropping due to 

numerous environmental factors, including drought, desertification, soil erosion and 

urban development. Several other factors are also major challenges to food production. 

Indeed, diverse biotic and abiotic factors are known to drastically impact crop 

productivity worldwide. A classic example is Phytophtora infestans decimation of the 

potato crop in Ireland in 1850, which killed over a million people and forced another 

million to immigrate to the United States of America (Reviewed in 98). Tremendous 

progress has since been made to understand the interactions between plants and plant 

pathogens, resulting in better management and control strategies to reduce the impacts of 

these pests on crop production.  

 

Plant diseases are caused by various organisms ranging from insects, nematodes, 

fungi, bacteria and viruses. These pathogens continue to drastically impact crop 

productivities despite these efforts. Productivity losses due to plant diseases are estimated 

in the billions of dollars worldwide every year (Agrios, 2005). Therefore it is imperative 

to develop and implement new technologies to reduce the impacts of biotic as well as 
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abiotic factors on crop productivity in order that decreasing available farm land can 

continue to feed an increasing world population.  

 

This current study focuses on the complex molecular interactions between viruses 

and plants. Plant diseases are often the result of compatible interactions between the host 

and the pathogen. This relationship is truly exemplified by the intimate co-existence 

between a virus and its host. A virus, as an obligate parasite cannot survive outside of its 

host. Therefore, it must have the ability to evade the plant defense system. This close 

relationship is often difficult to disrupt once established (149). Good cultural practices 

and the use of resistant crops are the usual methods of choice to control plant diseases 

caused by viruses, but they are often hard to implement (98). To develop better strategies, 

plant virologists have strived through many years of research to determine the essential 

determinants for viral pathogenicity and the host factors involved in virus-plant 

interactions. The advances in molecular technologies have brought about huge progress 

in understanding the intimate interactions between a virus and its host. More is known 

about defense responses that govern plant resistance against viruses, as I will describe in 

introduction section. Nonetheless, the process of breeding plants to select for the most 

resistant varieties takes a long time (reviewed in 112, 149). Therefore, new ways are 

being devised as alternatives to control plant diseases caused by viruses, such as 

pathogen-derived resistance (PDR). Indeed, resistance against viruses can be engineered 

in plants by introducing viral sequences. Resistance can be mediated on one hand by 

transgenic expression of viral proteins, a phenomenon generally known as protein 
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mediated resistance. Strong resistance can also be achieved through RNA-mediated gene 

silencing. The latter resistance is based on RNA silencing pathways which specifically 

degrade introduced viral sequences as well as the intruding viral genomes. This type of 

resistance is favored as it poses fewer safety issues than protein-mediated resistance.  

Nevertheless, despite all the success in generating viral resistance using RNA-mediated 

silencing, more questions still arise: 

 (i). What are the effects of mixed viral infections on the RNA silencing mediated 

resistance, especially since most viruses described so far have been found to encode 

suppressors of RNA silencing? 

(ii) What are the mechanisms of resistance suppression or non-suppression? 

 

In the present study, we generated Nicotiana benthamiana transgenic lines that 

were specifically resistant to Red clover necrotic mosaic virus (RCNMV), a positive 

single stranded [(+) ssRNA] virus, and a type member of the Dianthovirus genus 

belonging to the Tombusviridae family. Phenotypic characteristics and molecular data 

support that resistance is mediated by RNAi mechanism, a sequence-specific process 

targeting homologous RNA sequences which I describe thoroughly in introduction, part 

II. These transgenic lines were used to investigate the effects of mixed virus infections on 

induced resistance. I used Potato virus Y (PVY), a type member of Potyvirus belonging 

to the Potyviridae family, which encodes a strong suppressor of RNA silencing for these 

studies. The results obtained in these studies are presented in Appendix A and Appendix 

B of this dissertation.  
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Appendix A focuses on resistance mediated by double stranded RNA-induced 

RNA interference (RNAi) targeting RCNMV, which was not overcome by the virus in 

mixed infection with PVY.  Nonetheless the RNAi induced silencing of the transgene 

was reversed by PVY. 

 

Appendix B describes that the virus-induced RNAi mediated resistance can be 

overcome by RCNMV in the presence of PVY suggesting that resistance can be 

differentially affected in different transgenic resistant lines exhibiting different RNAi 

mediated resistance. Significance and implications of these findings are summarized in 

Appendix C. 
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INTRODUCTION 

This introduction reviews the current understanding of the complexity of virus-

plant interactions and its implications to the current study. It is comprised of two parts. 

The first part will underline the different resistance mechanisms in plants known to be 

used against viral pathogens.  First, a general overview of the life cycle of plant viruses is 

presented. This is relevant in order to understand how viruses affect plant health in 

general. Second, the mechanisms of resistance in plants against viruses are described 

from resistance genes to recessive resistance, with an emphasis on the RNA silencing as 

an innate viral defense response. I also introduce the different strategies that viruses 

possess to evade the plant defense system. Finally the different strategies to 

control/manage the impacts of viruses on plants are highlighted. The second part is 

dedicated to the molecular details and each component of RNA silencing pathways and 

their diversity in plants.  

 

PART I: OVERVIEW ON PLANT-VIRUS INTERACTIONS 

Viruses are small, obligate parasites consisting of genomic material packed into 

particles that are entirely dependent on their host to sustain their life cycle (98). 

Successful establishment of viral infection alters plant metabolism significantly since 

viruses divert valuable resources such as amino acids, nucleic acids and proteins required 

for basic metabolism in plants to viral replication. The range of disease symptoms caused 

by viruses on plants varies from mosaic, chlorosis, necrotic lesions on leaf tissues which 
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affect normal photosynthesis to severe stunting, and plant death (98). Plant diseases 

caused by viral infections are agriculturally important and cost billion of dollars 

worldwide (reviewed in 112, 206). To date, more than a thousand species of viruses are 

known to infect plants (98). Moreover, the majority of plant viruses can infect different 

species of plants belonging to diverse families. To understand how such tiny parasites can 

wreck havoc in its hosts, it is important to understand how its lifecycle is maintained and 

perpetuated.  

 

I. VIRUS LIFE CYCLE 

In a simplistic view, the goal of a virus is to penetrate the plant cells, divert the 

host proteins synthesis machinery for the expression of its own proteins, make copies of 

itself, get packaged and move to the next adjacent cells and if possible throughout the 

plant.   

1. ENTRY, DISASSEMBLY  

To penetrate into plant cells, viruses must overcome the barrier imposed by the 

thick plant cell wall. Viruses can pierce through the barrier with the help of secondary 

agents/vectors such as insects, nematodes or fungi that can carry viral inoculi from plant 

to plant (98). Viruses can also enter into plant cells through surface wounds created by 

mechanical forces such as plants rubbing against each other or artificial inoculations onto 

host plants using buffers containing abrasive compounds (reviewed in 98, 200). Upon 

entry into a host cell, plant viruses undergo disassembly during which coat proteins are 
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removed to expose the viral genome for gene expression (98). The mechanisms of virus 

disassembly still remain largely unresolved for most plant viruses, but progress has been 

made in understanding the disassembly of (+) ssRNA viruses using Tobacco mosaic virus 

as a model system (reviewed in 98, 200). Proper disassembly is crucial during the virus 

life cycle as it allows exposure of the virus genome to the host machinery for translation 

and/or transcription.  

 

2. GENE EXPRESSION 

Viruses are simple infectious agents with genomes of single stranded DNA 

(ssDNA), double stranded DNA (dsDNA), single stranded RNA (ssRNA) and double 

stranded RNA (dsRNA). The majority of viruses infecting plants are composed of single 

stranded positive RNA (+) ssRNA genomes (98). Upon disassembly, genomes of (+) 

ssRNA are immediately used as templates to initiate gene expression whereas other 

viruses need to undergo transcription of their genome at first.  Viral genomes encode 

genes required for replication, movement, packaging, and others required for specific 

functions such as vector transmission.  Genes required for early events in the virus life 

cycle are translated first such as RNA dependent RNA polymerase (RdRP) necessary for 

genome replication in (+) ssRNA viruses or some other types of replicases for other 

viruses (98).  The large diversity of virus genomes and their relatively small size have 

contributed vastly to the evolution of complex and versatile strategies for regulating gene 

expression in these infectious particles. Due to the limited size of their genomes, many 

viruses maximize their coding regions by overlapping genes, using polyprotein 
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expression, having multiple genomes, and the expression of sub-genomic RNAs.  In 

addition, to comply with the host gene expression requirements and to compete with 

endogenous mRNAs, plant viruses have adopted diverse strategies to promote efficient 

expression depending on whether their transcripts are capped, uncapped, poly-adenylated, 

lack of poly(A) tail, presence of internal ribosomal site entry (IRES) (reviewed in 59, 

119).  Expression of viral genes relies on cis-acting elements encoded by the viral 

genome and their interactions with host translational machineries (reviewed in 59, 98, 

119, 217, and 248).  

 

3. GENOME REPLICATION  

The ultimate goal of any organism is to generate progeny to maintain the species. 

Viruses do this by making thousands to millions of copies of their genome per infected 

cell. Replication is therefore a critical step in sustaining virus survival. Replication of 

viral genomes is carried out by non-structural proteins encoded by the viral genomes in 

association with host proteins which are assembled to produce active replicase complexes 

(reviewed in 1, 98, 158, and 164). In (+) ssRNA viruses, genome replication usually 

occurs at localized foci composed of host derived membranous components and virus 

encoded proteins. Virus encoded replicases are unique proteins that are functionally 

distinct from the replication machinery of their plant hosts; therefore compromising the 

effectiveness of these viral proteins to accomplish their task represents one potent 

strategy to prevent viral infection of their hosts (reviewed in 162, 166).  
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More of our knowledge of the regulatory mechanisms of gene expression and 

replication in plant viruses has been obtained by studying viruses separately.  

Understanding the delicate balance between the two processes has been lagging in plant 

viruses as viruses switch from gene expression to replication. The mechanisms that 

regulate the switch between translation and RNA replication have been largely explored 

in animal viruses nonetheless progress is being made to understand this process in plant 

RNA viruses (reviewed in 1, 164).  

 

4. ASSEMBLY 

Following genome multiplication is assembly of the viral particle. This is a 

complex, dynamic process that involves the interactions of coat proteins with the viral 

genomes and the building of the protective outer shell through CP interactions. Proper 

virus assembly is a critical step during the virus life cycle. Not only is it required for 

sustaining viral survival outside its host, but it is also essential for cell-to-cell and 

systemic movement of the virus. It is also important for virus-plant as well as 

virus/vectors recognition and interaction. For recent reviews on the mechanisms of virus 

assembly and the methods used to dissect the process as well as factors required, please 

refer to Hull (2002) (98) and Rao A.L et al (2006) (188). 
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5. VIRUS CELL-TO-CELL AND SYSTEMIC MOVEMENTS 

The last step in viral life cycle is the movement to the adjacent cells and 

subsequently systemically throughout the plant. Viruses move cell-to-cell as 

nucleoprotein complexes via the plant plasmodesmata. Viruses encode one or more 

movement proteins (MPs) to shuttle their genomic components through these intercellular 

channels (reviewed in 19, 98, and 212). Evidently, viruses evolved to benefit from 

normal biological processes in plants. Therefore, to move cell-to-cell, viruses not only 

require viral encoded proteins but also borrow the plant machinery for transporting 

nucleic acids and/or proteins inter-cellularly (161). Virus systemic movement follows the 

source-sink pathway of plant metabolites through the phloem (64, 236). This process 

necessitates a viral long distance transport protein (most often CP) and other identified 

and unknown plant factors. Mutants impaired in virus movement have been identified in 

plants (reviewed in 248) but the mechanisms of virus movement still remain largely 

unknown. Recently, mechanisms of virus movement in plants have been linked to 

movement of RNA silencing signals in plants (reviewed in 56). Further studies of these 

intriguing processes will unquestionably advance the understanding of virus biology as 

well as plant biology and will bring new ways to fight against viruses.  
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II. PLANT RESISTANCE TO VIRUSES 

While viruses have evolved to efficiently take advantage of their host machineries 

for gene expression, replication and movements, a vast majority of plant species is 

immune to virus infections. Plants possess a vast array of strategies to defend themselves 

against viruses. The following section covers different plant defense mechanisms against 

viruses. 

Understanding the diversity of plant defense responses against viruses is crucial to 

developing better strategies to control/manage viral diseases. For many years now, plant 

pathologists have undertaken tremendous efforts to dissect plant defenses against 

pathogens. The majority of plant species have “non-host resistance”, active against most 

pathogens including viruses (reviewed in 149, 206, and 249). Although non-host 

resistance appears to be durable and potentially can affect a broad range of pathogens, it 

is not well understood and thus it is difficult to exploit and implement as a strategy to 

enhance virus resistance. Nevertheless, dominant and recessive resistances against 

viruses have been identified in a wide range of plant species. Advances in molecular 

technologies have helped to understand the mechanisms of these resistances in the last 

couple of decades; more importantly, the availability of sequenced plant genomes will 

further assist in identifying these resistance genes over the next few years.  

 

In the following sections, I will provide a brief overview of resistance genes (R 

genes) and recessive resistance in plants, which are defense mechanisms with very 
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specific responses, targeting only members of particular genera or even targeting select 

species.  I then focus on antiviral RNA-mediated silencing defense pathway, both at the 

transcriptional and post-transcriptional level.  

 

1. RESISTANCE GENES (R genes) 

Dominant host resistance against viruses usually is directed by a single dominant 

resistance gene termed R gene, similarly to plant responses to other pathogens such as 

fungi, bacteria and nematodes (reviewed in 98, 112, 149, and 249). This mechanism is 

referred to as “the gene-for-gene” hypothesis first proposed by Flor (1940). The dominant 

R gene recognizes a dominant gene from the pathogen usually known as avirulent gene 

(AVR). The interaction between the two molecules often lead to a localized cell death of 

the plant host tissue known as hypersensitive-response (HR) that can spread systemically 

mediated by a signaling molecule resulting in systemic protection against the pathogen 

(reviewed in 33, 50, 211). In the absence of the R gene in the plant host or the 

corresponding AVR gene in the pathogen, disease often occurs.  

 

 To date, there are at least 12 identified R genes from different species of plants 

targeted against viruses (reviewed in 149). The majority of which can be classified into 

the NBS-LRR class of R genes in plants (112, 206). Molecular mechanisms of R gene 

dependent responses against viruses have been thoroughly explored using TMV as a 

model system. In fact, the N gene from a resistant variety of tobacco was the first 

described R gene in plants and this gene has been successfully introduced in various 
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tobacco cultivars to limit TMV infections (126) as well in tomato (67). More and more R 

genes will be identified in the future with the availability of sequenced plant genomes. 

This will definitely advance the use of R genes to fight against viruses (149). 

 

2. RECESSIVE RESISTANCE  

Viruses with relatively small genomes largely rely on host proteins to perform 

fundamental tasks in their life cycles. For instance, mutants of some translational proteins 

in plants have been reported to confer resistance to species of viruses belonging mostly to 

Potyvirus genera (reviewed in 192). Nonetheless, other species of viruses have been 

identified to be affected by similar mechanisms (reviewed in 149). Examples of these 

host proteins are the eukaryotic translational factors eIF4E or eIF4Eiso. In Potyviruses, 

the resistance appeared to be dependent on the interactions between eIF4E/eIF4Eiso with 

the virus encoded protein VPg which is required for translation of the genome. Direct 

interactions between the two molecules have been reported (reviewed in 192). Although 

much progress has been achieved in understanding plant resistance against viral infection, 

much work still needs to be undertaken to reveal its dynamic and complex interactions.  

 

3. RNA SILENCING: INNATE IMMUNITY AGAINST VIRUSES IN 

PLANTS  

The previously described defense mechanisms are very specific targeting only 

members of particular genera or even are species-specific. However, RNA silencing, 

widely recognized in the recent past years as an innate defense response, can potentially 
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target all plant viruses. Evidence has also emerged recently supporting the possibility that 

RNA silencing functions as an antiviral defense system in animals as well (reviewed in 

197). RNA interference (RNAi) generally refers to several RNA based processes that 

regulate gene expression, which results in either specific degradation of the target viral 

RNA and/or repression of its translation. More importantly, the silencing signal spreads 

cell-to-cell and subsequently throughout the entire plant. RNAi can be triggered by 

different RNA precursors of sense, antisense polarities, RNA molecules that can form 

double stranded-structures, or replicating viral RNAs. The mechanisms and components 

involved in RNA silencing will be covered in detail in part II of this chapter. The 

following paragraphs focus primarily on antiviral silencing defense pathways and the 

factors required. 

 

3.1. Mechanisms of antiviral silencing  

RNA silencing is generally initiated by cleavage of double stranded RNA 

(dsRNA) by an RNase-III type enzyme, known as dicer, resulting in accumulation of 21 

nt to 24 nt small interfering RNA (siRNAs). One strand called “guide siRNA” from the 

siRNA duplexes is recruited by Argonaute-type proteins (AGO), inducing the formation 

of active complexes called RNA silencing induced complexes (RISC) which target viral 

genomes for degradation (reviewed in 29). A majority of viruses that infect plants carry 

an RNA genome. At various stages of their life cycle, dsRNA replicative and 

transcriptional intermediates formed can trigger RNA silencing pathway. Viral siRNAs 

of 21 to 25 nts are produced during natural infection of plants by different viruses (87). 
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Deep sequencing of the viral siRNAs population revealed an equal ratio of sense (+) and 

antisense (-) siRNAs, further supporting that the virus dsRNA intermediates are 

substrates for RNA silencing factors (94, 95). Nevertheless infection by some 

tombusviruses and carmoviruses produced a biased amount of (+) siRNA compared to 

the (-) siRNA population indicating that the RNA silencing processing machinery can 

also recognize extensive secondary structures of viral genomes as substrates (reviewed in 

(55). Figure 1.1 illustrates the antiviral silencing pathway in Arabidopsis.  
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Figure 1.1: Antiviral RNA silencing pathway and virus-encoded suppressors 

(modified from 55). Dicer-like proteins (DCLs) are depicted in association with known 

and unknown double stranded RNA binding proteins (DRBs) such as DCL1 with HYL1. 

HEN1 (HUA enhancer 1): methyltransferase. AGOs: Argonaute proteins. NRPD1a: 

subunit of Polymerase IV. CLSY: SNF-2 like protein. RDR2: RNA-dependent RNA 

polymerase. These proteins were recently identified to be involved in RNA silencing 

signal movements. Virus-encoded suppressors of RNA silencing (VSRs) are depicted in 

blue letters. Turnip crinckle virus (TCV) p38. Potyvirus helper component protease 

(HCPro). Cucumber mosaic virus (CMV) 2b. Tomato bushy stunt virus (TBSV) p19. 

Geminivirus AL2.   
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Recent studies using various dcl mutants in Arabidopsis demonstrated that 

different dicers can function in a hierarchical fashion to cleave RNA viruses (51, 75). 

DCL4 appeared to be the primary dicer that recognizes viral dsRNA substrates producing 

the bulk of viral siRNA duplexes in 21 nts length. In the absence of DCL4, DCL2 

produces 22 nts siRNA duplexes that can silence homologous viral RNA sequences. 

DCL3 also makes 24 nt viral siRNAs but these were found to not prevent virus infection 

as viral mRNA still accumulated (51, 74). DCL1 did not appear to process RNA viruses 

as triple mutants of dcl2, dcl3 and dcl4 produced a very low level of viral siRNAs (51). 

On the contrary, silencing of DNA viruses mostly requires DCL3 and DCL4 activity but 

also DCL2 and DCL1 also appeared to be players (18). Furthermore, Akbegenov R. et al 

(2006) (2) reported accumulation of all three classes of siRNAs (21-, 22-, 24-nt) in 

different plants species infected with geminiviruses. Similar pattern of siRNA 

accumulation profile is also observed in Arabidopsis infected with Cauliflower mosaic 

virus (CaMV), a dsDNA virus, further supporting the involvement of various dicers in 

averting plant infection by RNA as well DNA viruses.  

 

Sub-cellular localization of dicers is proposed to be the reason for their redundant 

activity on viral substrates. Nonetheless it is unclear and remains to be determined where 

and how these enzymes process viral triggers of RNA silencing as most of these dicers 

were found to be localized into the nucleus (reviewed in 234). Viral siRNAs were also 

found to be methylated by HEN1 as well (reviewed in 55). DCLs are associated with 
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dsRNA binding proteins (DRBs) to recognize and cleave their targets efficiently. DRBs 

involved in processing virus substrates remain to be determined.  

 

The existence of RISC-dependent degradation of homologous viral RNAs has 

been largely debated until recently as it was suspected that dicing of replicating viral 

genomes would be sufficient to alleviate the virus load in plant infected tissues. However, 

Panteleo et al, (2007) (174) clearly demonstrated using Cymbidium ringspot virus, a (+)-

ssRNA virus that viral siRNAs are loaded into a RISC complex, capable of cleaving viral 

mRNA. So far, AGO1 has been shown to be the best candidate to recruit viral siRNAs 

and direct cleavage of viral RNAs in plants. Indeed, data from separate 

immunoprecipitation experiments showed association of viral siRNAs with AGO1 (174, 

268). Furthermore, some viral suppressors of RNA silencing such as the Cucumber 

mosaic virus 2b (CMV2b) and Polerovirus PO proteins were reported to interact with 

AGO1 and this interaction drastically reduced AGO1 slicing activity and appears to 

target AGO1 for degradation respectively (23, 268), thus further supporting roles of 

AGO1 in RNA silencing induced viral defense. Nonetheless, its function in plant defense 

against other viruses needs to be determined. It is also likely that other non-AGO1 RISC 

complexes exist to mount an efficient defense against various viral species. Surprisingly, 

RNA-dependent RNA polymerases (RdRPs) are also required to activate RNAi-mediated 

antiviral defense. RDR6 mutants in Arabidopsis became hypersusceptible to several 

unrelated (+) ssRNA viruses. Another RdRP, RDR1 is also implicated in antiviral 

defense against CMV as the majority of CMV siRNA produced depended on RDR1 (53). 
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RDR1 functions in RNA silencing pathway has not previously established but this report 

demonstrated a clear role for RDR1, possibly by copying AGO1 cleaved RNA molecules 

or assisting recognition of CMV viral RNAs as substrate. 

Cell-to-cell and systemic movement of RNA silencing can potentially compete 

and interfere with virus movement. Indeed, mutants of factors involved in silencing 

movements during RNA silencing became more or less susceptible to diverse species of 

viruses. This is discussed in detail below. Nonetheless, direct correlation between RNA 

silencing movement and virus movement remains to be established (reviewed in 55).  

 

3.2. Local and systemic movement of RNA silencing 

An important feature of transgene induced RNA silencing pathways is its ability 

to spread from a few initially induced cells to non-activated neighboring cells and 

eventually throughout the entire organism. Indeed, the first observations of non-cell 

autonomous RNA silencing came from studies of nitrate reductase (NIA) co-suppression 

in tobacco plants (168-170) which demonstrated that silencing can move from a few cells 

to neighboring cells in leaves. These observations were corroborated using different 

transgenic systems (reviewed in 237). Subsequent studies showed that other organisms 

undergo non-cell autonomous RNA silencing as well. This was particularly examined in 

detail in C. elegans and in plants as well (reviewed in 237). Although the process in C. 

elegans and in plants appears to entail similar factors, evidence supports that the pathway 

has considerably diverged in both systems.  
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3.2.1. Cell-to-cell movement 

In plants, cell-to-cell and long distance movement of RNA silencing are 

genetically separate. Cell-to-cell movement has been extensively examined using 

Arabidopsis as a model system, whereas long distance movement has been unraveled 

through grafting techniques using tobacco plants as a model system until recently 

(reviewed in 65, 110, 237). These studies indicate that silencing can move short distances 

regardless of the system. Initially, suppression of homologous sequences through RNA 

silencing spread persistently to 10-15 adjacent cells from the initial point of induction. 

This short distance movement of RNA silencing in plants occurs spontaneously, 

independent of signal amplification by RDR6 because cell-to-cell movement is observed 

in rdr6 mutants when using IR- transgene constructs (92). Thus, RDR6 is not required for 

short range movement of RNA silencing. Additionally, short range movement did not 

require the presence of homologous sequences in the recipient cells (92). Signals for 

RNA silencing are thought to move cell-to-cell via plasmodesmata based on the fact that 

silencing was not observed in guard cells of stomata which cannot receive such signaling 

due to blockage of plasmodesmatal channels (92, 111, and 239). Recent studies 

demonstrated that cell-to-cell movement of RNA silencing requires the 21 nt siRNA, 

elimination of this class of siRNA prevented cell-to-cell movement (62). Since the 21 nt 

siRNAs are generated by DCL4, its role in the spread of silencing is apparent. Further 

analysis revealed that the short range of RNA silencing movement also required RDR2 

and NRPD1a, a large subunit of Pol IV. Both proteins were primarily implicated in the 

production of the 24 nt siRNA in RNA-mediated DNA methylation and heterochromatin 
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modification which is described in section 4 below. Their roles in cell-to-cell movement 

of RNA silencing are distinct and can be uncoupled from production of 21 nt siRNA by 

DCL4. Mutations in both genes did not abolish the accumulation of 21nts siRNAs but 

affected perception of silencing signals in the destination cells (61). At the same time, 

Smith L. et al (2007) (204) identified another gene CLASSY1 (CLSY1) affecting 

movement of silencing signals. CLSY1 contains a SNF-2 domain which is involved in 

DNA methylation and transcription silencing. The authors proposed that CLSY1, in 

association with RDR2 and NRPD1a/NRPD2a, are required upstream of 21 nt siRNAs 

production, possibly at the production of dsRNA substrate for DCL4.  

 

The spread of RNA silencing outside the 10-15 cell range appears to be 

genetically separate from short-range movement. Long range cell-to-cell movement of 

RNA silencing required RDR6 and depends on transitive silencing and therefore on 

accumulation of secondary siRNAs (92, 198). Himber C et al (2003) (92) also identified 

SDE3, a putative RNA helicase as being engaged in extensive local movement of RNA 

silencing albeit to lesser extent in comparison with RDR6. These results suggested that 

short and long range cell-to-cell movement of RNA silencing requires the production of 

RNA signal molecules presumably the 21 nt siRNAs and possibly other unknown factors. 

Although, researchers are making headway in determining the silencing signal, more 

studies are needed to understand how these signals are shuttled through plasmodesmata. 
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3.2.2. Systemic movement 

In plants, grafting experiments have shown that RNA silencing signals can travel 

long distance through the phloem.  The systemic spread of RNA silencing is thought to 

be a separate process from cell-to-cell movement. This is based on the fact that different 

concentrations of cadmium inhibited cell-to-to cell and systemic silencing differentially 

(221, 222). In this study, the same concentration of cadmium that blocked systemic RNA 

silencing also prevented the movement of a Tobamovirus, suggesting that systemic 

silencing and virus systemic movement possibly share similar factors. Jones L. et al 

(2006) (108) reported that systemic movement of silencing entails AGO1 and AGO4 in 

Nicotiana benthamiana.  Despite its importance,  little is known about the signal 

molecules and other factors involved in systemic RNA silencing and contradicting data 

have been reported (reviewed in 110, 237). Brosnan et al (2007) (30) reported that the 

systemic RNA silencing signal molecule did not include 24 nt siRNA using Arabidopsis 

as a model system, contradictory  to a previous report using N. benthamiana to decipher 

the nature of the long distance signaling molecule (86). Using various single and 

combined Arabidopsis mutants of known factors of RNA silencing pathways and grafting 

techniques, Brosnan et al (2007) (30) also identified DCL3-RDR2-NRPD1a-AGO4 as 

essential in perceiving the systemic signal in sink tissues, possibly through subtle down-

regulation of homologous DNA transcription. The authors presented a model where the 

systemic signal is perceived in the nucleus of the sink tissue and activates Pol IV to 

produce 24 nt siRNAs, which in association with an AGO and possibly AGO4 will turn 

on the downstream pathway to deactivate homologous mRNA molecules by cleavage 
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(30). Nonetheless, the nature of this systemic signaling remains to be determined. It is 

noteworthy that RDR2 and NRDP1a were also engaged in cell-to-cell movement 

suggesting the complexity and possible cross-talks between the two processes that have 

not been appreciated before. Systemic silencing is closely linked to the role of RNA 

silencing in limiting the systemic spread of invading viruses and long distance movement 

of viruses seems to be mechanistically related to systemic movement of RNA silencing. It 

is not surprising therefore that some viruses have evolved to encode suppressor proteins 

that can block systemic silencing.  

 

4. RNA-MEDIATED TRANSCRIPTIONAL GENE SILENCING: 

INVOLVEMENT IN ANTIVIRAL DEFENSE 

Many factors are known to influence the patterns of gene expression in all living 

organisms including genetic and epigenetic programming cues. Epigenetics refers in 

general to the study of heritable changes in gene activity without modification of DNA 

sequences (reviewed in 225). The epigenetic state of a given DNA sequence is often 

associated with DNA methylation and specific modifications of histone H3 (reviewed in 

225). The search for genetic determinants required to initiate and maintain these DNA 

epigenetic states has been a very active field in the last decade. More recently, small non-

coding RNAs generated by RNA silencing have been found to be key players in inducing 

epigenetic modification in various organisms. This was first reported in plants 

transformed with a potato spindle tuber viroid (PsTvd) by Wassenegger M. (1994) (242, 

243). In these studies, chromosome-integrated viroid DNA sequences became methylated 
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only after viroid replication, suggesting that de novo methylation occurred at this genetic 

locus and that this methylation is directed by an RNA molecule. This phenomenon is 

referred as RNAi-directed DNA methylation (RdDM). RdDM was later found to direct 

specific DNA methylation and heterochromatin formation in various organisms from 

plants to fission yeasts (reviewed in 97, 148).  

 

In plants, further studies revealed that this process is dependent on the production 

of a specific class of small siRNAs of 24 nt siRNAs (reviewed in 90, 148). The 

biogenesis of these 24 nt siRNAs requires DCL3, RDR2 and a specific plant DNA-

dependent RNA polymerase known as Pol IV. There exist two isoforms of Pol IV; Pol 

IVa and Pol IVb, formed by the larger subunit NRPD2a interacting with smaller subunits 

NRPD1a and NRPD1b respectively. Although Pol IV is clearly required for 24 nt 

siRNAs accumulation, its function during RdDM remains unclear as polymerase activity 

of these enzymes have not been confirmed experimentally (reviewed in 97, 148). AGO4 

and AGO6 were found to be involved in this pathway as well (269-271) and may 

function redundantly at different loci to direct siRNA to their target locations. Other 

factors required for RdDM in plants consist of common DNA methyltransferases and 

histone modifying enzymes commonly found in other organisms as well and some unique 

plant proteins. The common factors include: methyltransferase MET1, 

chromomethyltransferase CMT3, domain-rearranged methyltransferase 2 (DRM2), 

histone deacetylase HDA6, histone H3K9 methyltransferase SUVH4/KYP. Plant-specific 

SNF2-like chromatin remodeling factors, DND1 and CLSY1, are also required for 
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RdDM. These factors are required for de novo methylation and maintenance DNA 

methylation in Arabidopsis (reviewed in 147, 148). 

 

RdDM evidently plays an important role in genome stability by silencing repeats 

and transposon-like sequences as the majority of RdDM targets are comprised of these 

sequences. Nonetheless, RdDM also is involved in regulating genes involved in plant 

development, stress responses (reviewed in 97, 147) and possibly in anti-viral defense 

against DNA viruses. Although experimental data pointing to a correlation between 

RdDM and virus resistance are poor, these data suggest that methylation of viral DNA is 

a feature of resistance at least against single stranded DNA viruses (reviewed in 17). 

Therefore, much work is needed to determine if RdDM pathway functions in antiviral 

defense against DNA viruses in plants. 

 

III.  COUNTER-DEFENSE: HOW VIRUSES EVADE RESISTANCE IN 

PLANTS 

Much of what has been presented and discussed concerned mostly how plants 

defend themselves against viruses. Although plants possess a battery of anti-viral defense 

mechanisms, viruses still are able to break through these defenses to cause infections. 

The following will discuss different strategies that viruses use to evade these plant 

responses, particularly mechanisms of synergistic interactions and suppression of RNA 

silencing. 
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1. SYNERGISM  

Plants are infected sometimes by mixed populations of different strains of one 

virus or even different viral species. The dynamic interactions between these different 

viruses can provide protection to plants (cross-protection) or in a worst case scenario, can 

enhance plant susceptibility to either virus (synergistic interactions). Synergistic 

interactions usually involve two unrelated virus species (reviewed in 172). The best 

characterized synergistic interactions concerns the co-infection of potyviruses with 

several non-closely related (+) ssRNA viruses. Other synergistic interactions between 

unrelated viruses have been reported although their genetic determinants remain to be 

examined (39).  

 

Co-infected plants usually exhibited more severe symptoms in comparison to 

plants singly infected by either virus. This association did not appear to benefit the 

potyvirus itself but was found to increase replication of the unrelated virus (230). 

Subsequent studies revealed that this phenomenon is mediated by the helper-component 

protease (HCPro) encoded in the potyviral genome (184). Later on, this viral protein was 

demonstrated to have the ability to reverse RNA-mediated gene silencing (5, 28, and 

113). Surprisingly, transgenic expression of HCPro was also reported to confer broad 

resistance against other pathogens (185). 
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2. VIRAL SUPPRESSORS OF RNA SILENCING (VSRs) 

As obligate parasites, viruses have evolved numerous ways to evade plant defense 

systems. Striking examples are virus encoded suppressors of RNA silencing. They are so 

termed because these viral encoded proteins can prevent, and partially or fully reverse the 

effects of RNA silencing in plants. To date, many plant viruses belonging to different 

virus families, including positive stranded RNA, negative stranded and single stranded 

and double stranded DNA viruses have been found to encode suppressors of RNA 

silencing (reviewed in 55, 128, and 186). Table 1.1 lists some of the viral groups from 

which suppressors of RNA silencing have been identified so far. It has been shown as 

well that animal viruses carry suppressors of RNA silencing in their genome (reviewed in 

128, 131). In fact, these viral suppressors of RNA silencing (VSRs) have been shown to 

function in cross-kingdom assays (130). VSRs share little protein sequence similarities or 

functional domains and they also have been found to affect different steps of the RNA 

silencing mechanism (reviewed in 186, 208) making it challenging to propose a unifying 

theory for their mechanistic function. Additionally, different VSRs encoded by viruses 

from completely different lineages were reported to have comparable mechanisms to 

block RNA silencing pathways, further complicating the picture.   

 

  The first reports that clearly put forth the idea of plant viruses carrying 

suppressors of RNA silencing in plants came from three separate research groups (5, 28, 

and 113). By engineering a heterologous virus to express HCPro or using transgenic 

plants expressing HCPro, they observed that silencing of reporter genes such as GFP or 
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GUS could be reversed when plants were infected with the heterologous virus or crossed 

with the HCPro expressing lines. Subsequently, using GFP transgenic plants Voinnet et 

al (1999) (238) showed that diverse unrelated viruses are able to reverse RNA-induced 

silencing albeit the phenotypic characteristics were quite different for each virus tested. 

To further characterize and facilitate the discovery of viral determinants responsible of 

the suppression effects, other methods have been developed. Earlier assays relied on the 

use of engineered viral vectors such as potato virus X (PVX). Later on, the Baulcombe 

laboratory developed a transient assay using Agrobacterium tumefaciens leaf infiltration 

assay in combination with a specific transgenic GFP line (reviewed in 144). In this 

method, the GFP transgenic plants are co-infiltrated with Agrobacterium strains carrying, 

respectively, a Ti-plasmid containing the putative suppressor of RNA silencing from 

different viruses and a GFP-expressing Ti-plasmid to induce the RNA silencing in the 

transgenic lines. This method also helped in assigning whether a given suppressor is able 

to reverse the silencing at different stages of the RNA silencing pathway defined initially 

as initiation, maintenance and movement steps (reviewed by 125).  

 

Although these methods have proven useful in identifying various suppressors, 

they are limited in clearly defining the complex functions of these proteins in RNA 

silencing suppression (reviewed in 55). There has been some inconsistent data reported 

concerning the suppressor activity of HCPro in the literature probably due to the use of 

different systems (136, 141). Moreover, some viruses such as Citrus tristeza virus (CTV) 

and geminiviruses encode multiple suppressors in their genome (138, 231). Thus 
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expression of each putative suppressor alone cannot represent the possible complex 

interactions between them in reversing RNA silencing process (reviewed in 55, 128). 

Evidently, developing genetically tractable systems using the whole virus is needed in 

this field to really be able to study the mechanisms of their action under conditions as 

closely mimicking a natural infection as possible. Recently, some groups have been able 

to do just that (51, 53) using two unrelated viruses. Nonetheless, most experimental data 

reported so far on the mechanisms of RNA silencing suppression are based on the use of 

transgenic lines or heterologous virus vectors to express the putative suppressors. It is 

important to note that the majority of identified VSRs are multi-functional proteins. Not 

only do they function as suppressors of RNA silencing, but they are also involved in 

various processes in the virus life cycle (table 1.1). Moreover, some VSRs also affect 

endogenous RNA silencing pathways guided by miRNAs described in part II of this 

chapter and cause developmental abnormalities in plants indicating that VSRs contribute 

to the diverse symptoms observed during viral infections (reviewed in 129). These 

diverse functions are highlighted for a few, well characterized VSRs.  

 

Based on the current understanding of RNA silencing mechanisms, viruses can in 

theory interfere with RNA silencing by (i) inhibiting the generation of viral siRNAs 

possibly by interfering with DCL activities; (ii) blocking the proper loading of guide 

siRNA onto the RISC complex; (iii) interfering with activities of RNA silencing protein 

effectors such as AGOs; and (iv) blocking cell-to-cell and systemic RNA silencing 

signals. Indeed, VSRs are capable of targeting all these different steps during RNA 
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silencing processes. Described below are examples of well characterized VSRs 

originating from non-closely related viruses. 

 

2.1. Tombusvirus p19 

The Tombusvirus p19 suppressor activity has been well characterized in recent 

years. Detailed crystal structures of p19 in complex with small RNAs from Carnation 

italian ringspot virus (CIRV), a representative species of this (+) ssRNA genus have been 

determined (232, 258) confirming earlier data that p19 was capable of binding siRNA 

duplexes of specifically 19 to 22 nts in length in in vitro assay (reviewed in 11, 201). The 

binding of siRNA duplex by p19 is not dependent of the 3’ 2nts overhang structure of 

siRNA generated by Dicer but is size-specific (232). Taken together, these data implied 

therefore that the ability of p19 to bind particularly siRNAs of 19-22nts would interfere 

with formation of an active RISC complex that will further cleave the target viral RNAs, 

making the antiviral process less efficient. Subsequent data confirmed that viral siRNAs 

duplex of 21 nt in length co-precipitate with p19 in planta and this complex prevents the 

formation of an active RISC complex (121, 165). A high molecular weight protein 

complex that contained a specific 21 nt TBSV siRNAs was isolated from plants infected 

a p19-deletion mutant of h Tomato bush stunt virus (TBSV) but not from plants infected 

with wild type TBSV (165). This complex exhibited ribonuclease activity specific for 

TBSV RNA in in vitro assay, supporting the previous findings as well as confirming the 

formation of active RISC complex during viral infections. Binding of siRNA duplex is 

not a unique feature of p19; recent data have shown that sequestering dsRNAs is 
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widespread among unrelated species of viruses (123, 150). Similarly to p19, some were 

found to recognize and bind small dsRNAs with particular sizes whereas others do not 

discriminate dsRNAs on the basis of their size (reviewed in 129).  

 

Alongside its role as suppressor of RNA silencing, p19 is also shown to contribute 

to expression of disease symptoms in various plant hosts although the correlation 

between its suppressor activity and disease symptoms is not clear yet. Recently, p19 was 

shown to be re-localized to the nucleus/nucleolus by members of protein family that are 

involved in mRNA shuttling from nucleus to the cytoplasm (32). This re-localization 

reduced the effectiveness of p19 as a suppressor of RNA silencing suggesting plants have 

evolved a counter-counter defense mechanism for viral suppressors of RNA silencing.  

 

2.2. Cucumovirus 2b (CMV 2b) 

 CMV2b was among the first suppressor of RNA silencing identified (28, 132). It 

was first described to affect the initiation of RNA-mediated silencing in GFP transgenic 

plants. In these plants, GFP silencing was first induced in the lower leaves by Agro-

infiltration and subsequently infected with CMV. The data showed that CMV infection 

did not reverse silencing in the induced leaves however silencing in systemic leaves was 

impaired. Subsequent data demonstrated that 2b protein is also capable of interfering to 

systemic silencing as well as RNAi mediated DNA methylation which is consistent with 

cytoplasmic and nuclear localizations of 2b in plant cells (84, 139). Recently, Diaz-

Pendon J et al (2007) (54) demonstrated by infecting Arabidopsis with wild type CMV 
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and CMV-∆2b that 2b expression considerably decreased the accumulation of three 

classes of CMV specific siRNAs of 21, 22 and 24 nt in length. Although 21 and 22 nt 

siRNAs generated by DCL4 and DCL2 respectively appeared to be the primary target of 

2b suppressor activity nonetheless the loss of 24 nt siRNA produced by DCL3 drastically 

reduced the accumulation of 21 nt seemingly affected their antiviral activity. To date, no 

clear evidences have been reported on how exactly 2b interfere with the accumulation of 

viral siRNAs nonetheless 2b was demonstrated to physically interact with AGO1, the 

major processor of antiviral silencing pathway as well as miRNA directed pathway (268). 

This interaction inhibited the slicing activity of AGO1. In contrast, another suppressor of 

RNA silencing PO from Polerovirus seemed to target AGO1 for proteasome degradation 

(23, 177). 

 

 Inhibition of AGO1 slicing activity by 2b has several implications:  (i) active 

RISC complexes targeting viral genomes can be formed in plants; (ii) inhibition of AGO1 

slicing activity impedes on the efficiency of antiviral silencing pathway; and (iii) RdRP-

dependent secondary siRNAs production and signal amplification can potentially be 

interfered, making 2b a potent and versatile silencing suppressor in contrary to previous 

reports (reviewed in (55, 129). Recent data showed that 2b from a severe strain of CMV 

was capable of strong binding to siRNAs and longer dsRNA in vitro as opposed to 2b 

from a weaker strain (80). The two strains differ in a single amino-acid in the 2b protein. 

This report suggested that 2b could suppress RNA silencing by binding to siRNA as well 

thus more works are needed to reconcile all these data together to decipher how 2b acts to 
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suppress RNA silencing pathways.  It is also noteworthy to mention that 2b protein 

activates a salicylic acid resistance pathway in plants although 2b was found to be 

dispensable for disease symptoms (53, 104).  

 

2.3. Potyvirus helper component protease (HCPro) 

The genome of the genus Potyvirus is expressed as a polyprotein that is cleaved 

by several virus encoded proteases (98). HCPro is a cis-acting proteinase that can cleave 

itself from the polyprotein precursor (37). Besides this obvious function, HCPro is 

involved in a multitude of biological activities during the Potyvirus lifecycle. It is 

required for aphid-transmission (98), cell-to-cell and long distance movement, symptom 

development, and more recently it was demonstrated to be a potent suppressor of RNA 

silencing. HCPro was among the first VSR identified by several research groups (5, 27, 

113)). Initially, HCPro was shown to be able to reverse already established silencing in 

GFP transgenic plants indicating that HCPro interfered at the maintenance step of the 

RNA silencing process (27, 137). Subsequent studies indicated that transgenic expression 

of HCPro drastically reduced the accumulation of siRNAs, the hallmark of RNA 

silencing, but did not affect transgene methylation or the systemic signaling (141). The 

apparent inefficiency of HCPro in changing DNA methylation status in the transgenic 

lines tested is consistent with the cytoplasmic localization of this protein in plants. 

Additionally, HCPro was reported to not have any effects on transcriptional gene 

silencing as opposed to its potent activity during post-transcriptional gene silencing 

(145). However, HCPro was found to increase considerably the amount of small RNAs 
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corresponding to a promoter sequence in one study (151), but it was unclear how HCPro 

could affect accumulation of siRNA derived from a promoter.  

 

Mallory et al (2002) (142) demonstrated that transgenic expression of HCPro 

interfered with RNA silencing induced by different classes of RNA silencing inducers 

and abolished accumulation of 21 nt siRNA. A corresponding increase of larger dsRNAs 

was observed when a transgene with an inverted repeat or viral amplicon transgene was 

used to induce RNA silencing, suggesting that HCPro might impair dsRNA processing or 

affect the stability of transgene siRNA. Subsequent data showed that although HCPro 

totally abolished the accumulation of 21nts siRNAs in Arabidopsis transgenic plants 

expressing an IR sequence, it had a lesser effect on 24 nt siRNA and this was also 

attributed to HCPro interference with dsRNA processing (63).  

 

Recent findings have shown that HCPro is capable of binding duplex of siRNAs in 

size-specific manner similarly to the Tombusvirus p19 (150). Furthermore, Lakatos L, et 

al (2006) (122) presented evidence showing that HCPro binding of duplex siRNAs 

prevents the formation of an active RISC complex to direct cleavage of target RNA 

molecules in vivo and in vitro. Nevertheless, it is not clear whether HCPro prevents the 

unwinding of siRNA duplexes or the loading of the guide siRNA by AGO proteins. 

Interestingly, the same study showed that HCPro did not affect production of 21 nt 

siRNAs in plants expressing a GFP transgene with inverted repeats, in contrast to 

previous reports (63, 141, and 142). Primary siRNAs presumably generated by dicers still 
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accumulated in GFP transgenic lines lacking RDR6 when HCPro is present (121), 

suggesting that sequestration of siRNA duplex by HCPro impeded pathways downstream 

of DCL4/DCL2 but had no effect on cleavage of dsRNA by DCL4/DCL2. More recently, 

Mlotshwa et al (2008) (153) reported that transgenic expression of HCPro did not 

interfere with the accumulation of primary siRNAs derived from IR-transgenes but did 

reduce the amount of secondary siRNA. Interestingly, accumulation of primary siRNA 

was observed to increase in the presence of HCPro. In this study, the researchers used 

transgenic lines that allowed clear discrimination between primary siRNAs and RdRP-

dependent secondary siRNA produced by transitive RNA silencing. These data therefore 

support the claim by Lakatos et al (2006) (121) that HCPro does not primarily prevent 

dsRNA processing by DCL4/DCL2 as was formerly hypothesized (63, 142). These data 

are also consistent with the fact that HCPro is able to bind viral and transgene siRNA 

duplexes.  

 

Moreover, HCPro can also interfere with microRNA (miRNA) silencing pathway. 

Processing of the miRNA targets is impaired in the presence of HCPro resulting in the 

accumulation of these mRNAs (63, 142). Subsequent data showed that miRNA* still 

accumulated when HCPro was present indicated that HCPro potentially interrupted RISC 

activity although it was not obvious in this study how it works as binding of 

miRNA/miRNA* duplex was not detected in the system used (41).  

In vitro assays using Drosophila showed that the HCPro affinity for siRNA duplexes 

appeared to be enhanced by cellular factors (121). Thus, it will be interesting to 
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determine which cellular factors are involved in this process. In fact, HCPro has been 

reported to interact with a variety of cellular proteins such a calmodulin-related protein 

Rgs- CaM (4) which emerged to function as an endogenous suppressor of RNA silencing 

in plants. Although to date the mechanisms of this endogenous suppression remain to be 

determined, recent data also have demonstrated that HCPro can interact with a protein 

(NtMinD) involved in chloroplast division in tobacco plants although there was no 

correlation with its suppressor activity (107). In addition, HCPro was reported to inhibit 

the RNase activity of 20S proteasome (7). More recently, Jin Y., et al (2007) (106) using 

a yeast two-hybrid system and bimolecular fluorescence complement (BiFC) assays 

identified subunits of the 20S proteasome that interact with HCPro. Taken together, these 

data emphasize the complex and versatile roles that HCPro play during the life cycle of 

Potyvirus and might explain the severity of symptoms caused by these viruses in different 

plant species.  
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Table 1.1: Examples of plant virus-encoded suppressors of RNA silencing (modified from 128) 

 

Virus genus Virus name Suppressor Suppressor 
activity 

Other viral function Ref(s) 

Positive-strand RNA viruses 
Carmovirus Turnip crinckle virus P38 dsRNA binding Coat protein (51) 

Closterovirus Citrus tristeza virus P20 
P23 
CP 

  (55) 

Cucumovirus Cucumber mosaic virus 
Tomato aspermy virus 

2b 
 
2b 

AGO1 binding 
dsRNA binding 

movement (53, 268) 

Polerovirus Beet yellow western virus PO AGO1 binding Pathogenesis related (23, 177) 
Potexvirus Potato virus X P25 dsRNA binding Movement (128) 
Potyvirus Potato virus Y 

Tobacco etch virus 
HCPro dsRNA binding Long-distance 

movement 
Aphid transmission 

(121, 
150) 

Tombusvirus Tomato bushy stunt virus 
Cymbidium ringspot virus 

P19 dsRNA binding Pathogenesis 
determinant 

Movement 

(121) 

Tobamovirus Tobacco mosaic virus P130 ND Replication (128) 
Tymovirus Turnip yellow mosaic 

virus 
P69   (128) 

Negative-strand RNA viruses 

Tenuivirus Rice hoja blanca virus NS3 ND Not known (128) 
Tospovirus Tomato spotted wilt virus NSs ND virulence (128) 
Phytoreovirus Rice dwarf virus Pns10 ND  (128) 
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Single-strand DNA viruses 
Begomovirus Tomato yellow leaf curl 

virus 
C2 DNA binding, 

NLS 
Transcriptional activator (17, 128) 

 African cassava mosaic 
virus 

AC2 DNA binding, 
NLS, AD 

Transcriptional activator (17, 128) 

*ND: not determined 
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IV.  STRATEGIES TO CONTROL PLANT DISEASES CAUSED BY VIRUSES 

The date discussed above illustrates that plants have evolved and acquired highly 

multifaceted and adaptable defense responses against viruses. Nonetheless, viruses 

seemingly can overcome those defenses easily by rapidly re-engineering their small 

genetic materials to escape plant resistance responses. Over the years, to compensate such 

discrepancies between the slow adaptation of plants and the rapid evolution of viral 

responses, various strategies have been implemented to control/manage plant disease 

caused by viruses. The following sections will highlight those strategies and focus will be 

given more to the use of viral transgenic plants to generate plant resistance against 

viruses. The mechanisms of resistance will be discussed.  

 

1.  CROSS-PROTECTION 

The cross-protection strategy consists of the use of a mild strain to control the impacts 

of a more severe strain of the same virus. Protection can only be achieved among very 

closely related viruses (reviewed in 76, 98, and 178). This type of induced resistance was 

first discovered in the late 1920 by McKinney who observed that symptoms caused by a 

“light green strain” of Tobacco mosaic virus (TMV) were suppressed by subsequent 

inoculation of the same plants with a strain that caused yellow mosaic symptoms on 

infected plants (reviewed in 76, 178). Although cross-protection has been described in a 

wide range of viruses, its implementation has limitations (98). For instance, mixed 

infections between the closely related viruses might result in viral recombination that 

potentially can generate a more virulent strain or the procedure of inoculation of the mild 
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strain can be cumbersome and not cost-effective. Nevertheless, cross-protection has been 

implemented successfully to manage disease in perennial plants such as citrus damages 

caused by Citrus tristeza virus (CTV) or to reduce the impacts of Papaya ringspot virus 

(PRSV) in papaya plants (reviewed in 76). Several ideas have been put forward to 

explain the mechanisms of cross-protection over the years. Two models have emerged to 

explain the phenomenon of cross-protection amongst closely related viruses. The first 

model is based on protein expression of viral genes such as viral coat proteins (CP). The 

second one is related to RNA mediated resistance that is explained by RNA silencing 

mechanisms. These two models will be explained in detail below with resistance 

mechanism conferred by expressing viral sequences in plants.   

 

2.  ENGINEERED RESISTANCE TO VIRUSES 

Sanford and Johnston in 1985 proposed the concept of “pathogen derived resistance” 

or PDR as an alternative method to generate host resistance against pathogenic agents. 

They suggested that resistance could be achieved by introducing a parasite gene or a 

modified version into a susceptible host, given the fact that this particular gene is 

required for the parasite survival but does not interfere with the host metabolism. This 

implies that the expression of the parasite gene would disrupt the infection process by 

interfering with a particular process essential for the survival of the pathogens. This 

concept was envisioned for different groups of pathogens but had gained tremendous 

interests in plant virology in the last twenty years because viral genomes are small 

enough in size therefore were easy to manipulate (reviewed in 10, 183). Different viral 
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genes have been successfully introduced into different plant hosts through the years and 

yielded various resistant responses in plants. To date, there are hundreds of different plant 

species that have been engineered with a viral gene,  awaiting or undergoing field trials in 

the United States and a few that have been successfully released for commercial use 

(reviewed in 207, 216). Two major models have emerged to explain the underlying 

mechanisms of resistance displayed by these transgenic plants, one that is dependent on 

the expression of the transgene product or protein-mediated resistance, whereas the other 

one is independent of the production of the gene product and termed RNA-mediated 

resistance. 

2.1. Protein mediated resistance 

2.1.1. Coat protein mediated resistance (CP-MR) 

Coat proteins are multi-functional proteins, not only they serve as the protective 

shell to the virus genome but CP are required for disassembly, virus replication, virus 

movement, and most importantly in virus-host interactions (98). It is not surprising that 

CP genes were the first target of choice for engineering resistance in plants. In 1989, 

Powell-Abel et al (182) reported the successful engineering of resistant tobacco plants 

with TMV CP. They expressed the CP gene of TMV strain U1 under the control of 

CaMV 35S promoter in tobacco plants (Nicotiana tobacum). Evidence showed that some 

of the tobacco seedlings expressing the TMV-CP proteins exhibited delayed symptoms 

upon infection with TMV. Furthermore, 10% to 60% of the tested seedlings were devoid 

of symptoms. Several lines of data showed that the presence of CP proteins is required 
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for the resistance in plants to be operational. Powell et al (1990) (181) reported that the 

high level of protein accumulation was positively correlated to the high level of 

resistance. They also showed that the transformation of plants with an untranslatable 

version of TMV-CP subgenomic did not provide any protection against the virus. The 

success of engineered resistance in tobacco plants against TMV lead to the subsequent 

transformation of other plants species expressing CP genes from a large number of plant 

virus groups (reviewed in 10, 13, 71, and 85). 

These CP-transformed plants displayed a range of phenotypic characteristics from 

decreased number of local lesions (Loesch-Fries L.S. et al, 1987; Hemnway C., et al, 

1988) to low rate of systemic infections (Hemnway C., et al, 1988). Some resistant plants 

showed also decreased virus titers (124). While the level of resistance varied from mild to 

highly resistance.  The extent of protection ranged from a restricted, specifically targeted 

against closely related strains of the targeted virus or to a more broad resistance that 

provided protection to other viruses as well (reviewed in 14, 72). The mechanisms of 

protein-mediated resistance were thoroughly investigated using the TMV-CP model. The 

CP-mediated resistance (CP-MR) was hypothesized primarily to interfere with the early 

stage of the virus life cycle (reviewed in 14). Indeed, several lines of evidence have 

established that CP-MR disrupted the virus disassembly process. For instance, Osbourn et 

al (1989) demonstrated that when GUS (β-glucoronidase) mRNA was coated with the 

TMV CP to form a “pseudo-virus” and transfected into tobacco protoplasts, there was a 

significant decrease of GUS mRNA, up to a 100 fold in CP+ protoplasts as compared to 

non-transformed protoplasts which was consistent with a disruption of virus disassembly.  
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Register et al (1988) (189) proposed two models to explain how the expression of 

transgenic CP might interfere with the early stages of virus disassembly. One model 

stipulated that a cellular receptor where viral un-coating occurs might be occupied by the 

expressed CP in CP+ plants. This was hypothesized to obstruct the virus disassembly 

process. The second model proposed that the presence of extra copies of coat proteins in 

the transgenic plants might disturb the disassembly-assembly equilibrium shifting it 

toward viral recoating. Evidence obtained has been so far more consistent with the 

second model.  For example, Clark et al (1995) (44) showed that TMV CP mutants that 

fail to assemble into virus-like particles were still able to provide protection when 

expressed in tobacco plants. Furthermore, transgenic plants expressing TMV CP mutants 

with enhanced subunit-subunit interactions were found to be more resistant to TMV as 

compared to plants expressing the wild type CP, whereas CP mutants that are incapable 

of subunit interaction or CP mutants with decreased interaction could not confer 

resistance (15).  

2.1.2. Movement protein mediated resistance (MP-MR) 

Although the protein-mediated resistance was extensively explored using the coat 

protein genes, other viral genes have also been successfully transformed into different 

plant species that resulted in a variable degrees of protection against targeted viruses. To 

be able to move cell-to-cell, most plant viruses encode a movement protein (MP). With 

the help of other host factors, MPs shuttle plant viruses through the plasmodesmata. 

Hence, movement protein was a good candidate for engineered resistance. Tobacco 
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plants were transformed with a dominant negative mutant of TMV movement protein 

since these modified MP proteins were found to confer resistance rather than the wild 

type MP genes which were found to enhance plant susceptibility to the infecting viruses 

(143, 199). The TMV defective MP plants were able to provide protection against a broad 

range of plant viruses belonging to different families. Cooper et al (1995) (46) reported 

that the expression of the mutant of TMV MP in tobacco plants conferred resistance 

against the potex-, cucumo-., and tobraviruses in addition to tobamoviruses.  It was 

therefore hypothesized that the expression of the defective MP in plants perhaps 

interferes with common functions of the movement protein in the different group of 

viruses mentioned above. Nonetheless, other examples of MP transgenic plants were 

reported to confer protection against closely related viruses.  

2.1.3. Replicase mediated resistance (Rep-MR) 

Replicase genes are expressed early during virus infection process and are 

essentially required for virus replication. Genome replication is central to virus survival 

therefore disrupting replication appeared to be a sound strategy to generate resistant 

transgenic plants.  Not surprisingly, replicase genes were fully explored using different 

constructs (full length, truncated, mutated versions) to engineer different plant species (8, 

26, 57, 66, and 79). Replicase-mediated resistance was first reported by Golemboski et al 

(1990) (78). They introduced a 54 kDa fragment of TMV replicase in tobacco plants. 

These plants showed a high level of resistance when challenged with TMV although it 

was not clear at this point if the resistance is mediated by the production of 54 kDa 
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protein or mediated by the mRNA since they could not detect the presence of the protein 

in transgenic plants. However, subsequent studies revealed that the resistance was due to 

the activity of the 54 kDa protein rather than its message (34, 35). Other examples of 

replicase mediated resistance have been described that also require the expression of the 

protein (26, 173, and 264).  

To date, the mechanisms of Replicase-mediated resistance are not well 

understood. Nonetheless, several lines of data suggest a potential interference with the 

functions of the replicase produced by the incoming virus since virus replication was 

shown to be impaired severely in the transgenic plants. It was proposed that the expressed 

replicase proteins might compete with the binding of the virus replicase to host factors or 

other virus encoded proteins that regulate replication and gene expression (reviewed in 

13, 173) 

2.1.4. Futures of protein-mediated resistance 

As indicated by the examples above, the introduction of different viral genes into 

plants has proven to be an effective strategy to generate viral resistant plants. Although 

protein-mediated resistance has been shown to confer resistance to a broad range of 

viruses, one of its drawbacks is that it requires a high level of gene expression which has 

therefore limited its use due to safety concerns. Indeed, several safety issues have been 

discussed since the introduction of protein-mediated resistance against viruses into crops. 

These include heterelogous encapsidation using CP as a transgene, potential synergism 

and genetic recombination that might result in more virulent strains of targeted viruses 
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(reviewed in 216). The relative risks cited above therefore need to be closely examined 

before wide-release of these transgenic plants. Nonetheless, recently the use of small 

peptides targeted against a wide range of Tospovirus strains has been reported (194). 

Exploring the effectiveness of small peptides to inhibit virus life cycles in other viruses 

might lead to better protein-mediated resistance strategies in the future and possibly could 

overcome other hurdles as mentioned above. 

 

2.2. RNA-mediated resistance 

RNA-mediated resistance does not require the expression of the gene product to be 

effective. Indeed, several reports in the early 1990s demonstrated that the expression of 

non-translatable constructs in transgenic plants also conferred high resistance against 

plant viruses (49, 52, 135, and 229). For instance, Lindbo and Dougherty (1992) (135) 

reported that transgenic tobacco plants containing a non-translatable construct of TEV CP 

were more resistant when challenge inoculated with TEV as compared to transgenic 

plants that were expressing the coat protein. In fact, they found that 30% of the transgenic 

lines expressing the non-translatable gene were immune to TEV. Plants are said to be 

immune to a virus when no disease symptoms develop and generally viral particles 

cannot be detected in these plants (98). More interestingly, they also found that certain 

transgenic plants carrying the non-translatable CP gene were initially infected by TEV, 

however, new emerging leaves gradually started to show less and less symptoms until 

they could not observe symptoms on the new formed leaves over a period of a few 

weeks. Hence, the term “recovery” was used to describe this phenotype since these plants 
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have recovered from the initial infection and became symptom and virus-free later. 

Further analysis showed that these plants were susceptible to heterologous viruses such as 

Cucumber mosaic virus (CMV) and Alfalfa mosaic virus (AlMV) and could even be 

infected by Potato virus Y (PVY), a virus closely related to TEV and belonging to the 

same genus.  These results indicated that the resistance is very specific to TEV and 

involved the transgene mRNA rather than the protein itself, thus the resistance was 

referred to as RNA-mediated resistance.  

 

Additionally, molecular analyses of the transgenic plants expressing the un-

translatable CP constructs which were immune or did recover from TEV infection 

showed that:  

(i) The level of steady state expression of the transgene mRNA was inversely 

proportional to the level of resistance in these plants.  

(ii) The transcriptional rates of the transgenes in the immune and recovered plants 

leaves were found to be very similar in the plants that showed the recovery 

phenotype. 

(iii) The resistance was effective at the single cell level since protoplasts containing 

the modified CP gene could not support TEV replication. However, PVY a close 

relative of TEV, could replicate in the transgenic protoplasts.  

 

Based on these results, Dougherty et al (1994) (58) suggested that a mechanism 

involving a sequence-specific RNA degradation occurring in the cytoplasm was 
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responsible for the TEV resistance state in the immune and recovery plants. They 

proposed that RNA-dependent RNA polymerase (RdRP) and double stranded RNases 

were important players of the resistance mechanism. This was four years before the 

RNAi-defining paper by Fire et al (1998). Subsequent data confirmed that viral 

transgenic RNA-mediated resistance is only the manifestation of an innate defense 

response that targets viruses in plants (reviewed in 29, 55, and 171).  

 

Advances in understanding the mechanisms of RNA silencing have helped to design 

more efficient constructs to induce resistance. Engineered resistance against viruses 

mediated by RNA silencing has gained great momentum in the last decade. Not only does 

it not require high expression of the virus sequence, but more importantly the transgene is 

targeted for degradation at the RNA level. Different strategies have been tested to try to 

provide the most effective resistance against a broad range of viruses. The use of 

inverted-repeat transgenes to generate resistant lines that usually result in complete 

resistance against the targeted viruses is widespread (reviewed in 215). Broad resistance 

can also be achieved by introducing different sequences from different species of viruses 

Bucher E et al (2006) (31). Additionally, Niu Q.W et al (2006) (163) and Qu J et al 

(2007) (187) engineered the miRNA response pathway in plants to induce resistance 

against two non-closely related viruses in Arabidopsis. The possibilities appear to be 

endless.  
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PART II: RNA SILENCING: GENERALITY AND SPECIFICITY  

Due to the extensiveness and relevance of the topic, I felt it was important to dedicate a 

separate section entirely on the mechanism and components of the RNA-silencing 

pathway. 

 

I. HISTORICAL BACKGROUND  

RNA silencing is a term generally used to describe an array of RNA-based 

processes that leads to repression of gene expression at the transcriptional, post-

transcriptional, and translational level (reviewed in 9; 29). The RNA silencing 

phenomenon was first reported in plants in the early 1990s when Napoli et al (1990) 

(160) and Van der Krol et al (1990) (228) demonstrated simultaneously that the over-

expression of a chalcone synthase (CHS) gene required for purple flower pigmentation in 

plants failed to yield the predicted phenotype. These plants produced white flowers 

instead of the expected bright purple phenotype. Although the extra-copy of the transgene 

was detected in these transgenic plants and later was shown to be actively transcribed, the 

level of CHS transcripts was reduced significantly. Their data suggested that the 

transgene was suppressing not only its own expression but also the expression of the 

endogenous gene. Thus the term “co-suppression” was coined to describe this 

phenomenon. A similar phenomenon was later discovered in plants expressing non-

translatable or translatable viral genes (134, 135). 
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Based on reported data, it was proposed that the plant cell recognized the 

transgene mRNA as “non-self” and activated a sequence-specific degradation of the 

transgene mRNA as well as the endogenous homologous mRNA or the invading virus. 

This process in plants was first referred to as post-transcriptional gene silencing (PTGS) 

or co-suppression and was found to be a universal process that is present not only in 

plants but also in most eukaryotic organisms (reviewed in 29, 40, 125, 241). PTGS is 

known as “quelling” in fungi and as “RNA interference” or RNAi in animals. Because of 

its universality, RNA silencing is thought to have evolved from an ancient RNA 

surveillance system that is well conserved in all eukaryotes (reviewed in 38). Several 

RNA silencing pathways have been described to process dsRNA into diverse species of 

small RNAs that are implicated to function in various biological processes.  

 

In the past few years, experimental data to unravel various RNA silencing 

pathways have exploded. Several RNA silencing pathways were shown to share 

fundamental biochemical features but have different functions. In plants, based on 

genetic and molecular data, at least three different RNA silencing pathways have been 

identified. These pathways may have evolved by gene duplication and diversification 

(reviewed in 29, 40, and 234). The following will discuss the current understanding of 

RNA silencing mechanisms. RNA silencing initiation, factors involved during the 

process and the diversity of RNA silencing pathways in plants will be particularly 

emphasized. 
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II.  INITIATION OF RNA SILENCING  

Different RNA molecules were shown to trigger efficiently the process of sequence-

specific RNA degradation. These range from sense RNAs, anti-sense RNA transgenes, 

inverted-repeat transgenes, and viral RNAs. Historically, two models were put forward to 

explain how the sequence-specific RNA degradation might be activated in transgenic 

plants. It was generally found that some transgene loci were capable of inducing RNA 

silencing more efficiently than others. For instance, de Carvalho et al (1992) reported that 

that highly transcribed single-copy transgenes induced PTGS efficiently. Other research 

groups found that when the expression of the transgene was driven by strong promoters, 

PTGS was efficiently triggered as well (Que et al, 1997). These results suggested that 

when the amount of transgene mRNA reached a threshold level, an RNA surveillance 

system activated an RNA degradation pathway to curb the abundant transcripts from the 

transgene. This was referred to as the “threshold model”. Others hypothesized that 

epigenetic modification of transgenes such as DNA methylation might result in 

production of some sort of an aberrant RNA molecule that would trigger the RNA 

degradation pathway. This was referred as the “aberrant RNA” model (245).  

 

One of the major breakthroughs in the study of RNA silencing came in 1998, when 

Fire et al (70) reported that injection of homologous dsRNA into Caenorhabditis elegans 

was a more potent inducer of RNA interference as compared to the use of either sense or 

anti-sense alone.  This report supported previous results reported by various research 

groups working with plants. In fact, Van Blokland et al (1994) (227) showed that 
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transgenic plants with two transgene copies arranged in inverted repeats (IR) were 

efficient inducers of PTGS even if the transgene was transcribed at a low level. The 

authors subsequently hypothesized that dsRNAs formed from the inverted repeat of the 

transgene transcripts were potent inducers of RNA degradation. Transgenic plants 

carrying single transgene copies that can form a stem-loop or a panhandle structure were 

later shown to efficiently initiate RNA silencing (246, 247). 

 

Current genetic and biochemical data of the RNA silencing processes indicate that 

although RNA silencing pathways have greatly diversified, they share fundamental 

features: 

(i) The formation of double stranded RNA molecules (dsRNA) from different 

RNA precursors. 

(ii)  The long dsRNAs are processed into small RNA of 21 to 26 nucleotides by 

Dicer, an RNase-type III enzyme. The small RNA possesses a 5’-terminal 

phosphate and 3’ two nt overhangs, hallmarks of RNAse III digestions.  

(iii)  These small RNA duplexes are thereafter unwound and one strand is 

incorporated into enzymatic complexes termed RNA-induced silencing 

Complex (RISCs) and initiate the process of RNA silencing (reviewed in 29, 

40).  
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2.1. RNA silencing and small species of RNA  

As mentioned above, RNA silencing pathways are initiated by dsRNA molecules 

with complete or partial base complementarities. These dsRNA molecules are processed 

by an RNAse-III type enzyme generally known as “dicer” which generates small RNA 

species of 21 to 26 in length. These small RNA molecules determine the specificity of 

RNA silencing. The biogenesis is therefore central to understanding RNA silencing 

pathways. There are two major classes of small RNAs: small interfering RNA (siRNA) 

and micro-RNAs (miRNA) produced by different silencing pathways and have different 

biological functions and induce either target degradation and/or translation repression, 

respectively (described in section III). To date, more and more classes of different small 

species of RNA are emerging as the field of RNA silencing is advancing and these 

different classes of small RNAs play very distinct roles in gene regulation in various 

organisms (reviewed in 29, 40, and 234).   

 

Small species of RNAs of 21 to 26 nucleotides in size, produced during RNA 

silencing processes are characterized by the presence of   5’ phosphate and 3’ ends 

carrying two nt overhangs that are distinctive of the activity of an RNAse-III type 

enzyme (100, 213, 214, 219, 265). They were first discovered by Hamilton and 

Baulcombe (1999) (87) in four different types of transgenic plants that exhibited 

sequence specific RNA degradation. The small RNA species were shown to be 

homologous to the RNA molecule that initiated RNA degradation and were able to 

hybridize to both sense and anti-sense probes, indicating that they were in double 
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stranded form. Detection of these small RNA species by northern hybridization became 

one of the standard assays for RNA silencing studies. The production of these small RNA 

molecules of 21 to 26 nucleotides in length distinguishes the RNA silencing processing 

pathways from other RNA degradation processes.  

 

Recent genetic and biochemical studies have also shown that these small RNA 

molecules are modified by methyltransferase HEN1 that was identified through genetic 

screens that impair microRNA (miRNA) metabolism in Arabidopsis (176, 262). The 

function of this enzyme will be described later. Different methods are used currently to 

identify and characterize these specific small RNAs, from basic hybridizations using 

northern blot, RT-PCR, to cloning and direct sequencing. More recently, the use of 

bioinformatics tools to identify genetic loci that potentially produce these particular small 

RNAs has become widespread (reviewed in 36, 114). 

Here are the different components required for RNA-silencing: 

 

2.2. The Dicing machinery  

The characteristics of the small RNAs generated during RNA silencing pathways 

suggested that their biogenesis must be dependent on the activity of an RNAse-III type 

enzyme. The enzyme responsible for the cleavage the long dsRNA molecule into siRNA 

was initially identified in Drosophila and is generally referred to as “dicer” (16). Similar 

enzymes were found subsequently in organisms such as mammals, C. elegans, and plants 

(reviewed in 103).  
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Dicers are multi-domain proteins that belong to a large family of dsRNA RNase 

III enzymes (103). This class of RNAse III enzymes is defined by the presence of two 

putative RNase III domains that form a functional homodimer, which is required for the 

cleavage of the dsRNA substrate. Plant dicers also contain a putative PAZ domain, also 

found in another RNA silencing. The PAZ domain is thought to assist the binding of the 

enzyme and substrate by recognizing the 3’ 2 nt overhang. Dicer also contains putative 

dsRNA binding (DRB) domains which are suggested to be involved in the binding and 

processing of the dsRNA substrate in coordination with the RNAse III domains. A 

putative ATPase/Helicase domain can also be identified, although its activity still remains 

ambiguous as certain dicers do not have a helicase domain but were fully functional 

(reviewed in 105). 

 

 The number of genes encoding for dicer or dicer-like varies greatly in different 

organisms.  To date, only one dicer gene is found in animal genomes. In this case, the 

specificity of the single animal dicer activity seems to be conferred by interactions with 

other proteins, leading to biogenesis of different classes of small RNAs in diverse RNA 

silencing pathways. Some organisms, like insects and fungi, were found to encode two 

dicer genes.  DCR1 and DCR2 in Drosophila encode for Dicer1 and Dicer2, respectively, 

which in cooperation with dsRNA binding protein Loquacious and R2D2 generate 

different classes of small RNAs with distinct functions (reviewed in 40).  
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Fascinatingly, plant genomes have evolved to encode multiple dicers or “dicer 

like” proteins (DCLs). There exist for instance four distinct dicers (DCL1-4) in 

Arabidopsis, responsible for production of different classes of small species of RNAs. 

The enzyme DCL1 generates 21 nts miRNAs, a distinct class of small RNAs that are 

involved in various processes in plants, particularly in plant development (reviewed in 

40). DCL2, DCL3 and DCL4 produce different classes of small interfering RNAs 

(siRNA) of 22, 24 and 21 nucleotides in length respectively (91). The roles of DCLs and 

their siRNA products in various RNA silencing pathways in plants will be discussed in 

section III below. 

 

These different Arabidopsis dicers have functional domains similar to the single 

dicer encoded in animal genomes, but they function in different RNA silencing pathways. 

The diversification of dicers is proposed to provide specificity for substrate recognition 

and processing in plants. Similarly, Margis et al (2006) (146) suggested that substrate 

specificity might be conferred by the dsRNA binding domain of DCL through its 

interaction with other effector proteins. Indeed, the dsRNA binding domain of Dicer 

proteins was found to interact not only with RNA molecules but also with other proteins 

(93, 146). It is speculated that the large expansion of plant dicers arose as a quick 

adaptation to fend off rapidly evolving viruses, as plants do not have additional defense 

mechanisms found in animals such as the interferon response and ADAR systems 

(Adenosine deaminases acting on RNA) to fight against viral invaders (51, 146). This 

hypothesis is supported by the facts that several DCLs in plants have been implicated to 
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function in a hierarchal and redundant manner to recognize and cleave diverse viral 

genomes. Additionally, more dicer genes reported in other plant genomes further 

demonstrate the potential functional diversity and specificity of these genes in higher 

plants. To date, the rice genome was found to contain six putative dicer-like genes while 

Poplar encodes five (146). 

 

2.3. The effector machinery 

The final step during RNA silencing processes entails the activation of enzyme 

complexes called RNA-induced silencing complexes (RISC), which recruit one strand of 

the siRNA duplex generated by Dicer. The single-stranded siRNA will guide RISC in a 

sequence-specific manner to RNA targets, leading to either enzymatic cleavage or 

translational inhibition of the RNA targets by the RISC complex. The activity of RISC 

was first studied using sequence-specific nuclease extracts from D. melanogaster (88) 

and components of the RISC complex were identified subsequently through protein 

sequencing (reviewed in 99, 218). In vitro studies of a RISC complex revealed that the 

presence of the small RNA guide and a protein called Argonaute was sufficient to 

mediate the sequence-specificity of the complex (191, 218).  

 

2.3.1. Argonaute proteins: structure and functions 

Argonautes were first described in plants while screening for genes involved in 

plant development (Bohmert K. et al; 1998) and later found to function as the “slicer” 

that cleaves targeted RNA molecules during RNA silencing (reviewed in 101). Argonaute 
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proteins belong to large protein families that were classified recently into three 

paralogous groups according to their amino acid similarities (AGO1-like, first identified 

in Arabidopsis, Piwi-like proteins closely related to PIWI from D. melanogaster, and 

third a distinct group recently identified in C. elegans). Argonautes have extensively 

expanded through gene duplication in various organisms although their numbers vary 

greatly from protists to plants and animals. For instance, eight Argonaute genes were 

found in the human genome, five in the fly genome, ten in Arabidopsis genome and 

twenty six in the C. elegans genome (reviewed in 101). The immense diversification of 

Argonaute genes is thought to confer specificity thus implying functional differences 

among the different Argonautes. Indeed, different argonautes participate in different 

RNA silencing pathways (reviewed in 40, 101). It is suggested that duplication of 

Argonaute genes has allowed the emergence of several RNA silencing pathways through 

recruitment of different classes of small species of RNA and/or through 

association/interaction with other proteins.  

 

Structurally, Argonaute proteins contain four distinct functional domains: the N-

terminal, the PAZ domain which is also present in Dicer proteins, the Mid and Piwi 

domains (reviewed in 218). The PAZ and PIWI domains are essential for RNA silencing 

processes. Crystal and NMR structure studies of the PAZ domain revealed the presence 

of an oligonucleotide/oligosaccharide binding motif (OB fold), suggesting that the PAZ 

domain might bind a single-stranded nucleic acid. This hypothesis subsequently was 

supported by biochemical data and structural studies in complex with nucleic acids 
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(reviewed in 101, 218). The binding was found to be sequence non-specific and to occur 

through the 3’ end of the single-stranded small RNA molecule. The 5’ phosphate of the 

small RNA appeared to be important as well for AGO recognition. The crystal structure 

of the PIWI domain at the C-terminus of the protein was also obtained, revealing an 

RNase H-like fold and two conserved Aspartate residues fundamental for catalytic 

activities in other RNase H-like enzymes (reviewed in 101). In addition, small RNAs 

generated by the AGO slicing activity had a 3’OH and a 5’ phosphate group, 

characteristic of products generated by other RNAse H-like enzymes (reviewed in 101, 

218).  

 

Further genetic and biochemical studies have confirmed that Argonaute is the 

“slicer” that uses sequence-specific small RNAs produced by Dicers as guides to target 

RNA molecules by way of complementary base-pairing (12). However, not all 

Argonautes possess this slicing activity. Many of the Argonaute family members were 

tested, but only a few demonstrated conclusive slicing activities. For instance, among 

four of the eight human Argonautes tested, only AGO2 had slicing activity (reviewed in 

218). In plants, the slicing activity of only AGO1 (12) and AGO4 (127) have been 

demonstrated experimentally among the ten Arabidopsis members of the Argonaute 

family. Nonetheless, the Argonaute proteins without slicing activity, known as “non-

slicers, are involved in various RNA metabolisms (translational inhibition, RNA stability) 

(reviewed in 101).  
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 In Arabidopsis, AGO1 is exclusively required for miRNA directed RNA 

silencing processes, whereas AGO4 and AGO6 are involved in RNA interference 

directed DNA methylation (reviewed in (29). AGO7 was reported recently to be engaged 

in another RNA silencing pathway that generates endogenous siRNAs (155). 

 

2.3.2. RISC assembly 

The assembly of the RISC complex has been explored extensively in animal 

systems. It is known that only one strand of the small RNA duplexes produced from 

Dicer activity is recruited by AGO proteins and incorporated into the RISC complex to 

form an active processing machinery. The strand of siRNA or miRNA that is loaded onto 

the complex is known as the “guide” strand, the other strand, called the “passenger” 

strand, is lost during the process. The recruitment of the guide strand was found to 

depend on the thermodynamic stability of the 5’end base pairing of the duplex small 

RNA (reviewed in 103).  

In Drosophila, the loading of the RISC complex with Argonaute and the guide 

small RNA requires a Dicer and a dsRNA binding protein. Indeed, DCR-2 and R2D2 

binding to siRNA duplexes determines which strand of the small RNA will be loaded 

onto the RISC complex. The RISC-loading complex (RLC) consisting of DCR-2, R2D2, 

and siRNA is thought to engage an Argonaute complex referred to as holo-RISC via 

interaction between the PAZ domains of AGO2 and DCR2 (reviewed in 101, 218). 

Subsequently, the siRNA duplex gets unwound and the passenger siRNA is degraded. 
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RISC binding of sequence-specific RNA molecules will then occur, guided by the base-

pairing between the guide RNA and the target.   

 

2.4. Other proteins required during RNA silencing 

2.4.1. RNA-dependent RNA polymerases (RdRPs) 

RNA-dependent RNA polymerases (RdRPs) as its name implies are enzymes 

catalyzing the formation of phosphodiester bonds and synthesize complementary RNAs 

to template strand. The polymerization can be initiated via a short RNA primer or 

independently of an RNA primer. RdRPs are in all RNA viruses and are essential 

enzymes for genome replication and transcription (reviewed in 162, 166). Eukaryotes 

were also found to encode RdRPs that participate in various RNA silencing pathways.  

 

Genetic studies screening for genes involved in RNA silencing pathways in 

plants, fungi and nematodes have found several genetic loci encoding putative RdRPs 

required for efficient RNA silencing (45, 48, 157, 203; reviewed in 29).  These were 

identified initially in sense-transgene induced RNA silencing in plants and later in 

various RNA silencing pathways in other organisms. For instance, RdRPs are 

implicated in amplification of primary siRNAs to produce secondary siRNAs. This 

amplification makes the RNA silencing even more efficient. The secondary siRNAs are 

also engaged in spreading RNA silencing from the initial induced cells to other cells. 

Indeed, RNA silencing can spread locally and systemically, particularly in C. elegans 

(reviewed in 20), and in plants (reviewed in 110).  
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Not all organisms that undergo RNA silencing were found to encode RdRPs. 

Drosophila and the human genomes appear to not possess any (reviewed in 244). 

However, four putative RdRP families in C. elegans and six putative RdRP genes in 

Arabidopis (RDR1-6) have been identified and the biological functions of some of these 

RdRPs have been determined. RDR1 was found to be induced by viral infection 

although its function in RNA silencing pathway remains undetermined (250). RDR2 is 

involved in the production of one class of siRNAs known as heterochromatin 

associated siRNAs (Hc-siRNAs), important for RNA-mediated transcriptional silencing. 

RDR6 appeared to be required in a number of Arabidopsis RNA silencing pathways. 

These results support the notion that different RdRPs, just as Dicers and Argonautes, 

are involved in different RNA silencing pathways (reviewed in 29, 234). Evidence 

pertaining to the functions of these RdRPs will be presented in detail in subsequent 

sections. 

 

Recently, the structure of the RdRP QDE-1 from Neurospora crassa was solved 

(196). The data showed that the protein functions as a dimer and the structures of its 

subdomains were found to resemble domains found in DNA-dependent RNA 

polymerases (DdRPs). However, the overall structure of this cellular RdRP was found 

to be quite different from the viral RdRPs. Correlation between the resolved structure 

of QDE-1 and its biological functions during RNA silencing processes is discussed. 

However, this is a mere speculation as this structure was resolved without any substrate 
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complex. In plants, in vitro activities of RDR6, implicated in various RNA silencing 

pathways, have been reported recently (47).  

 

2.4.2. dsRNA binding proteins (DRBs) 

Genetic screens have also uncovered other factors, particularly protein families 

containing dsRNA-binding domains, required for efficient RNA silencing. In C. elegans, 

Rde-4 and Rde-1 (RNAi deficient) were the first such genes isolated. Both were required 

for the initiation step of RNAi pathway but did not affect miRNA processing (81). RDE-

4 was shown to interact with RDE-1 and DCR-1 and to bind to long dsRNA but not 

siRNA (209), suggesting their involvement in substrate recognition by Dicers. In 

Drosophila, two dicers were found to interact with two different DRBs: Dicer-1 with 

Loquacious (Loqs) and Dicer-2 with R2D2 for miRNA and siRNA processing, 

respectively. The association of Dicer-2 with R2D2 and Argonaute is also essential for 

assembly of active RISC complexes (reviewed in 103). DRBs involved in RNA silencing 

are also found in mammalian genome. 

 

In plants, HYL1 (Hyponastic leaves 1) isolated from genetic screens in 

Arabidopsis contains a DRB motif and affects plant development. The mutation was 

found to impact only the miRNA processing pathway but not the siRNA pathways (89, 

235). The Arabidopsis genome contains five members of HYL1/DRBs family (HYL1 and 

DRB2-5). Similar to those in Drosophila, these DRBs were found to interact with 

members of Dicer-like proteins. In fact, HYL1 was shown to interact with DCL1 in the 



 

 

79

miRNA silencing pathway whereas DRB4 associates with DCL4 in the endogenous 

siRNA silencing pathway (93, 120, and 159). Recently, the complex HYL1 and DCL1 

was shown to be localized to the nucleus in Arabidopsis, further supporting their close 

interactions (69, 205).   

 

2.4.3. Hua-enhancer1 (HEN1) 

HEN1 was isolated from a genetic screen that impairs miRNA metabolism in 

Arabidopsis (reviewed in (42). HEN1 harbors a putative dsRNA-binding motif and a C-

terminal methyltransferase domain. Only mutations in the methyltransferase domain were 

found to affect miRNA metabolism (25). Purified HEN1 was able to methylate only 21-

24 nt miRNA/miRNA* duplexes in vitro but not other types of substrates (262, 263).  

 

The HEN1 protein deposits a methyl group on the ribose of the 3’ proximal 

nucleotide on each strand of the miRNA duplex. Although the methyltransferase activity 

of HEN1 was identified initially during miRNA metabolism, current data showed that 

HEN1 is also capable of methylating siRNA duplexes generated in other RNA silencing 

pathways (133, 256, and 257). Homologues of HEN1 in other organisms have also been 

shown to methylate siRNA duplexes (118, 195). It is not well understood what roles the 

methylation of miRNA or siRNAs might play in RNA silencing metabolism but, 

methylation was able to protect the 3’ end of miRNA or siRNA from poly-uridylation 

activity that modifies the 3’ end the small species of RNA to produce heterogeneous 

population of the small RNA species (133).  
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Data presented in this section illustrate how closely related are the RNA silencing 

processes in various organisms and that similar components required for active RNA 

silencing are shared. On the other hand, these data also support that RNA silencing has 

diversified greatly over time and particularly in plants. The following will describe these 

diverse pathways in plants. 

 

III.   DIVERSITY OF RNA SILENCING PATHWAYS IN PLANTS 

As described previously, the factors required for RNA silencing have greatly 

expanded in plants. The increased numbers of these factors and their interactions have 

certainly contributed to the diversification of RNA silencing pathways in plants, which 

generate diverse classes of small RNAs with specialized functions in regulating gene 

expression at different levels and in various biological processes. To date, there are at 

least three known RNA silencing pathways in plants. One RNA silencing pathway is 

defined as cytoplasmic siRNA silencing which processes long dsRNAs to different 

classes of small interfering RNA (siRNA) of various sizes. This process has been closely 

linked to antiviral defense in plants (reviewed in 29). Recently, several endogenous loci 

capable of producing siRNA have been identified in plant genomes. The second one 

consists of the silencing of endogenous mRNA by miRNAs that plays important roles in 

regulating development in plants and in animals. The third pathway is linked to 

production of specific siRNA targeting and silencing genomic repeat sequences by RNA-

mediated DNA methylation and chromatin modification (reviewed in 9, 29, 234, and 

251).  
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3.1. miRNA pathway: miRNA biogenesis and functions 

miRNAs are small non-coding RNAs ubiquitously expressed in unicellular to 

multicellular eukaryotes. In plants, they are predominantly 21 nts in length. miRNAs can 

be identified using forward genetics, cloning and subsequent deep sequencing methods, 

and by bioinformatics. To date, hundreds of miRNA producing DNA loci have been 

discovered and subsequently classified to different families of sequence similarities and 

conservation. A total of 118 MIR genes were identified in Arabidopsis that were grouped 

in 42 different families in 2006 and many more have been characterized since (reviewed 

in 43, 109). MIR genes are usually found between protein-encoding genes (intergenic 

regions). Recently, intronic regions of protein coding genes were also identified as 

containing miRNA loci (259, 260). Their general localization in intergenic regions 

suggests that their expression is regulated independently of their target loci which are 

distinct from the miRNAs producing loci. Interestingly, although a lot has been done to 

understand the mechanisms of gene regulation by miRNA, little is known about their 

transcriptional regulation and turn-over (reviewed in 43). 

 

miRNAs are derived from long transcripts synthesized by RNA polymerase II 

termed pri-miRNAs that can fold-back on itself to form imperfect dsRNA hairpins. The 

precursors of miRNAs are capped and polyadenylated. Plants pri-miRNAs are usually 

longer than those found in animals (reviewed in 234). In general, the hairpin pri-miRNAs 

are recognized and processed in the nucleus by Dicer proteins generating another species 

of RNA called pre-miRNAs. In Drosophila, this process is carried out by the RNase III 
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Drosha and the pre-miRNAs are exported to the cytoplasm in complex with Exportin 5. 

The pre-miRNAs undergo further cleavage by Dicer in the cytoplasm to produce 21 nt 

small RNA duplexes, generally referred as miRNA/miRNA*. In Arabidopsis, processing 

of pri-miRNAs to pre-miRNA and production of miRNA/miRNA* is dependent 

exclusively on the activity of nucleus-localized and cytoplasm-localized DCL1 (24) in 

coordination with other proteins (reviewed in 234). For instance, the processing of pri-

miRNAs to pre-miRNAs in Arabidopsis requires the dsRNA binding proteins HYL1 and 

SERRATE (SE), a HYL-interacting protein. Although, there is no direct evidence to 

support cleavage of the pre-miRNA into miRNA/miRNA* by DCL1, this is generally 

assumed to be the case based on genetic studies (reviewed in 43, 180). Recently, DCL1, 

HYL1 and SE were shown to co-localize within nucleolar bodies where pri-miRNAs 

were also targeted, indicating that they might form a miRNA processing center in plant 

nucleoli. These data further support that DCL1, HYL1 and SE are required for miRNA 

processing in plants (reviewed in 180). Another protein HASTY, an ortholog of exportin 

5 is involved in miRNA processing in Arabidospis (175) possibly by transporting 

miRNA/miRNA* duplex or mature miRNA into the cytoplasm. Unlike miRNA/miRNA* 

in animals, the duplex miRNA/miRNA* is methylated at the 2’OH of the 3’ nucleotide 

by HEN1 (261). The methylation appears to function in stabilizing the duplex and in 

preventing the accumulation of heterogeneous population of miRNAs, produced from 

polyurydilation (reviewed in 43). 

Mature miRNA is loaded onto the RISC complex through Dicer-Argonaute 

interactions. This is mostly dependent on AGO1 in Arabidopsis. Indeed, evidence 
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showed that AGO1 is the “slicer” in miRNA guided processing (12). Mutants of AGO1 

showed developmental, pleitropic defects in Arabidopsis indicating its importance in 

miRNA metabolism. Nonetheless, other AGO proteins recognize and bind miRNA. In 

fact, Zhang et al (2007) (267) recently reported that different plant AGO proteins can 

distinguish between different miRNAs based on the base at the 5’ end of miRNA in 

plants. AGO1 appears to prefer miRNAs that start with a uridine (U) at their 5’end. 

Recent data have shown that some MIR genes are processed by DCL4 (96). These data 

further supports that the high diversification of RNA silencing factors has defined 

specific substrate/target recognition and processing in plants and gives a more complex 

picture of miRNA and siRNA biogenesis in plants.  

In plants, miRNAs are found to target endogenous mRNAs that are involved in 

various stages of development in plants (leaf patterning, flowering etc…). miRNAs 

generally show near-perfect base complementarity to their targets, unlike their animal 

counterparts that exhibit limited complementarities to their targets (reviewed in 43, 234).  

 

3.2. siRNA silencing pathways: biogenesis and functions 

 In plants, this pathway can be triggered by exogenous or endogenous sources of 

RNA precursors. Several classes of small RNAs generated through this pathway have 

been characterized.  They range in length from 21 to 24 nt and function in regulating 

distinct biological processes.  
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3.2.1. Endogenous siRNA pathways 

Trans-acting siRNAs (tasiRNAs) 

tasiRNAs are cleaved from pri-tasiRNAs and this cleavage depends on miRNAs, 

RDR6, an RNA-dependent RNA polymerase and DCL4 and SGS3 (suppressor of gene 

silencing 3) and DRB4 (233, 234). Pri-tasiRNAs are long non-coding transcripts 

produced by RNA polymerase II. These RNAs contain putative binding sites for certain 

miRNAs which regulate production of tasiRNAs in a cleavage or non-cleavage manner in 

association with RISC, particularly AGO proteins. In plants, this complex (pri-tasiRNA, 

miRNA-AGO) recruits the RdRp RDR6 through yet an unknown mechanism, which 

converts the pri-tasiRNA into dsRNA. The dsRNA is in turn processed by DCL4 to 

generate 21 nt tasiRNAs, which suppress expressions of genes unrelated to the tasiRNA-

producing loci, thus transacting siRNA (reviewed in 29, 234, and 251).  

 

To date, there are eight loci identified in Arabidospis that produce four families of 

tasiRNAs (TAS1, TAS2, TAS3 and TAS4). Arabidopsis mutants deficient in tasiRNA 

production suggest their involvement in juvenile-to-adult transition phase in plant 

development. Targets of tasiRNAs comprise of auxin response factor (ARF) transcription 

factors, a family of pentatricopeptide repeat proteins (PPR), and other proteins with 

unknown functions (reviewed in (40, 252). It is generally thought that tasiRNAs direct 

the processing of their target through interaction with AGO1. Indeed AGO1 was found to 

bind tasiRNAs in vitro (12).  
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A recent study showed that the regulation of TAS3 appears to involve the specific 

interaction between miR390 and AGO7 (155). AGO7 behaves differently than AGO1 

and only interacts specifically with mir390. AGO1 was found to recognize mature 

miRNA through interaction with the 5’ of miRNAs in a sequence non-specific way but 

AGO7 seemed to recognize miR390 in a sequence-specific manner (155).  

 

 Natural antisense transcript siRNAs (nat-siRNAs) 

nat-siRNAs of 24 nt in length was discovered recently in Arabidopsis (22), 

reviewed in (29, 234). They are generated by DCL2 from two overlapping but 

complementary transcripts that form partial dsRNA molecules. Its production is 

dependent on RDR6, SGS3 and NRPD1 (a subunit of the plant specific DNA-dependent 

RNA polymerase IV, Pol IV). One of the transcripts forming the precursor dsRNA for 

nat-siRNA is induced by stress while the other transcript is constitutively expressed. The 

24 nt nat-siRNA targets the constitutively expressed transcript for subsequent cleavage 

through the action of DCL1, giving rise to a secondary nat-siRNAs of 21 nt in length. 

This cleavage also requires RDR6 and SGS3. This class of siRNAs is involved in biotic 

or abiotic stress responses in Arabidopsis (22, 115).  

 

Heterochromatin associated siRNAs (Hc-siRNAs) 

This class of siRNAs is associated with epigenetic DNA modifications (DNA 

methylation and chromatin remodeling) which cause transcriptional silencing of genes or 

other DNA loci in plants and other organisms as well. These plant siRNAs are also 24 nt 



 

 

86

in length and their biogenesis is dependent on DCL3, RDR2, HEN1 and Pol IV. The 

biogenesis and function of these siRNAs has been discussed in details in the section 

RNA-mediated transcriptional silencing of this chapter (part I). These 24 nt siRNAs are 

found to be overrepresented in several endogenous loci such as retrotransposons, 5S 

rDNA, centromeric repeats, and in other repetitive regions in most genomes examined so 

far (reviewed in 29, 40). 

 

 3.2.2. Exogenous siRNA pathways 

 RNA silencing processes can also be induced by exogenous RNA precursors such 

as transgenes and replicating viruses. Indeed, RNA silencing pathways were initially 

uncovered using transgenic plants and during natural viral infections. There are two 

distinct RNA silencing pathways triggered by transgenes: RNA silencing induced by 

dsRNA-producing transgene and RNA silencing pathway triggered by sense or anti-sense 

RNA. These pathways are referred in general as RNA interference (RNAi) similarly to 

the same phenomenon observed in animals.  

 

Sense-RNA silencing pathway (sense RNAi) 

In this pathway, siRNAs are derived from single or multiple transgene loci that 

are normally transcribed by RNA Polymerase II that do not form dsRNA upon 

transcription. Genetic studies have revealed the requirement for RDR6, SGS3, AGO1 and 

HEN1 for this pathway to be activated. This process has remained intriguing as to how 

the dsRNA came to form from the precursor transcripts originating from the single 
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transgene loci. Although genetic screens have identified RDR6 as essential for this RNA 

silencing pathway, it remains unknown what features of the transcript allow RDR6 to 

recognize the RNA molecule as a substrate and initiate the copying to produce the 

dsRNA (reviewed in 29). It is generally thought that RDR6 uses an aberrant transcript 

lacking normal 5’and 3’ ends and makes a copy to form dsRNA. Recently, biochemical 

characterizations of purified Arabidopsis RDR6 activities showed that it was capable of 

copying single stranded RNA molecules to dsRNA but lack of 3’ poly(A) tail or 5’ cap 

structure did not appear to be a requirement for the copying mechanism of the enzyme to 

occur (47). It still remains unclear therefore how RDR6 is being recruited to sense-

transgene transcripts and proceeds to copying the template RNA molecules.  

 

The accumulation of siRNA from sense-transgene depends on SGS3 (a coiled-coil 

protein with unknown function) and SDE3 (an RNA helicase), RNase D exonuclease 

WEX, and HEN1 (reviewed in 29). The silencing of sense-transgene transcripts also 

required AGO1 as mutants of AGO1 completely failed to produce sense-transgene 

siRNAs (68, 156) nonetheless it remains obscure whether AGO1 is engaged in making 

siRNAs or is engaged as the “slicer” that processes the target mRNA molecules. Recently 

Mlotshwa et al (2008) (153) reported that mutation in DCL2 eliminated all different 

classes of siRNAs and thus severely hindered sense-transgene-induced RNA silencing. 

Furthermore, other Dicer enzymes were shown to be incapable of using RDR6-dependent 

dsRNA as a substrate in the absence of DCL2. These findings suggest that DCL2 plays a 
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primary role in processing RDR6-dependent dsRNA from the sense transgene and the 22-

nt siRNA produced by DCL2 are essential for this RNA silencing pathway. 

 

 Additionally, this study also showed that DCL2 was necessary to activate 

transitive RNA silencing using different transgene substrates. Previous reports implicated 

DCL4 as the primary enzyme producing secondary siRNAs during transitive RNA 

silencing, and DCL2 is only active when DCL4 is impaired. Transitivity consists in the 

production of secondary siRNAs from sequential degradation of the target RNA 

molecules mediated by primary siRNAs and is dependent of RDR6 in plants. This 

process has been examined in detail in C. elegans and in Arabidopsis. Other animal 

systems do not appear to undergo transitivity and they do not possess any RdRPs 

(reviewed in 244). Secondary siRNAs differ from the primary siRNAs in that they are 

derived from distinct regions of the transcripts targeted by the primary siRNAs. In plants, 

transitivity can proceed from 5’-> 3’ and 3’-> 5’ of the transcript unlike in C. elegans 

(226). Re-amplification of siRNAs is thought to enhance the efficiency of RNA silencing 

processes to down-regulate gene expression. Furthermore, secondary siRNAs, 

predominantly of 21 nts in length are involved in cell-to-cell movement of RNA 

silencing. The major class of 21 nts siRNAs accumulating during transitive silencing had 

implied that DCL4 is the predominant enzyme, that process RDR6 dependent secondary 

siRNAs.  
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Inverted-repeat (IR) RNA silencing pathway (IR-RNAi)  

Processing of IR-transgenes often results in the accumulation of abundant 21 nt 

species of siRNAs and a lesser amount of 24 nt siRNAs (60, 62, 92, and 154). The 21 nt 

class of siRNAs appeared to direct the degradation of target mRNA and is essential for 

non-cell autonomous RNA silencing whereas 24 nt siRNAs did not seem to have any 

affects either process (62). Although IR-transgene-induced RNAi has been used widely 

as a preferred tool for functional genomics, little was known about the different RNA 

silencing factors involved in processing these IR-transgene sequences. The genetic 

requirements for this pathway in Arabidopsis have been dissected in details and recently 

reported by (60).  

 

Previous genetic screens using transgenic Arabidopsis lines expressing an IR-

sequence of the Sulfur gene driven by a phloem-specific promoter SUC2 have uncovered 

several genetic loci required for IR-induced RNA silencing and cell-to-cell trafficking of 

RNAi (62). These mutants were classified according to their phenotypes. One class of 

mutants which did not accumulate 21 nt siRNAs however still produced 24 nt siRNAs 

allowed identification of DCL4 as the predominant enzyme processing the long dsRNA 

produced by IR-transgenes. This genetic screen also revealed silencing movement 

deficient (smd) loci associated with movement of IR-silencing signals. Subsequent 

analysis identified RDR2 and NRPD1a as SDM1-1 and SMD2-1 respectively (60). 

Mutations in these genes did not affect the accumulation of 21 nt and 24 nt siRNAs 

produced by the SUC-SUL transgene suggesting that they are required downstream of 
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their biogenesis. A model was proposed that RDR2 and NRPD1a are involved in 

transporting RNA silencing signals cell-to-cell and/or perception of the signal by the 

recipient cells. This study also demonstrated during the processing of inverted repeats the 

involvement of factors known to generate miRNAs: DCL1, HEN1 but not HYL1 and 

DRB4.  Data were also presented to support that AGO1 might function as the slicer that 

recruits siRNA to target homologous RNA molecules for cleavage. Although DCL4 is 

thought to be the primary enzyme that processes dsRNA originating from inverted 

repeats to 21 nt siRNAs, DCL3, DCL2, and DCL1 in the absence of DCL4 are capable of 

cleaving the dsRNAs generating siRNAs of 24, 22, 21 nt, respectively. These alternative 

siRNAs were shown to direct non-cell autonomous RNA silencing in the SUC-SUL 

background when produced in excess from multiple transgene loci.  

 

 Interestingly, the study showed that IR-induced RNA silencing can be uncoupled 

from virus-induced gene silencing (VIGS) and from tasiRNAs biogenesis, although 

previous studies linked IR-induced RNA silencing to VIGS (74). Indeed, different 

mutations in DCL4 differentially affected accumulation of siRNAs originating from 

VIGS, SUC-SUL transgene, or TAS loci. The data led the authors to propose that the 

pathway involved in processing inverted repeat transgenes could be engaged in 

processing endogenous loci that produce transcripts with extended hairpin structure 

similar to those in transgene with inverted repeats (60).  
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Figure 1.2: Diverse RNA silencing pathways in plants. (A). miRNA pathway. (B). 

tasiRNA pathway. (C). IR-RNAi pathway. (D). Sense-RNAi pathway.  DCLs are dicer 

enzymes involved in each pathway. DRBs: double strand RNA binding proteins (HYL1, 

DRBs). HEN1 (HUA enhancer 1): methyltransferase. AGO1: Argonaute protein. RISC: 

RNA-induced silencing complex. 
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PRESENT STUDY 

 The present study investigates the mechanisms of reversal of RNAi-mediated 

resistance targeting Red clover necrotic mosaic virus (RCNMV) in the presence of Potato 

virus Y (PVY). The 5’ end of RCNMV RNA-1 of about 1.2 kb, including the entire ORF 

coding for p27 and part of p57, was introduced into Nicotiana benthamiana using 

Agrobacterium-mediated transformation. We analyzed the effects of co-infection with 

PVY on RNAi-mediated resistance in two very distinct transgenic lines. Characteristics 

of these transgenic lines and the results of PVY co-infection with RCNMV in these lines 

are presented in Chapters II III of this dissertation. The following paragraphs cover the 

characteristics of the two viruses used in this study.  

 

1. RED CLOVER NECROTIC MOSAIC VIRUS (RCNMV)  

RCNMV is a small icosehadral virus, belonging to the Dianthovirus genus, 

Tombusviridae family. Dianthoviruses have limited host range, restricted to 

dicotyledonous plant species. RCNMV is known to cause systemic infections in red 

clover, white clover, Nicotiana benthamiana, Nicotiana clevelandii (98). RCNMV 

virions contain two single strand sense RNAs [(+) ssRNA], encased in approximately 180 

copies of the coat protein (98). RNA-1 of about 4 kb, encodes three ORFs, p27, p57 and 

the virus coat protein (CP) p37, which is expressed from a subgenomic RNA (Figure 

1.3). RNA-2 of about 1.5 kb encodes the virus movement protein (MP), p35 (254, 255). 

RCNMV is a very interesting model system to study as it presents particular 

characteristics: (i) RCNMV genome is split in two genomic RNAs; (ii) RCNMV genomic 
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RNAs are uncapped and do not contain a polyadenylation site; (iii) replication and 

movement of the virus can be uncoupled.  

 

Upon entry and disassembly, genes required for replication are first translated. 

RCNMV replicase p88 is expressed through +1 frameshifting (116, 117). p27 and p88 are 

required for replication of RCNMV genomic RNAs. Due to the limited size of its genome 

and to comply with host gene expression requirements, viruses have evolved diverse 

mechanisms to regulate expression of their genes. For instance, RCNMV genome is split 

in two genomic RNAs. In addition, RCNMV coat protein p37 is translated from a sub-

genomic RNA, originating from 3’ end of RCNMV RNA-1 (266). Transcription of this 

sub-genomic RNA is dependent on 34 nt sequences localized on RCNMV RNA-2, which 

is proposed to base-pair directly with RNA-1 subgenomic promoter and therefore forms a 

road block for the progression of the RdRp inducing a premature termination of the 

negative sense- transcription and thus generates the template for the positive sense- 

subgenomic RNA (82, 202). Although RCNMV genomic RNAs were found previously 

to be capped and non-polyadenylated (254), recent reports have demonstrated that 

RCNMV genomic RNAs are uncapped. Gene expression relies on specific sequences 

located at the 5’ UTR and 3’ UTR of the virus (59, 119). RNA-1 gene expression is 

specifically mediated by cap-independent translation enhancer element (3’ TE-DR1) 

located at 3’ UTR of the virus RNA (102, 119, 152). Regulation of RCNMV RNA-2 

remains unknown as it does not contain the 3’ TE-DR1 element as in RNA-1 (119, 152). 

In (+) strand RNA viruses, the genome serves as template for gene expression as well as 
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for replication. Although, the switch between translation and replication remains largely 

unknown, certainly progresses have been made to determine the factors required for this 

switch as it is crucial for sustaining virus life cycle. Recently, Iwakawa et al. (102) 

reported that sequence elements required for negative strand synthesis is separate from 

the 3’ TE-DR1 required for cap-independent translation in RCNMV RNA-1. Replication 

of RCNMV has been reported to occur at localized foci, associated with the endoplasmic 

reticulum (ER) (220) 

 

Plant viruses can move from the initially infected cells to neighboring cells through 

the plant plasmodesmata and spread systemically borrowing the plant vascular system to 

infect the entire plant. Plant virus movements are dependent on specific virus encoded 

proteins: movement protein (MP) and coat protein (CP) (reviewed in 21, 212). RCNMV 

cell-to-cell movement is potentiated by p35, the virus movement protein encoded by 

RCNMV RNA-2 (Figure 1.4). RCNMV RNA-1 can replicate well in single cells however 

is restricted to these cells in the absence of RCNMV RNA-2 (253). Evidence has 

demonstrated that RCNMV MP can traffic itself and RCNMV RNA cell-to-cell through 

plasmodesmata (PD). MP interaction with the plant PD appeared to increase the size 

exclusion limit (SEL) of PD ten fold (73). Mutational analysis of RCNMV MP showed 

that it comprised of three functional domains: an RNA binding domain, a co-operative 

RNA binding domain and a domain necessary for cell-to-cell movement (77, 167). 

Systemic movement of RCNMV requires virion formation thus expression of virus CP is 

indispensable (224, 253). MP appeared to play important role in systemic movement as 
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well however genetic requirement for MP in cell-to-cell and systemic movements can be 

uncoupled (240). To date, it remains unclear how RCNMV interferes with the antiviral 

silencing pathway in plants. Recent report demonstrated that RCNMV interference with 

RNA silencing pathway required expression of proteins required for virus replication as 

well as the presence of RCNMV genomic RNAs (210). 

 

2. POTATO VIRUS Y (PVY) 

PVY is a type member of Potyvirus genus belonging to the Potyviridae family. This 

family contains approximately 30% of known plant viruses, making it the largest plant 

virus family (98, 190). This family includes viruses that are important plant pathogens 

and cause significant losses in diverse crops (98, 190). PVY virions form flexuous rods 

that carry a single (+) ssRNA of about 9.7 kb surrounded by approximately 2000 units of 

the virus coat protein (98, 190). PVY is transmitted in semi-persistent manner by aphids 

mediated by the virus encoded helper component protease (HCPro) (98). PVY genomic 

RNA of about 9.7 kb (Figure 1.4) is uncapped and polyadenylated however the 5’ end is 

covalently linked to a virus encoded protein VPg (viral protein, genome linked). PVY 

genomic RNA is expressed as a polyprotein and processed by several virus encoded 

proteases (98). Owing to the lack of 5’cap, PVY relies on specific sequences at the 5’ 

UTR for translating its genome, in coordination with the poly (A) tail. The 5’ UTR of 

PVY is sufficient to mediate cap-independent translation in a heterologous system. The 

3’ 55 nucleotides of the 5’ UTR appeared to be crucial to stimulate translation in tobacco 

protoplasts (reviewed in (59, 119). Interestingly, Potyvirus-encoded VPg are known to 
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interact with cap-binding translation factors, eIF4E and eIF4Eiso (119, 217). Interactions 

between these host translation factors and VPg appeared to play important roles in virus 

infectivity and plant susceptibility to diverse species of Potyviruses. For instance, 

mutations in VPg that impaired interaction with eIF4Eiso reduced TuMV. Similarly, 

mutations in eIF4E and eIF4Eiso in different plant species provided resistance to 

Potyviruses (reviewed in (192).  

 

PVY was specifically chosen to conduct this study as (i) it represents an important 

plant pathogen and can infect several plant species; (ii) PVY is found in mixed infections 

with other un-related viruses and cause synergetic interactions; (iii) more importantly, 

PVY encodes a well characterized RNAi suppressor, the helper component protease 

(HCPro). HCPro is a multi-functional protein. Not only, it is involved in polyprotein 

processing, it is required for aphid transmission, cell-to-cell and systemic movement of 

the virus and recently reported as a strong RNAi suppressor (7, 28, 55, 140). These 

functions are dependent on the ability of HCPro to interact with other proteins. HCPro is 

known for instance to form homo-dimers, can also interact with the virus coat protein (30 

KDa) to facilitate virus movement in plants (6, 179, 193, 223). Reports have also 

demonstrated that HCPro interacted with plant proteins although the significance of these 

interactions on HCPro activities remains unclear (3, 83). Suppression mechanisms of 

HCPro have been thoroughly discussed in previous section of this dissertation (section C. 

II_3).  
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Figure 1.3: Schematic representation of Red clover necrotic mosaic virus (RCNMV) 

genome organization. Thick lines represent the size of the genome. Boxes represent 

ORFs. RNA-1 about 4 kb encodes three ORFs: p27, p57 and p37. Ribosomal 

frameshifting in RNA-1 is depicted as hatched box. RNA-2 about 1.5 kb encodes one 

ORF: p35 (movement protein). Numbers above boxes represent identified translation 

start and stop codons. Known functions of RCNMV proteins are described below.
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Figure 1.4: Schematic representation of Potato virus Y (PVY) genomic RNA. P1 (35 

kDa), helper component protease (HCPro, 52 kDa), NIa (48 kDa) are known proteases. 

CI (cytoplasmic inclusion). NIa, NIb (nuclear inclusion). NIb (58 KDa) is the virus RNA-

dependent RNA polymerase (RdRP). VPg (virus protein, genome linked). Dashed lines 

and numbers represent sites of processing of the polyprotein. 30 Kda is the virus coat 

protein. VPg linked at the 5’ end is depicted as closed circle. 
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ABSTRACT 

RNAi-mediated transgenic resistance has shown great promise against viruses. 

However, this resistance can be overcome by RNAi suppressors encoded by heterologous 

viruses in mixed infections. Here we examined the effect of Potato virus Y (PVY) 

infection on RNAi-mediated resistance against Red clover necrotic mosaic virus 

(RCNMV). A transgenic Nicotiana benthamiana line expressing the 5’ proximal 1.2 kb 

of RCNMV genomic RNA-1 exhibited constitutive, RNAi-mediated immunity to 

RCNMV. Multiple copies of the transgene were detected in the transgenic line and 

rearrangement of some copies resulted in production of the dsRNA-like structure in the 

transgene mRNA. Co-infection by PVY, a virus carrying a well known suppressor of 

RNA silencing, failed to suppress the transgenic resistance against RCNMV. However, 

interference with transgene-induced RNAi was observed. The transgene mRNA was 

down-regulated by the constitutive RNAi to a level barely detectable in the transgenic 

plants, but its accumulation increased significantly in the presence of PVY, accompanied 

by a surprising and remarkable increase in the amount of transgene-specific, 21-nt siRNA 

duplexes. The DNA methylation level and transcriptional rate of the transgene was not 

altered in the PVY-infected plants. These results suggest that the PVY encoded 

suppressor of RNAi HCPro did not affect the processing of dsRNA into 21-nt siRNA 

duplexes by Dicer as previously proposed. These findings are consistent with recent 

reports that HCPro inhibits RNA silencing pathways by binding specifically to siRNA 

duplexes of 19-21 nts. These results suggest that parallel but distinct RNAi pathways may 

be involved in silencing transgene mRNA and viral RNA. 
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INTRODUCTION 

RNA interference (RNAi) comprises several and diverse RNA-based processes 

that can suppress gene expression at transcriptional, post-transcriptional and translational 

levels in a sequence-specific manner (7, 11). It is considered as an ancient and highly 

conserved process to defend against foreign nucleic acids including viruses and to 

regulate gene expression in most eukaryotic organisms (10). RNAi is initiated by 

cleavage of double-stranded RNA (dsRNA) into small interfering RNA (siRNA) 

duplexes of various lengths by Dicers, which are RNase-III type enzymes and known as 

dicer-like proteins (DCLs) in plants (7, 11). A single-stranded siRNA is then recruited by 

Argonaute-type proteins (AGOs) into an active RNA-silencing induced complex (RISC) 

and guides the complex to targeted RNA molecules or chromatin locations to suppress 

gene expression (2, 11). In plants, a number of parallel RNAi pathways have evolved as a 

result of extensive duplication and diversification of RNAi-related factors (38). For 

examples, four DCL genes, ten AGOs and six RNA-dependent RNA polymerases (RDRs) 

have been identified in Arabidopsis (7, 11). These factors have diverged to recognize and 

process specific targets (11, 58).  

 

Exogenously introduced DNA fragments are capable of initiating these RNAi 

pathways. Sense, anti-sense or transgenes arranged in inverted-repeats (IR) are potent 

inducers that trigger different RNAi pathways (4, 7). Genetic screens revealed that these 

pathways require different genes to process RNA precursors (5, 12). For instance, the 

accumulation of siRNAs derived from IR-transgenes depends on the hierarchal and 
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redundant activities of DCL4 and DCL2 which generate 21- and 22-nucleotide (nt) 

siRNAs, respectively, in Arabidopsis (13, 16, 21), essential for down-regulation of the 

target mRNAs (16, 18). A minor species of 24-nt siRNAs could also be generated by 

DCL3 but were found not to direct cleavage of the target mRNAs (17, 18). Components 

associated with the heterochromatin siRNA pathway (HC-siRNA) also were identified 

recently to be important for cell-to-cell and systemic movements of RNAi signals and 

long-term maintenance of RNAi (8, 17, 51).  

 

As an innate anti-viral immunity in plants and animal systems (7, 14), RNAi has 

been successfully engineered in plants to provide resistance to viruses (20, 41). Viruses 

can trigger and be targeted by RNAi pathways. Resistance induced by IR-transgenes 

proved particularly effective against viruses. The resistance is constitutive and resistant 

plants often display no particular viral symptoms or any accumulation of viral genomic 

RNAs (9, 53). This approach is promising as a majority of plant viruses contain RNA 

genomes and consequently can be easily targeted by RNAi (26). 

 

Nonetheless, the promise of engineering virus resistance in plants via RNAi has 

been challenged by the discovery of viral suppressors of RNA silencing (VSRs). VSRs 

have been found in almost all viruses examined so far and interfere with various steps in 

RNAi (14, 30). The first example of compromised RNAi-mediated resistance was 

documented by Savenkov E. et al in 2001 (49). Transgenic plants expressing a coat 

protein gene from Potato virus A (PVA) became susceptible to PVA when challenged 
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with Potato virus Y (PVY), a virus closely related to PVA and carrying the strong RNAi 

suppressor, HCPro. This and several corroborating reports (41, 42, 50) confirmed that 

mixed infections with heterologous viruses represented a threat to engineered resistance 

mediated by RNAi in plants. For instance, Mitter et al (2003) reported that resistance 

induced by double-stranded RNA (dsRNA) producing transgenes targeting Potato virus Y 

(PVY) was reversed in co-infection with Cucumber mosaic virus (CMV), which encodes 

the well characterized RNAi suppressor 2b (41). 

 

Here, we report the characterization of RNAi-mediated resistance against Red 

clover necrotic mosaic virus (RCNMV) that remained stable in the presence of mixed 

infection with Potato virus Y (PVY). RCNMV, a virus unrelated to PVY, belongs to the 

genus Dianthovirus, Tombusviridae. Its genome consists of two (+)-sense ssRNAs (Fig. 

1): RNA-1 encoding proteins required for replication and encapsidation of viral RNA 

(28, 60), RNA-2 encoding a protein required for virus cell-to-cell movement (22, 55, 59). 

PVY, a type member of Potyvirus genus in the Potyviridae family, encodes a potent 

RNAi suppressor, helper component-proteinase (HCPro) (1, 6, 26, and 35). 

 

Nicotiana benthamiana transgenic lines containing a sequence fragment from 

RCNMV RNA-1 were engineered to express constitutive RNAi to the transgene and 

immunity to RCNMV. PVY co-infection was found not to diminish the RNAi-mediated 

resistance against RCNMV, contrary to a previous report on reversal of RNAi-mediated 

resistance by PVY (49). However, interference of PVY infection on constitutive RNAi 
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was evident. Accumulation of the silenced transgene mRNA increased dramatically and 

was accompanied by an increase of the transgene-specific 21-nt siRNAs after PVY 

infection. Our data suggest that durable and stable resistance mediated by RNAi can be 

achieved in mixed infections with viruses carrying strong RNAi suppressor and that 

different RNAi pathways may be involved in silencing transgene mRNA and viral RNA.  
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RESULTS 

Transgenic N. benthamiana plants expressing the 5’ proximal 1.2 kb of 

RCNMV RNA-1 are immune to RCNMV  

To generate RCNMV resistant plants, a fragment of RCNMV RNA-1 was cloned 

into a binary Ti-plasmid pVKGK under the control of the 35S promoter (Figure 2.1). This 

1.2 kb fragment includes the 5’ UTR, the entire p27 coding region, and a part of the p57 

coding region. T-DNA containing the viral sequence was introduced into N. 

benthamiana, a systemic host for RCNMV, via Agrobacterium-mediated transformation.  

A number of transgenic N. benthamiana lines were obtained and characterized. The 

presence of the 1.2 kb transgene in different transgenic lines was confirmed initially 

using PCR. Expression of the transgene mRNA was determined subsequently by 

Northern hybridization. Variable levels of mRNA accumulation were observed in the 

transgenic lines (Fig. 2.3A).  These transgenic plants were screened for resistance against 

RCNMV. Phenotypic responses ranged from total susceptibility to complete resistance 

were observed when these lines were mechanically inoculated with RCNMV. Some 

transgenic lines displayed no visible symptoms at anytime on inoculated leaves or on 

systemic leaves (Figure 2.2A). In comparison, non-transformed control plants developed 

chlorotic spots and ringpsots on inoculated leaves at 3-4 days post-inoculation (dpi) and 

mild mottle and mosaic symptoms on non-inoculated, young upper leaves at 7 dpi (Figure 

2.2B), symptoms characteristic of wild type RCNMV infection.  
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To determine whether the absence of visible symptoms correlated with an 

unsuccessful infection by RCNMV in several transgenic lines including D2, H1, and I1, 

total RNA was extracted from the inoculated and systemic leaves of these transgenic 

lines, non-transformed (NT) control plants, and two transgenic lines that showed initial 

susceptibility to RCNMV. Viral genomic RNA was analyzed by Northern hybridization 

using riboprobes complementary to RCNMV RNA-2. We chose RNA-2-specific 

sequences as probes to discriminate the replicating viral genomic RNA from the 

transgene mRNA which originated from RCNMV RNA-1. No viral RNA was found in 

both inoculated and systemic leaves of D2, H1, and I1, indicating that they were immune 

to RCNMV (Figure 2.2C, lanes 1, 3, and 4). The complete absence of viral RNA in these 

lines was confirmed by RT-PCR (data not shown) which is able to detect a much smaller 

amount of RNA. In the untransformed control line, RCNMV infection resulted in a high 

level of viral RNA in both the inoculated and systemic leaves (Figure 2.2C, lane 5). Other 

transgenic lines (G2 and J2) that displayed initial susceptibility to RCNMV accumulated 

viral RNA in inoculated leaves but not systemic leaves (Figure 2.2C, lanes 2 and 6).   

 

Immunity to RCNMV in D2 line is mediated by RNA silencing 

The complete immunity in transgenic lines D2, H1, and I1 suggested that resistance 

was mediated by RNAi. Transgenic resistance mediated by RNAi was first described in 

1992 by Lindbo et al (31, 32). The resistance is characterized by a low steady-state level 

of the transgene mRNA accompanied by accumulation of transgene-specific 21- to 24-nt 

siRNAs, products of RNAi-mediated cleavage (7). We performed a Northern analysis of 
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the expression of the 1.2 kb transgene mRNA. The transgenic immune D2 and I1 lines 

showed barely detectable levels of the transgene mRNA prior to RCNMV infection 

(Figure 2.3A, lane 1 and 3). In contrast, this mRNA species was abundant and readily 

detected in transgenic G2 line that did not display immunity to RCNMV (Figure 2.3A, 

lane 2). 

 

Accumulation of transgene-specific siRNA was determined subsequently in one of 

the immune lines, D2. Low molecular weight RNA was prepared before and after 

RCNMV infection, fractionated in a denaturing polyacrylamide gel, and hybridized to 

fragmented riboprobes specific to the 5’ 1.2 kb of RCNMV RNA-1. A predominant 

siRNA species of 21 nts and a minor but larger siRNA species of 23-25 nts were 

observed in the uninfected D2 plants (Figure 2.3B, lanes 1), indicating that an active 

RNAi targeting the transgene mRNA was present prior to RCNMV infection. A similar 

amount of siRNA was detected in RCNMV-infected D2 plants (Figure 2.3B, lane 2), 

indicating that the siRNA was primarily products of the transgene mRNA degradation. 

The depressed level of the transgene mRNA, production of transgene-specific siRNA, 

and heavy methylation of the transgene DNA (data not shown) in line D2 were all 

consistent with active RNAi targeting the transgene. Taken together, these data indicated 

that the resistance against RCNMV in these immune transgenic lines was mediated by 

RNAi and was expressed constitutively. 
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Multiple transgene copies and dsRNA formation in D2 line 

To understand why constitutive RNAi occurred in some transgenic lines but not in 

others, Southern hybridization was conducted to determine the copy number of the 

transgene in these plants. Total genomic DNA was digested with several restriction 

enzymes that cut only once or twice in the T-DNA (Figure 2.4B). After agarose gel 

electrophoresis and transfer to Hybond N+ membranes, digested DNA was hybridized 

with DNA probes generated from 5’ 1.2 kb of RCNMV genomic RNA-1. Multiple 

restriction fragments generated by single-cut enzymes from the total DNA preparation of 

the D2 line hybridized with the transgene specific probe (Figure 2.4A, lanes 2, 7, 12 and 

17). Since the restriction enzymes cut outside of the transgene, a single DNA fragment 

was expected from a single copy of the transgene (e.g., B1 line, lanes 1, 6, 11, and 16). 

Therefore, DNA fragments generated by EcoRI digestion suggest that the D1 line 

contained at least three copies of the transgene. Only two DNA fragments were produced 

by restrictions with enzymes BamHI, EcoRV and HindIII that cut upstream of the 

transgene in the D2 line. This unexpected observation could be explained by 

rearrangement of the transgene copies resulting in loss of one EcoRI restriction site (52).  

 

The rearrangement of the transgene copies raised the possibility that an inverted-

repeat of the transgenes might be created de novo, leading to production of hairpin-like 

transcripts that could fold back to form dsRNA. To examine this possibility, dsRNA from 

uninfected D2 immune plants were isolated, denatured and fractionated on a denaturing 

agarose gel, and hybridized with riboprobes corresponding (+) and complementary (-) to 
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the 5’ 1.2 kb sequence of RCNMV RNA1.  As a single-stranded, (+)-sense RNA virus, 

RCNMV replicates via a (-) intermediate and produces dsRNA replicative forms. dsRNA 

was present in RCNMV-infected control plants and was easily detected by probes of both 

senses in dsRNA and total RNA preparations (Figure 5, lanes 4, 8, 12, and 16). Only (+)-

sense transgene mRNA of 1.2 kb was detected in the transgenic line B1 (lane 5), which 

contains a single transgene copy. This and absence of any RNA specific to the transgene 

in the dsRNA preparation and in hybridization with (-)-sense RNA probes (Figure 2.5, 

lanes 1, 9, and 13) indicated that no dsRNA was present in the B1 line. However, the 

expected 1.2 kb transgene mRNA was non-detectable in either RNA preparations from 

the D2 line. Instead a discrete and large RNA species and a even larger, diffusing RNA 

species were detected in both total RNA and dsRNA preparations and hybridized with 

both (+) and (-) riboprobes (Figure 2.5, lanes 2, 6, 10 and 14), indicating the presence of 

both sense and antisense transgene mRNA in these RNA species. The amount of the 

diffusing RNA species was highly enriched in the dsRNA preparations, suggesting that it 

contained at least partial dsRNA structures. dsRNA was isolated from total nucleic acids 

using a small cellulose column. The dsRNA smearing observed in the D2 line might be 

due to degradation of dsRNA samples during extraction. Although, this result also 

suggests that dsRNA is processed by Dicer generating various sizes. It might also 

indicate premature termination of transcription due to rearrangement of the transgene in 

the D2 line. These results together suggested that transgenes in the D2 line were 

rearranged to form an inverted repeat and their transcription produced a hairpin dsRNA, 

which was the likely trigger for constitutive RNAi in the D2 line.  
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PVY infection did not suppress RNAi-mediated resistance to RCNMV in D2 line  

Mixed virus infections are prevalent in nature (25). Although resistance mediated by 

RNAi is considered as an efficient method to control plant diseases caused by viruses, a 

few reports have cast doubts on the stability of RNAi-mediated resistance in the presence 

of a heterologous virus that carries a strong suppressor of RNA silencing (41, 42, 49). 

Therefore, to assess the stability of RNAi-mediated resistance in the context of a mixed 

viral infection, D2 immune plants were infected with RCNMV together with the 

heterologous virus Potato Virus Y (PVY), a type member of the Potyvirus genus. 

Previous reports showed that PVY was able to reverse already established RNAi in 

transgenic plants carrying a GUS transgene and this was solely due to the activity of the 

helper component protease (HC-Pro), which acts as a powerful viral suppressor of RNAi 

(1, 6). We predicted that the presence of PVY would interfere with RNAi mediated 

resistance in the D2 immune transgenic plants and RCNMV will be able to infect this 

line. 

 

Initially, D2 and non-transformed (NT) N. benthamiana plants at the 3-4 leaf stage 

were mechanically inoculated either with RCNMV (R) or PVY (P) alone or co-inoculated 

simultaneously with a mixture of RCNMV and PVY (R+P). No disease symptoms 

developed either on the inoculated or on systemic leaves in the D2 transgenic plants after 

infection with RCNMV alone as observed previously (Figure 2.2A). D2 plants and 

control non-transformed N. benthamiana plants infected with PVY showed typical PVY 

symptoms of mild systemic mottling and leaf curling at 7 dpi (data not shown). The 
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infected plants became severely stunted after two weeks due to severe PVY infestation. 

D2 and control plants co-inoculated with RCNMV and PVY showed similar symptoms as 

PVY-infected control plants. PVY infection was confirmed by Western blot using 

polyclonal antibodies against PVY CP (data not shown). PVY CP was detected in 

transgenic plants as well as in non-transformed plants inoculated with PVY and co-

inoculated with RCNMV and PVY, indicating that neither the presence of RCNMV nor 

the RNAi-mediated resistance to RCNMV in D2 plants interfered with PVY infection. 

 

To analyze whether the presence of PVY suppressed the RNAi-mediated resistance 

against RCNMV in the immune D2 plants, total RNA was extracted 7-14 dpi from leaves 

of plants that were co-inoculated with PVY and RCNMV, fractionated on agarose gels 

and hybridized with riboprobes complementary to RCNMV genomic RNA-2. In non-

transformed (NT) N. benthamiana plants, RCNMV RNA-2 was readily detectable in 

plants inoculated with RCNMV alone or in combination with PVY (Figure 2.6). 

However, RCNMV RNA-2 was not detected in both inoculated and systemic leaves of 

the D2 immune plants regardless whether they were infected with RCNMV alone or co-

inoculated with PVY and RCNMV. These data suggest that simultaneous co-inoculation 

of PVY and RCNMV did not compromise the RNAi-mediated resistance in the D2 

immune silenced line.  

 

To confirm these novel observations, we performed experiments where D2 transgenic 

plants were first inoculated with PVY to allow a buildup of the viral silencing suppressor, 
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and subsequently inoculated with RCNMV at different times ranging between 4, 7, 14 

days post PVY inoculation (dppi). Total plant RNA was extracted from inoculated and 

systemic leaves after 8-14 days post RCNMV inoculation. No RCNMV RNA was 

detected in inoculated leaves or in systemic leaves (Figure 2.6) at different time points 

after PVY infection thus confirming that PVY co-infection could not break the RNAi-

mediated resistance in the D2 line. 

 

PVY infection increased the steady state level of the transgene mRNA in D2 

immune plants 

One characteristic of RNAi-mediated resistance in line D2 is the degradation of the 

transgene mRNA, the trigger and the target of the transgene-induced RNAi (Figure 

2.3A). Previous reports showed that PVY infection or transgenic expression of RNAi 

suppressor HCPro can reverse already established RNA silencing. We therefore 

examined whether PVY infection can reverse RNAi-mediated degradation of the 

transgene mRNA. The steady state levels of the 1.2 kb transgene mRNA before and after 

were determined by hybridization with riboprobes complementary to the 5’ 1.2 kb 

sequences of RCNMV RNA-1. The Northern blot analysis revealed the appearance of an 

RNA species that corresponds to the expected size of the 1.2 kb transgene mRNA (Figure 

2.7A) in the D2 immune line in response to PVY infection. This species of RNA was not 

detectable in mock-inoculated D2 transgenic plants but accumulated in high levels 

comparable to that in non-silenced plants (Figure 2.7A, lanes 1 and 2). The increase in 

the  steady state level of 1.2 kb transgene mRNA appeared to be solely induced by PVY 
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infection, indicating that the presence of PVY interfered with and reversed the RNAi-

mediated degradation of the transgene mRNA in the D2 line. Thus, PVY infection 

affected the immune defense response at least at the steady state level of the transgene 

suggesting that it contributed either (i) to an increase of the transcription efficiency, 

possibly by reverting potential DNA methylation, or (ii) by increasing mRNA stability. In 

either case, the effect was not sufficient to reverse the immunity against RCNMV as no 

RCNMV replication could be detected in the D2 immune plants in the presence of PVY 

(Figure 2.6). 

 

PVY infection enhanced the accumulation of transgene-specific siRNAs in D2 

immune plants 

The above results led us to examine whether the increased level of the 1.2 kb 

transgene mRNA upon PVY infection resulted from increased RNA stability or 

interference with RNA degradation. The degradation of target dsRNA molecules 

mediated by RNA silencing generates specific small species of RNA corresponding to the 

targeted molecules of 21-24 nucleotides in size in plants (7, 11). We showed that the 

resistance in the RCNMV p27 transgenic lines was associated with the accumulation of 

siRNA corresponding to the transgene in the immune lines prior to RCNMV infection 

(Figure 2.3B). Low molecular weight RNA was separated from high molecular weight 

RNA as described previously (23, 24) from the D2 immune line either mock-inoculated, 

inoculated with PVY alone, or co-inoculated with RCNMV and PVY and control non-

transformed N. benthamiana plants with the same treatments. Both sense and anti-sense 
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probes corresponding to the 5’end of RCNMV genomic RNA-1 were used to detect the 

presence of these specific siRNA. 

 

Similar amounts of both (+) and (-) siRNA of sizes ranging of a predominantly 21-nt 

species and a minor 24-nt species were detected in mock-inoculated D2 immune plants 

(Figure 2.7B). Surprisingly, there was an increase in the amount of siRNA of 21 

nucleotides in both sense and antisense polarities only upon PVY infection. Indeed, small 

species of RNA of sense and anti-sense accumulated highly as compared to non-PVY 

infected D2 immune plants. It was surprising that the increased accumulation of siRNA 

derived from the 1.2 kb RCNMV transgene did not correlate with the increased steady 

state level of the p27 transgene mRNA in these transgenic plants after PVY infection. 

 
 
 
 
Transcription rate of the p27 transgene is not affected by the presence of PVY  
 

 
The above results prompted us to measure the rate of transcription of the transgene to 

see if PVY affected its methylation state. We extracted total genomic DNA from mock-

infected and PVY-infected D2 plants and digested it with HpaII, a methylation sensitive 

restriction enzyme that cuts four times in the transgene (Figure 2.8A). Southern blot 

analysis showed that the 1.2 kb sequence in the transgene construct is similarly 

methylated upon infection with PVY as in mock-inoculated D2 plants (Figure 2.8A). 

Nonetheless, the presence of multiple copies of the transgene in D2 line (Figure 3) led us 
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to consider the possibility that some of the transgene copies might be reactivated 

transcriptionally upon PVY infection.  

 

To test this hypothesis, we analyzed the transcriptional rate of the transgene using 

nuclear-run on assay. Nuclei were extracted from leaves of mock-inoculated and PVY 

inoculated D2 plants at 10 dpi. Run-on experiments were performed following a slightly 

modified protocol described in Dorweiler et al (2001) (15). Membranes containing 

different DNA probes were prepared including a plasmid containing the 5’ 1.2 kb of 

RCNMV RNA-1, NptII from the pVKGK Ti-plasmid vector and PCR generated products 

of N. benthamiana actin and ubiquitin genes were used as controls. These membranes 

were hybridized using the labeled, actively transcribed total RNA extracted from the 

nuclear run-on experiments. Run-on experiments were replicated at least three times 

using leaf tissues from plants inoculated at different times. A representative sample of the 

nuclear run-on hybridization is shown in Figure 8B.   The transcription rates of the 

transgene were not significantly different in un-infected and PVY infected D2 plants. 

This finding corroborates our earlier analysis that showed unchanged methylation levels 

of the transgene DNA before and after PVY infection.  
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Figure 2.1:  Schematic representation of RCNMV genome organization and transgene 

construct. Panel A. shows RCNMV genomic RNA-1. RNA-1 contains open reading 

frames (ORFs) p27; p57 and CP. Numbers above and below the genome schematic 

indicate nucleotide positions. Panel B represents RCNMV genomic RNA-2, which 

encodes a single MP ORF. Panel C shows the 1.2kb transgene in pVKGK (pVKp27) 

derived from the 5’end of RCNMV genomic RNA-1. The 1.2kb transgene is driven by 

the CaMV 35S promoter. RB: right border; LB: left border; NOS: nopaline synthase, 

NPTII: neophosphostransferase; pA: polyadenylation site 
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Figure 2.2: Phenotypes and Northern blot analysis of different N. benthamiana plants 

infected with RCNMV. Panel A shows immunity to RCNMV infection in transgenic 

plants expressing the 5’ 1.2 kb of RCNMV RNA-1. Panel B illustrates non-transformed 

plants infected with RCNMV. Panel C shows a Northern blot analysis of total RNA from 

various transgenic infected with RCNMV. Total RNA was hybridized with (-) sense 

riboprobes specific for RCNMV RNA-2. Lanes 1, 3, and 4 are immune transgenic plants. 

Lanes 2 is other non-immune transgenic plant. Lane 5 represents non-transformed (NT) 

plant used as control. The top panel shows total RNA isolated from inoculated leaves and 

the bottom panel represents total RNA from systemic leaves. All transgenic lines carry 

the 1.2 kb transgene. 
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Figure 2.3: Northern blot analysis of total RNA and siRNA from different RCNMV 

transgenic plants. Panel A shows the steady state level of the1.2kb transgene mRNA 

before and after RCNMV infection. D2 and I2 are immune transgenic plants. G2 initially 

displayed susceptibility to RCNMV, but recovered later. Total RNA after RCNMV 

infection were extracted from systemic leaves. Membrane was hybridized with (-) sense 

probe from 5’ end of RCNMV genomic RNA-1. Panel B shows siRNA in D2 immune 

plants before (1) and after RCNMV (2) infections hybridized with riboprobes specific for 

5’ end of RCNMV RNA-1.  
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Figure 2.4: Southern blot analysis of transgene copies in different RCNMV transgenic 

plants. D2 and I1 represent RCNMV immune transgenic plants. B1 and G2 are other 

RCNMV transgenic plants which did not exhibit immune resistance against RCNMV. 

(A). Restriction fragments in different transgenic lines; (B): physical map of T-DNA with 

restriction sites and approximate distances between the restriction sites. The size of T-

DNA is approximately 5.4 kb 
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Figure 2.5: Northern blot analysis of dsRNA and total RNA in transgenic plants. 

DsRNA extracted from D2 and non-transformed (NT) control plants non-infected 

and infected with RCNMV were fractioned on denaturing agarose gel and 

hybridized with (-) and (+) riboprobes. Lanes 1 and 4 are uninfected D2 plants. 

Non-transformed (NT) plants uninfected (lanes 2 and 5) and RCNMV infected 

(lanes 3 and 6) were used as controls. Two faint bands in lanes 5 and 7 are 

ribosomal RNAs hybridized non-specifically. 
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Figure 2.6: Northern blot analysis of D2 immune transgenic plants co-inoculated with 

RCNMV and PVY. It shows the amount of RCNMV RNA-2 in D2 immune transgenic 

plants after RCNMV+PVY co-inoculation. Membrane was hybridized using (-) sense 

RCNMV genomic RNA-2 as probe. Non-transformed N. benthamiana (NT) were used as 

controls 
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Figure 2.7: Northern blot analysis of total RNA and siRNA extracted from D2 immune 

transgenic plants inoculated with PVY.  Panel A shows the steady state level of 1.2 kb 

transgene in D2 immune plants after PVY infection. (*) are transgenic plants that did not 

display immunity to RCNMV and used as controls for accumulation of 1.2 kb transgene 

transcripts. Total RNA was fractionated on denaturing and non-denaturing agarose gels 

and hybridized with 1.2 kb (-) sense probe. Panel B shows siRNA accumulation after 

PVY and RCNMV infections in D2 plants. Membranes were hybridized with (-) and (+) 

sense probes originating from 5’ end of RCNMV genomic RNA-1   
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Figure 2.8: Southern blot analysis and Nuclear run-on of D2 immune plants infected with 

PVY. Panel A shows hybridization of total DNA of D2 immune plants digested with 

HpaII, a methylation sensitive enzyme before and after PVY infection. (*) represents 

transgenic plant containing 1.2 kb transgene with HpaII non-methylated. Panel B: 

physical map of HpaII sites on the 1.2 kb transgene. Panel C shows samples of 

hybridization of nuclear run-on using D2 mock-inoculated and D2 PVY infected leaf 

tissues as probes. pBluescript empty vector was used as negative control. ACT (actin), 

UBQ (ubiquitin) and rDNA were used as internal positive controls. Panel D shows the 

ratio between the expression of UBQ and the 1.2 kb transgene (p27). 
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DISCUSSION 

RNAi is considered a highly specific anti-viral defense in plants targeting 

invading viruses in a sequence-specific manner (7, 14). RNA silencing pathway can be 

triggered by introducing viral sequences in plants to generate the desired resistance. In 

this study, we obtained highly resistant tobacco plants against Red clover necrotic mosaic 

virus (RCNMV), a (+) ssRNA virus belonging to the Dianthovirus genus. Upon infection 

with RCNMV, these plants did not exhibit any of the characteristic symptoms observed 

in non-transformed control plants. Furthermore, RCNMV genomic RNA was 

undetectable in these plants, indicating immunity to the virus (Figure 2B). A low steady 

level of the transgene mRNA and accumulation of transgene-specific 21-24 nt siRNAs in 

these transgenic plants prior to RCNMV infection  showed that resistance is mediated by 

a constitutively expressed RNAi, induced by dsRNA produced from inverted-repeat 

transgene copies (Figs 3, 4, 5 ). 

 

We took advantage of these transgenic lines to investigate the impacts of mixed 

viral infections on RNAi-mediated resistance. We chose PVY as the co-inoculating virus 

because it encoded the well known and potent RNAi suppressor, HCPro. Furthermore, a 

previous report demonstrated that PVY infection did break RNAi-mediated resistance 

engineered against a virus closely related to PVY (49). In addition, PVY infection or 

HCPro expression have shown consistently to suppress different RNAi pathways induced 

by heterologous transgenes in plants (1, 6, 27). In this study, infection with PVY did not 

release the resistance against RCNMV in these plants. RCNMV genomic RNA was never 
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detected in plants co-inoculated with RCNMV and PVY or in plants inoculated with 

RCNMV after PVY infection (Figure 6A). In the later case, PVY was allowed to infect 

the immune D2 plants first in order to accumulate a sufficient level of its RNA silencing 

suppressor protein product but RCNMV still could not establish an infection (Figure 6A). 

These results clearly point out that PVY along with its RNAi suppressor failed to 

suppress RNAi-mediated resistance in the line D2. This suggests that RNAi-mediated 

resistance is stable even in the presence of a heterologous virus carrying a strong and 

potent RNAi suppressor. However, Mitter et al (2003) demonstrated that resistance in a 

tobacco transgenic line expressing an inverted-repeat of PVY NIa sequence was reversed 

in the presence of another virus, Cucumber mosaic virus (CMV) that encodes a different 

RNAi suppressor, CMV2b (41). This result and our result therefore suggest that RNAi-

mediated resistance can be affected by different viruses carrying different RNAi 

suppressors.  

 

This prompted us to ask whether non-suppression of resistance was due to the 

inability of PVY to suppress the constitutive RNAi mechanism in these transgenic plants.  

Surprisingly, Northern analysis of the steady state level of transgene showed a dramatic 

appearance of a species of high molecular weight RNA that is similar in size the expected 

mRNA of the transgene after PVY infection in the D2 immune line (Figure 7A). This 

result suggests that the transgene silencing is alleviated by the presence of PVY in these 

transgenic D2 plants which is consistent with previous reports. Suppressor activity of 

HCPro is associated with the accumulation of the transgene mRNA in different systems 
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(26, 33, 34). Nonetheless, the accumulation of this species of RNA did not correlate with 

the non-suppression of resistance against RCNMV in these highly resistant plants. These 

conflicting results lead to further experiments to test whether the increased accumulation 

of a high molecular species of RNA corresponded to a loss of the transgene siRNAs. To 

our surprise, Northern blot analysis showed a dramatically elevated level of transgene-

specific siRNAs of 21 nts length. These siRNA accumulated in both sense and anti-sense 

polarities (Figure 7B), suggesting that they were products from dsRNA cleavage.  

 

Our results are significant in that (i) PVY did not break the constitutively expressed 

RNAi-mediated resistance targeting RCNMV (ii) PVY interfered selectively with the 

RNAi mechanism targeting degradation of sense RNA transgene transcripts but not with 

the RNAi mechanism targeting dsRNA transgene transcripts and (iii) this is among the 

first reports that showed an increased accumulation of siRNAs after PVY infection 

despite numerous reports on RNAi suppression by PVY and the RNAi suppressor, 

HCPro. Previous reports have shown that transgenically expressed HCPro eliminated 

accumulation of 21 nts siRNAs but did not affect the accumulation of longer siRNA in 

RNAi induced by different transgene constructs (19, 34, 36). The loss of 21 nt siRNA and 

the corresponding increase of a high molecular weight dsRNA suggested that HCPro 

interfered with dsRNA processing (19, 34). The authors proposed therefore that HCPro 

suppresses RNA silencing by inhibiting the activity of a dicer enzyme that cleaves these 

dsRNAs in plants. Interestingly in our transgenic plants, siRNA of 21 nucleotides of both 

polarities is greatly enhanced after PVY infection and there was no corresponding 
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appearance of any larger siRNA species (Figure 5A). Our data thus suggest a contrary 

conclusion in that PVY or its HCPro does not interfere with dsRNA cleavage by any 

dicer activities. Instead, PVY apparently interferes with RISC degradation of the sense 

transgene mRNA. 

 

The elevated levels of the transgene mRNA and the concurrent increase in the siRNA 

level led us to propose that PVY might release the transcriptional silencing of the 

transgene in our system. This hypothesis was based on the fact that multiple copies of the 

1.2 kb transgene were detected in line D2 and these transgene copies were heavily 

methylated (Figure 8A). However, we found no evidence of demethylation of the 

transgene after PVY infection (Figure 8A). Subsequent nuclear run-on experiments did 

not show any changes in the transcription rate of the transgenes confirming that there 

were no epigenetic changes at the transgene loci in the presence of PVY (Figure 8B). 

This result is consistent with previous reports that HCPro did not suppress transcriptional 

gene silencing (37, 40). Nonetheless, it is noteworthy to mention that HCPro induced 

accumulation of siRNA corresponding to a promoter in a previous study although the 

mechanism is not clear (40).  

 

Interestingly, recent reports have demonstrated that HCPro is capable of binding 

siRNA duplexes from diverse RNA precursors (29, 39). Lakatos et al (2006) (29) have 

shown that HCPro sequestering of siRNA duplex suppresses the RISC activity in a 

similar fashion to that of the Tombusvirus p19 suppressor, leading to increased 
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accumulation of targeted mRNA molecules (3, 39). Sequestration of the duplex siRNA 

by PVY encoded HCPro might prevent unwinding of the duplex therefore potentially 

inhibiting the loading of the guide siRNA by AGO proteins resulting in non-active RISC 

complex.  

 

Our data in part supports the currently proposed roles of HCPro in RNAi suppression: 

sequestration of the duplex siRNA by PVY encoded HCPro and consequent inhibition of 

RISC activities. This hypothesis explains the elevated level of the transgene mRNA as a 

consequence of diminished RISC activities. At the same time, it also explains the 

dramatically increased level of siRNA duplex as sequestration of siRNAs by HCPro 

increases their stability, translated to a higher amount.  Nevertheless, other data also 

showed that expression of HCPro interferes with methylation of siRNAs suggesting that 

the unmethylated siRNA are not properly loaded onto RISC complex to direct target 

cleavage (61). 

 

A recent report provides further insight into the mechanism of RNAi suppression by 

PVY HCPro (43). Transgenic expression of HCPro in Arabidopsis resulted in the 

accumulation of 21 nt siRNAs from an inverted-repeat transgene construct. These 

siRNAs were further demonstrated to originate from dsRNA stem portion of the IR 

transgene indicating that these were processed principally by DCL4 in Arabidopsis (43). 

Their findings are consistent with our results, suggesting that the elevated amount of 
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siRNA duplexes in the PVY-infected, constitutive RNAi line could be generated possibly 

by a DCL4 homologue in N. benthamiana.  

 

One important consideration in studying virus-encoded RNAi suppressors is the 

context in which the suppressors function. For example, HCPro as a part of the viral gene 

complement not only interacts with itself but also interacts with other viral proteins (46, 

54). These interactions are highly regulated and will invariably have anticipated and 

unanticipated effects on its roles in RNAi suppression or in other viral functions. Even 

though studies with dissected RNAi suppressors have contributed significantly to our 

understanding of RNAi and RNAi suppression, eventual integration of its activities in the 

natural biological context is needed. Therefore the use of whole virus assays is important 

to appreciate the full range effects of HCPro on RNAi processes. This study provides an 

example of the complexity of RNAi suppression by a virus-encoded suppressor revealed 

in a whole virus assay. This assay was able to separate the RNAi-mediated virus 

resistance and the RNAi-mediated transgene silencing, two processes that were 

previously thought to be the same (7, 21). Previously published, contradictory results on 

the functions of HCPro in RNAi suppression may be attributed partially to expression of 

HCPro in biologically isolated context.  

 

It was only recently recognized that viruses were targeted by RISC machinery as it 

was generally thought that cleavage of dsRNA replication intermediates could be 

sufficient to alleviate virus replication and therefore limit infection. Pantaleo et al (2007) 
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(45) clearly demonstrated that (+) ssRNA viruses are targeted by the RISC machinery 

which involves the recruitment of viral guide siRNA by AGO1. The inability of RCNMV 

to overcome the RNAi-mediated resistance in the presence of PVY in the D2 line can be 

explained by the presence of residual RISC complexes that still cleave the virus genomic 

RNA upon entry and disassembly. It is likely that not all previously activated RISC 

complexes targeting the transgene are inactivated by the presence of PVY. As a result, 

RCNMV genomic RNA can still be targeted by these RISC complexes. Another factor to 

be considered is the limited initial inoculum in a mechanical inoculation. A few copies of 

viral genomic RNA may have little chance to survive and replicate when they are up 

against the residue but effective RNAi machinery. It is therefore remains to be 

determined whether a constant supply of RCNMV inoculi onto these transgenic plants 

can establish infection in the presence of PVY.  
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MATERIALS AND METHODS 

 

Plasmid constructs  

The following clones were used in this study: pRC1IG69, pRC2IG54, 

pBS6097E1.  Construction of these clones has been previously described (56). Briefly, 

the clone pRC1IG69 contains a full length infectious cDNA of RCNMV RNA-1.  The 

clone pRC2IG54 contains a full length infectious cDNA of RCNMV RNA-2. The clone 

pBS6097E1 contains the 5’ 1.2kb end of RCNMV genomic RNA-1 in pBluescript SK 

and is used to generate riboprobes to detect transgene transcripts and (+) sense siRNAs.  

 

Plant transformation and growth conditions 

RCNMV transgenic Nicotiana benthamiana lines were generated using 

Agrobacterium-mediated transformation. The construct comprised approximately 1.2 kb 

of the 5’ end of RCNVM genomic RNA-1, including the 5’UTR and the entire p27ORF 

and a part of the p57 ORF (Figure 1).  Initially, cDNA of the entire RNA-1 was first 

inserted at the SmaI site into the binary Ti-plasmid vector pVKGK slightly modified from 

a previously described Ti-plasmid (4). The clone was thereafter digested with SstI and re-

ligated to produce pVKp27 containing the RCNMV 5’ 1.2kb sequence flanked by the 

CaMV 35S promoter and the nopaline synthase (NOS) polyadenylation transcription 

termination sequence (Figure 1). Transgenic plants were generated using the cell culture 

facility in the department of Plant Sciences, University of Arizona. The transformants 

were selected on MS media supplemented with kanamycin and plant seedlings were 
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potted and maintained at the University of Arizona greenhouse facility. The transgenic 

plants were left to self in the greenhouse. Homozygous plants were selected and these 

plants were used for further characterization. All plants used in this study were 

maintained in the greenhouse at 22-25ºC under natural daylights.  

 

Viruses and plant inoculation 

RCNMV full-length RNA-1 and RNA-2 were first obtained by in vitro 

transcription of pRC1IG69 and pRC2IG54 respectively (56). The clones were first 

digested with SmaI, the linearized plasmid DNA was gel-purified using Quiagen gel 

purification kit (Quiagen, Valencia CA). In vitro transcription was carried out using T7 

RNA polymerase (Invitrogen, Carlsbad CA) as previously described (57). The transcripts 

were diluted in sterile GKP buffer (50mM glycine, 30mM K2HPO4 at pH 9.2, 1% 

bentonite and 1% celite) and mechanically inoculated onto Nicotiana clevelandii. 

RCNMV inoculum was thereafter maintained on N. clevelendii in the greenhouse at 22-

25ºC under natural lights and this was used as the primary inoculum source for 

subsequent experiments. PVY was obtained from dried, infected Nicotiana tobacum 

burley-21 leaf tissues from the laboratory virus collection (48). PVY inoculum was 

subsequently maintained on N. tobacum burley-21 plants in the greenhouse at 

temperature ranging from 22-25°C under natural daylights. Transformed and non-

transformed N. benthamiana plants were mechanically inoculated with tissue sap 

containing RCNMV, PVY or co-inoculated with RCNMV and PVY using 0.1M 

phosphate buffer containing 1% celite.  
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Total RNA, dsRNA extraction and northern blot  

Total RNA was extracted from 50mg to100mg of leaf tissues. Leaf tissues were 

weighed and ground in liquid nitrogen and total RNA was extracted using TRIZOL as 

described by the manufacturer (Invitrogen, Carlsbad CA). Briefly, 1ml of TRIZOL was 

added to powdered??? incubated on ice for 10 minutes. Two hundred µl of chloroform 

was added, vigorously mixed and spun down for 10 minutes. The supernatant was 

collected and re-extracted with an equal volume of phenol-chloroform-IAA (25:24:1), 

precipitated with an equal volume of isopropanol. RNA Pellets were re-suspended in 

50µl of autoclaved de-ionized water and stored at -20°C.  

 

dsRNA was extracted following the method described (44). Two grams of leaf 

tissues were used, ground to powder and extracted with one volume of 2X STE buffer 

(0.1 M NaCl, 50 mM Tris, 1 mM EDTA, pH 7.0) containing 1% SDS and 0.1% 2-

mercaptaethanol and one volume of phenol-chloroform-IAA (25:24:1). Nucleic acids 

were precipitated with ethanol. dsRNA was captured on a CF-11 cellulose column in the 

presence of 16.5%m ethanol. Unbound DNA and single-stranded RNA were washed with 

STE buffer containing 16.5% ethanol. Pure dsRNA was then eluted with STE buffer.  

 

For Northern blots, 10µl of total plant RNA was fractioned on 1.5% agarose gel 

and transferred over-night onto Hybond N+ membrane (Amersham Biosciences, UK) 

using 10x SSC buffer (47). The membrane was air-dried and UV cross-linked at 

150Mjoules (Starlinker, Stratagene). 32P-labeled riboprobes were synthesized essentially 
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as previously described (57). To detect RCNMV genomic RNA,  NheI-linearized 

pRC2IG54 containing a full length cDNA of RCNMV RNA-2 was used for in vitro 

transcription by T3 RNA polymerase (Invitrogen, Carlsbad CA) to generate RNA-2 

antisense riboprobes.  To detect the steady state level of the transgene mRNA, HindIII-

linearized pBS6097E1 containing the 5’ 1.2kb of RCNMV RNA-1 was transcribed by T7 

RNA polymerase (Invitrogen, Carlsbad CA) to make RNA-1 antisense riboprobes. In 

vitro transcription was carried out at 37ºC for one hour in the presence of α- 32P-labeled 

UTP (PerkinElmer, Boston MA). The transcripts were purified, precipitated with ethanol 

and stored at -20°C until use. Membranes were hybridized at 55°C overnight in buffer 

containing 50% formamide, 6X SSPE, 5X Denhart solution and 0.5% SDS. Membranes 

were washed at 65°C successively with buffers each containing 0.5X SSC & 0.1% SDS 

and 0.1X SSC & 0.1% SDS. Membranes were exposed to X-ray at -80ºC film (FUJI 

Photo film CO, Tokyo JP) for various period of time. 

 

Low molecular weight RNA extraction and detection  

Low molecular weight RNA was extracted using a slightly modified protocol as 

described (24). Plant total RNA was first prepared as described in the previous section.  

Low molecular weight RNA was separated from high molecular RNA by incubation on 

ice for 30 minutes in a buffer containing 5% PEG (8000) and 0.5M NaCl. The high 

molecular weight RNA was removed by centrifugation and the low molecular weight 

RNA in the supernatant was precipitated by addition of 3 volumes of 100% ethanol and 

incubation at -20ºC for at least two hours. The small RNA pellets were dissolved in 50% 
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formamide after centrifugation. The quantity and the quality of small RNAs were 

checked on 1.5% agarose gel. Ten µl of the small RNA molecules were resolved on a 

denaturing 15% Polyacrylamide gel containing 7M urea at 125 V for 2-3 hours, 

transferred to a Hybond-N+ membrane (Amersham Biosciences, Piscataway NJ) using a 

Trans blot semi-dry transfer cell (Bio-Rad, Hercules CA) for 30 minutes at 25V. 

Membranes were equilibrated in 20X SSC (47), air-dried and subsequently UV cross-

linked at 150mjoules. 32P-labeled riboprobes synthesized from HindIII-linearized 

pBS6097E1 and from BamHI-linearized pRC1IG69 were used to detect (+) sense and (-) 

sense siRNA, respectively. Prior to hybridization, riboprobes were fragmented by 

incubation in 200mM carbonate solution for 2.5 hours at 60ºC. The reaction was stopped 

by adding 3M sodium acetate pH 5.2. The membrane was hybridized overnight at 40ºC in 

buffer containing 50% formamide, 6X SSPE and 5% Denhardt solution, 0.5% SDS. The 

membranes were washed using buffer solutions containing 2X SSC and 0.1%SDS, 1X 

SSC and 0.1%SDS respectively. Membranes were exposed onto X-ray films (FUJI Photo 

film CO, Tokyo JP) at -80ºC.  

 

DNA extraction and Southern blot  

Plant genomic DNA was extracted from different N. benthamiana plants using 

CTAB (CALBIOCHEM, La Jolla CA) and purified with successive phenol-chloroform 

extractions. DNA was dissolved in TE buffer and concentration was measured using 

Nano-Drop. Approximately 10µg of total DNA was digested with various restriction 

enzymes overnight at 37°C and separated using .8% agarose gel. DNA was transferred 
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onto Hybond N+ membranes (Amersham Biosciences, Piscataway NJ) using alkaline 

transfer as described (47). DNA probes were prepared using Prime-it II random priming 

kit (Stratagene, Cedar creek TX). A DNA fragment corresponding to the 1.2kb transgene 

was prepared by digesting pRC1IG69 containing RCNMV genomic RNA-1 full length 

with SstI (Figure 1). Membranes were hybridized overnight at 55°C using buffer 

containing 6X SSPE, 5X Denhardt solution, 10% dextran, 0.5% SDS and 100µg/ml of 

salmon sperm DNA. Membranes were washed with 2X SSC and 0.1%SDS, 1X SSC and 

0.1%SDS and exposed to X-ray films (FUJI Photo film CO, Tokyo JP). 

 

Plant nuclei extraction and Nuclear-run on assay 

Plant nuclei were extracted from leaf tissues of N. benthamiana following 

protocol as described previously (15). DNA probes were first denatured by addition of 

0.1 volume of 3M NaOH and incubated for 1hr at 65°C. The DNA mix was neutralized 

using 1 volume of 2M ammonium acetate pH 7.0.  One hundred ng of each DNA probe 

was loaded onto a slot blotter using Hybond N+ nylon membranes. Ubiquitin and actin 

were cloned from N. benthamiana using the following primers: 5’-

GAAGGAATCCCACCGGAC-3’ (NBubqfor), 5’-TCTGGTGGGATTCCTTCC-3’ 

(NBubqrev) and 5’-TCCTCATGCAATTCTTCG-3’ (NBactinfor2), 5’-

CGCCACCACCTTGATCTTC-3’ (NBactinrev), respectively. Membranes were 

hybridized for 48hrs at 42°C using same buffer and washed with same buffers as 

described for Northern analysis. 
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ABSTRACT 

A Nicotiana benthamiana transgenic line expressing a fragment of Red clover 

necrotic mosaic virus (RCNMV) RNA-1 was susceptible initially to RCNMV infection. 

However, infected plants recovered 10-14 days after RCNMV infection. Subsequent 

molecular characterization revealed that the recovery phenomenon was mediated by 

RNAi induced by RCNMV infection. The recovery line was used as model system to 

examine the impacts of mixed viral infections on stability of RNAi-mediated virus 

resistance. These lines were challenged with RCNMV in the presence of Potato virus Y 

(PVY) which encodes the potent RNA silencing suppressor HCPro. Our results 

demonstrated that PVY was able to break the RNAi mediated resistance to RCNMV in 

the recovery line, and further showed that PVY not only interfered with initiation of the 

virus-induced RNAi, but also reversed previously induced RNAi in the transgenic plants. 

Interestingly, PVY infection did not restore the steady-state of the 1.2 kb transcripts 

targeted by RNAi in these transgenic plants. The implication of differential effects of the 

RNAi suppressor on sense-RNAi pathway and on dsRNA-RNAi pathway to RNAi-

mediated resistance is discussed.  
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INTRODUCTION 

Since of the concept of pathogen derived resistance (PDR) was first proposed by 

Sanford and Johnston (1985) (43), many plant species have been transformed 

successfully with viral sequences to engineer resistance against these pathogens (16, 39, 

48). A resistant phenotype known as “recovery” was identified and characterized in some 

transgenic plants with virus resistance. This phenotype was first described by Lindbo et 

al. (1992) (28, 29) in tobacco plants expressing a viral sequence from Tobacco etch virus 

(TEV). In these transgenic lines, disease symptoms were observed on the inoculated 

leaves after TEV infection, however, upper leaves away from the inoculated leaves 

appeared to be free of symptoms after a few days. These leaves were shown to not sustain 

any TEV replication as no TEV genomic RNA was detected (28, 29). The resistance was 

highly specific and only targeted against viruses closely related to TEV. Subsequent 

reports demonstrated the same phenomenon using different translatable or untranslatable 

viral sequences (14, 47). Molecular characterizations of these transgenic plants confirmed 

that the resistance in these recovery lines is mediated by mechanism related to RNAi in 

plants (14, 18, 47).  

 

RNAi is a highly conserved RNA-based process in various organisms, from 

protista to higher eukaryotes that regulates gene expression in specific processes ranging 

from developmental, biotic and abiotic stressors to maintaining genome stability (8, 9, 

55). Gene regulation mediated by RNA silencing pathways can occur at the 

transcriptional, post-transcriptional and translational levels (1, 5, 8). In plants, RNAi 
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pathways can be initiated by various endogenous or exogenous precursor RNA 

molecules, including viruses (4, 8). RNAi pathways are activated by dsRNA molecules 

derived from RNA-dependent RNA polymerase (RdRP) copying of a single stranded 

RNA, from viral replicative intermediates, or RNA with inverted repeat (8). These 

dsRNA molecules are cleaved by dicer-like, RNase-type III enzymes (DCLs) into 

duplexes of small interfering RNA (siRNAs) of 21-25 nucleotides in length (8, 21). One 

strand of the duplexes known as the guide siRNA is recruited by Argonaute proteins 

(AGOs) which leads to subsequent activation of the RNA silencing induced complex 

(RISC). RISC directs the specific down-regulation of the target mRNA (10, 51).  

 

RNA silencing is widely regarded as an innate anti-viral defense response in 

plants and animals (13, 44). Viruses are triggers and targets of RNAi. Consequently, 

viruses have evolved to counteract this defense response using encoded viral proteins 

(RNAi suppressors) or possibly other yet undefined mechanisms (13, 27). The presence 

of viral encoded RNAi suppressors of dissimilar sequences and diverse functions poses a 

challenge to genetically engineered RNAi-mediated virus resistance as viral mixed 

infections are common in nature (20). Previous reports demonstrated that resistance 

mediated by RNAi can be overcome by the targeted virus when plants are co-infected 

with another virus known to contain a suppressor of RNAi (35, 36, 45). To date, few 

reports have documented the effects of virus mixed infections on RNAi-mediated 

resistance in plants. Savenkov and Valkonen (2001) demonstrated that a tobacco 

transgenic line expressing the CP of Potato virus A (PVA), displaying RNAi-mediated 
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resistance became susceptible to PVA when co-infected with Potato virus Y (PVY), a 

virus closely related to PVA (45). In another report, a transgenic resistant Nicotiana 

benthamiana expressing NIbV3 from Plum pox virus (PPV), exhibiting a recovery 

phenotype mediated by RNAi was differentially affected by two different unrelated 

viruses carrying strong suppressors of RNAi when co-infected with PPV (46). In a 

previous report (chapter II of this dissertation), we demonstrated that PVY infection 

interfered with certain aspects of RNAi induced by dsRNA but did not suppress the 

specific resistance against Red clover necrotic mosaic virus (RCNMV) mediated by the 

same RNAi.  In that study, PVY infection resulted in partial release of the constitutive 

RNAi, accumulation of a silenced transgene mRNA, and a dramatic increase of 

transgene-specific 21-nt siRNAs in the transgenic plants. However, the resistance 

targeting RCNMV remained unchanged in the presence of PVY. In this report, we extend 

examination of PVY co-infection to transgenic RCNMV resistance conferred by virus-

induced, sense-transgene-mediated RNAi.  

 

RCNMV is a small icosahedral virus, a type member of the Dianthovirus genus 

belonging to the Tombusviridae family. RCNMV consists of two (+) ssRNA genomes. 

RNA-1 of about 4 kb encodes three ORFs, p27, p57 and the capsid protein p37 (Figure 

1). The proteins p27 and p88, a product of +1 frameshift of RNA-1 are required for virus 

replication. RNA-2 is about 1.5 kb and expresses the virus movement protein (MP) 

required for virus cell-to-cell (17, 25, 56, 57). PVY belongs to the genus Potyvirus, 

Potyviridae family (22). Members of this viral family are known to infect diverse plant 
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species and cause severe damages to infected plants.  PVY contains a single (+) ssRNA 

genome approximately 9 kb in length. Its genome is expressed as a long polypeptide 

which is internally processed by various proteinases encoded by the viral genome (22). 

Mixed infections by members of Potyvirus and other viruses often cause severe 

symptoms than infections by either virus alone (40). This synergistic response was 

subsequently attributed to the expression of the potyviral helper-component protease 

(HCPro) (40). HCPro is a multifunctional protein that is involved in various processes 

during the Potyvirus life cycle such as polyprotein cleavage, vector transmission, cell-to-

cell and long distance movement (3, 38, 41, 50). HCPro was the first virus encoded 

protein that was clearly demonstrated to be capable of reversing RNAi (2, 7, 24). PVY 

infection, or expression of HCPro transgenically or from heterologous virus vectors, 

caused complete reversal of RNAi induced by sense and inverted-repeat transgene 

constructs in plants (30, 31, 53).  

 

We report in this study that PVY infection broke the resistance against RCNMV 

mediated by virus-induced RNAi. Simultaneous co-inoculation of PVY with RCNMV 

prevented induction of the virus-induced RNAi. Furthermore, RCNMV-induced, RNAi-

mediated resistance, already established in upper leaves, was reversed by PVY.  
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RESULTS 

 

Transgenic N. benthamiana plants expressing the 5’ proximal 1.2 kb 

fragment of RCNMV RNA-1 recover from RCNMV infection  

In a previous report (Chapter II), we described the generation by Agrobacterium-

mediated transformation and molecular characterizations of a large number of transgenic 

N. benthamiana lines that contained a transgene derived from the 5’ proximal 1.2 kb 

sequence of RCNMV RNA-1 (Figure 1). Expression of the transgene in these lines 

ranged from nearly non-detectable to extremely high (Figure 3A). When the homozygous 

transgenic lines were challenged with RCNMV, diverse phenotypic responses were 

exhibited by the different transgenic lines, ranged from total susceptibility to complete 

immunity. A particular group of transgenic lines (B1, G2) with an extremely high 

expression level of the transgene displayed an interesting phenotype: inoculated leaves 

initially developed symptoms but newly emerged leaves recovered from RCNMV 

infection. In these lines, local chlorotic lesions and concentric rings were observed at 3-4 

days post-inoculation (dpi) on the inoculated leaves. Systemic symptoms of mosaics and 

mottles were all seen on 1 to 2 leaves immediately above the inoculated leaves at 7 dpi 

(Figure 2B). The symptoms and their development at the initial phase of the infection 

were identical to those on non-transformed control plants inoculated with RCNMV 

(Figure 2A). However, the disease symptoms in the recovery lines appeared to be 

attenuated in the other top leaves and completely disappeared in the leaves emerging after 
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10 to 14 dpi. In comparison, systemic mosaic and mottling symptoms caused by RCNVM 

persisted throughout the life span of non-transformed control plants.  

 

The apparent recovery of the transgenic lines from RCNMV infection was 

confirmed by Northern blot analysis of RCNMV genomic RNA in inoculated and 

diseased, and apparently healthy leaves. We used (-) sense riboprobes derived from 

RCNMV RNA-2 to distinguish between replicating viral genomic RNA and the 

transgene mRNA which originated from RCNMV RNA-1. RCNMV RNA-2 was 

detected initially in the inoculated leaves of B1, G1 and J2 lines, consistent with the 

development of disease symptoms on these leaves (Figure 2C). However, RCNMV 

RNA-2 was absent or was below the detection limit of this assay in the symptoms-free 

systemic leaves, confirming that the upper young leaves of B1 and G2 indeed recovered 

from RCNMV infection.  

 

Recovery of transgenic N. benthamiana plants from RCNMV infection is 

mediated by virus-induced RNAi 

These results led us to test whether the recovery from RCNMV infection was 

caused by RNAi-mediated degradation pathway. RNAi-induced degradation pathways 

are characterized by a low steady-state level of the precursor mRNA that correlates with 

the accumulation of small RNA species of 21-24 nts in length (4, 8). We therefore 

compared the steady-state level of the 1.2 kb transgene mRNA in these transgenic plants 

prior to RCNMV infection and in the leaf tissues recovered from RCNMV infection. 
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Total RNA was extracted from mock-inoculated leaf tissues and recovered leaves at 14 

dpi. At this time, the recovered leaves were symptom-free and virus-free as determined 

by Northern hybridization. Hybridization with antisense riboprobes specific to the 5’ 1.2 

kb of RCNMV RNA-1 showed an extreme large amount of the transgene mRNA 

accumulating in the mock-inoculated plants (Figure 3A). However, the amount of the 

transgene mRNA was drastically reduced in the leaves that had recovered from RCNMV 

infection (Figure 3A). We hypothesized that RCNMV infection triggered an RNAi-based 

degradation of viral specific RNA. This RNAi degradation also targeted the transgene 

mRNA homologous to viral RNA. Further, the RNAi signals had apparently spread 

systemically throughout the plant to cause degradation of the transgene mRNA in upper, 

virus-uninfected leaves and to render the newly emerged leaves immune to RCNMV 

infection.  

 

 siRNAs of 21-24 nts in length are a hallmark of RNAi, the products and possibly 

also the signals of this process (23, 52). To test our hypothesis, we examined siRNA in 

the recovery lines in uninfected leaves and in leaves recovered from RCNMV infection. 

A predominant species of 21-nt siRNA and a minor species of 24-nt siRNA were 

detected in the recovered leaves but were absent in healthy, mock-infected leaves (Figure 

3B). These results indicated that RNAi was not active in uninfected plants but was 

operational in the recovered leaves, further supporting our hypothesis that RCNMV 

infection induced RNAi that targeted the transgene mRNA along with viral RNA and 

spread systemically.   



 

 

185

Recovered leaves resist RCNMV infection 

 Our hypothesis also predicted that the recovered leaves with an on-going systemic 

RNAi acquire the ability to resist subsequent RCNMV infection. This was tested by a 

secondary challenge inoculation of RCNMV to the recovered leaves. Plant sap containing 

active RCNMV inoculums were applied directly to the recovered leaves of the recovery 

lines. No visible disease symptoms were observed on the inoculated leaves. Total RNA at 

7 dpi was extracted from the inoculated leaves and probed with the RNA-2 antisense 

probe to detect RCNMV infection. RCNMV RNA-2 was easily detected in leaves at 

similar developmental stages from non-transformed control plants but was undetectable 

in the recovered leaves (data not shown, also see Fig. 5B), indicating that the recovered 

leaves developed a high resistant state against RCNMV, similar to the condition reported 

by Lindbo et al. (1992) (29). These results together indicated that RCNMV infection 

induced an RNAi-mediated degradation of viral RNA and the transgene mRNA and the 

subsequent spread of the systemic RNAi caused an RCNMV-resistant state throughout 

these transgenic plants. 

 

PVY infection suppresses the RNAi mediated resistance in the recovery line 

 We showed previously that constitutive RNAi-mediated resistance to RCNMV 

was unaffected by PVY infection (Chapter II), suggesting that certain RNAi-mediated 

resistance could withstand the pressure from mixed viral infections. Therefore, we 

wanted to test whether this response to PVY infection could be extended to and 

reproduced in virus-induced RNAi-mediated resistance. We chose the line of B1 
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transgenic plants that exhibited the recovery phenotype (Figure 2C) to carry out our 

experiments. First, B1 RCNMV transgenic plants were inoculated with RCNMV (R) 

alone, PVY (P) alone, or co-inoculated with RCNMV and PVY (R+P). Non-transformed 

N. benthamiana and D2 immune transgenic plants (chapter II) were used as controls to 

follow disease progress on the B1 transgenic plants. Total RNA was extracted from the 

inoculated and systemic leaf tissues from these plants at 14 dpi and probed with RCNMV 

genomic RNA-2 specific riboprobes to determine RCNMV accumulation in these tissues. 

RCNMV genomic RNA was readily detected in inoculated leaves of all plants inoculated 

with the exception of control plants inoculated with only PVY (Figure 4A). As expected, 

RCNMV RNA was present in the systemic leaves of non-transformed control plants 

inoculated with either RCNMV alone or in combination with PVY (Figure 4A and Figure 

2B). However, RCNMV RNA was found in systemic leaves of B1 plants co-inoculated 

with RCNMV and PVY while remained undetectable in systemic leaves of B1 plants 

inoculated with RCNMV alone (Figure 4A, lane 10). These results clearly showed that 

the virus-induced, RNAi-mediated resistant against RCNMV was compromised by PVY 

infection.  

 

PVY infection is capable of reversing an established, virus-induced RNAi 

The compromise of the resistance by PVY may occur either at the initiation or at 

the maintenance stages of the virus-induced RNAi, the stages of action previously 

proposed for HCPro, the suppressor encoded by PVY (31, 50). It is possible that PVY 

infection could prevent the initiation of RNAi induced by RCNMV infection in the B1 
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transgenic plants, allowing RCNMV infection throughout the plants. It is also equally 

possible that RCNMV infection was capable of triggering the RNAi but PVY might 

impair one or more downstream steps of RNAi resulting in RCNMV RNA not being 

targeted. To distinguish between these two possibilities, we conducted time course 

experiments during which B1 transgenic plants were inoculated with RCNMV first to 

induce the RNAi and subsequently inoculated with PVY at different times ranging from 4 

to 14 days after the initial RCNMV inoculation. If PVY interfered only with the RNAi 

initiation, it would no longer be able to reverse the resistance once the RNAi-mediated 

resistance has been established in these plants, similar to what was observed in 

constitutive RNAi-mediated resistance (chapter II).  

 

RCNMV RNA was detected in both inoculated leaves (Figure 4B, lanes 8 and 9) 

and systemic leaves (Figure 4B, lanes 4, 5, 12, 13 and 14) when PVY inoculum was 

applied 4 and 7 days after RCNMV inoculation implying that PVY could effectively 

suppress RNAi before its initiation. However, RCNMV RNA was detected in the 

systemic leaves of some but not other B1 transgenic plants when PVY was inoculated 14 

days after RCNMV inoculation (Figure 4B, lanes 7 and 17), at which time the RNAi 

should have already been established in the systemic leaves of the recovery line. These 

inconsistent results prompted further analysis of the effect of PVY infection on 

established RNAi.  
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Ten additional B1 transgenic plants were inoculated with RCNMV. At 14 dpi, 

establishment of RNAi in systemic leaves was confirmed by the absence of symptoms 

and by the absence of RCNMV RNA in Northern hybridization (data not shown). We 

then infected these plants with PVY and after 10 days extracted total RNA for Northern 

hybridization analysis. Two out of the ten tested plants allowed RCNMV infection as 

indicated by the presence of RCNMV RNA-2 (Figure 5A). These results were 

reproducible in independent experiments and they suggested that the introduction of PVY 

allowed RCNMV to surmount the virus induced RNAi-mediated resistance in some 

cases. 

  

A likely explanation for the above inconsistent RCNMV infection is the source of 

RCNMV inoculum. At 24 dpi, the originally infected leaves might have aged or been 

damaged too much to actively export sufficient amounts of RCNMV to initiate infection 

on younger leaves after the established RNAi had been suppressed by PVY infection. 

These possibilities were tested by providing fresh inoculum in a second RCNMV 

inoculation. Thirty B1 transgenic plants were massively infected with RCNMV to induce 

RNAi. RCNMV infection at the initial stage and the induced RNAi in these plants at 14 

dpi were verified before PVY was mechanically inoculated above the RCNMV 

symptomatic leaves. After 8 days to allow for PVY systemic infection to occur, we 

mechanically re-inoculating these plants with RCNMV. Total RNA was extracted from 

B1 plants before re-inoculation or 8 days after re-inoculation. As shown previously, 

occasional B1 plants developed RCNMV infection in systemic leaves but most were 
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virus-free prior to RCNMV re-inoculation However, all the re-inoculated B1 plants 

became systemically infected and RCNMV RNA was readily detectable (Figure 6B). 

These results demonstrate that PVY infection indeed reversed an already established, 

virus-induced RNAi and confirmed our original suspicion that inoculum sources were the 

culprit of earlier inconsistent results.  

 

Transgene mRNA and siRNA in B1 transgenic plants in the presence of PVY  

To further examine the effects of PVY on the virus-induced RNAi in these B1 

transgenic plants, we examined the steady-state level of the 1.2 kb transgene mRNA in 

RNAi-established plants prior to and after PVY infection. Mock inoculated and RCNMV 

inoculated B1 transgenic plants were used as controls to assess the level of mRNA in 

these transgenic plants. As shown previously (Figure 3A), the 1.2 kb transgene mRNA is 

readily detected in mock-inoculated B1 transgenic plants. However, mRNA is present at 

very low level in the leaf tissues that have recovered from RCNMV infection (Figure 6A, 

lane 1, 2 and 3; Figure 3A). The 1.2 kb mRNA is detected in the B1 transgenic plants 

after PVY infection, but the amount appeared to be significantly reduced in comparison 

to that of the mock-inoculated plants, suggesting that although PVY infection releases 

transgene silencing in these B1 transgenic plants, the transgene mRNA did not return to 

the full level of non-silenced B1 plants (Figure 6A, lanes 4 and 5). We also examined the 

accumulation of the transgene-specific siRNAs in these B1 transgenic plants. Single-

stranded probes capable of strand-specific hybridizations were used to differentiate (-) 

sense and (+) sense siRNAs. The amount of the (-) sense and (+) sense siRNAs of about 
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21 nts in length did not change noticeably in the presence or in the absence of PVY 

(Figure 6B, lanes 6-9 and lanes 13-16). This is in contrast to previous reports (Chapter II, 

other references) that HCPro increased accumulation of transgene-specific siRNA 

derived from dsRNA precursors.  
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Figure 3.1: A & B. Schematic of RCNMV genome organization of RNA-1 and RNA-2, 

respectively. Panel A shows RCNMV RNA-1 of ca. 3.9 kb encoding three open reading 

frames (ORFs) of p27, p57 and CP. Panel B represents the 1.5 kb RCNMV RNA-2 

containing a single MP ORF. Panel C illustrates the context of the 1.2 kb transgene in 

pVKp27 and location of the transgene sequence within RCNMV RNA-1. 35S, CaMV 

35S promoter; pA, polyadenylation, NOS, nopaline synthase promoter; NPTII, 

neophosphotransferase; RB and LB, right and left border of T-DNA 
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Figure 3.2: Phenotypes and Northern analysis of N. benthamiana plants infected with 

RCNMV. Panels A and B, symptoms of non-transformed plants and a transgenic 

recovery line infected by RCNMV. Notice the absence of symptoms on young top leaves 

in B. Panel C, Northern analysis of RCNMV RNA in inoculated and systemic leaves. 

The viral RNA was probed with 32P-labeled, (-) sense RCNMV RNA-2. B1 and G2 

transgenic lines exhibiting a recovery phenotype. D2 transgenic line immune to RCNMV 

infection and non transformed (NT) plants were used as control.  
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Figure 3.3: Northern analysis of the transgene mRNA and siRNA in uninfected and 

recovered leaves of recovery B1 and G2 lines. (A). The steady state levels of the 1.2 kb 

transgene mRNA in recovery lines B1 and G2.  RCNMV RNA-1 (-) sense riboprobes 

were used for hybridization. (B). Accumulation of siRNA in recovery and immune 

transgenic lines. siRNAs in mock-inoculated plants (1) and in leaves recovered from 

RCNMV infection were hybridized with riboprobes specific for the 1.2 kb transgene. The 

D2 immune line was included as internal controls for A and B.   
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Figure 3.4: Northern analysis of RCNMV RNA in B1 plants inoculated with RCNMV 

with or without PVY.  (-) sense riboprobes specific for RCNMV RNA-2 were used for 

hybridization. (A). RCNMV RNA in inoculated and systemic leaves of B1 plants 

simultaneously co-inoculated with both viruses. (B). RCNMV RNA in systemic leaves 

from time-course experiments. PVY was inoculated at different dates post RCNMV 

inoculation. (*) represents inoculated leaf.  NT, non-transformed control plants.  
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Figure 3.5: Northern analysis of RCNMV RNA in B1 recovery plants. B1 plants were 

initially inoculated with RCNMV and total RNA was extracted from systemic leaves at 

14 dpi. (A). PVY was then inoculated to the same plants and total RNA was extracted at 

10 dpi. (B). The same set of plants was subsequently re-inoculated with RCNMV and 

total RNA was extracted at 8 dpi. Membranes were hybridized with (-) sense riboprobes 

specific for RCNMV RNA-2.*B1 represents B1 control plant inoculated with RCNMV 

both times and was not inoculated with PYV. 
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Figure 3.6: Northern analysis of the transgene mRNA and siRNA in B1 plants inoculated 

with RCNMV and with PVY 14 days later. Non-transformed and D2 immune line were 

included as controls.  (A). The steady state levels of the 1.2 kb transgene mRNA in 

systemic leaves of B1 plants inoculated with RCNMV alone or with PVY at 14 dpi. 

Membrane was hybridized using (-) sense riboprobes specific for the 5’ end of RCNMV 

RNA-1. (B). Accumulation of (+) and (-) siRNAs in B1 plants infected with RCNMV 

and/or PVY. Membranes were hybridized with (-) and (+) sense riboprobes specific for 

the 1.2 kb transgene. 
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DISCUSSION 

 
In this study, we demonstrated that the resistance mediated by virus-induced 

RNAi in transgenic N. benthamiana plants expressing a fragment of RCNMV genomic 

RNA-1 was overcome by RCNMV in the presence of PVY. This is in contrast to a 

previous report that resistance mediated by constitutive RNAi was unaffected by PVY 

infection (Chapter II in this dissertation). The recovery line used in this study did not 

have an active RNAi initially.  When these transgenic plants were first infected with 

RCNMV disease symptoms were apparent on the inoculated leaves. However, newly 

emerging leaves appeared symptom-free after 14 dpi (Figure 1B). Subsequent analysis 

using riboprobes specific for RCNMV RNA-2 revealed that the leaf tissues that 

apparently recovered from RNCMV induced disease were also virus-free (Figure 2B). 

Further tests confirmed that the steady-state level of the 1.2 kb transgene mRNA was 

reduced significantly in the recovered leaves in contrast to mock-inoculated plants 

(Figure 3A). Additionally, the decrease in mRNA level is accompanied by the 

accumulation of transgene-specific 21- to 24-nt siRNAs (Figure 3B). These results 

therefore demonstrate that the resistance in the recovered leaves was induced by RCNMV 

infection and is conferred by the RNAi degradation pathway (4, 8, 33). dsRNA 

intermediates accumulating during viral RNA replication have been reported to serve as 

substrates for DCL enzymes to generate viral specific siRNAs (11, 12). We also observed 

that a large amount of viral siRNA duplexes were produced during viral infection (data 

not shown). It is likely that RCNMV siRNAs were incorporated into active RISC 

complexes as described in other RNAi pathways (10, 51, 55). In plants, RNA silencing is 
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a non-cell autonomous process during which signaling molecules move from cell-to-cell 

and systemically to induce RNA silencing throughout the plants (23, 52). This process is 

clearly evident in our transgenic plants where silencing is induced at the inoculated 

leaves by RCNMV infection and subsequently spread cell-to-cell and systemically to 

induce RNAi in the upper leaves consequently leading to degradation of the virus and the 

homologous 1.2 kb transgene in the systemic leaf tissues.  

 

In the present study, we found that PVY which carries the RNAi suppressor 

HCPro not only interfered with initiation of RNAi but also reversed maintained silencing, 

consistent with previously reports (7, 30, 49). When B1 transgenic plants were 

simultaneously inoculated with RCNMV and PVY, RCNMV genomic RNA was detected 

in the inoculated as well as in the systemic leaves which would have acquired RNAi-

mediated resistance in the absence of PVY (Figure 4A). These results suggest that the 

presence of PVY suppressed the resistance in the systemic leaf tissues, possibly by 

interfering with the initiation of the RNAi mediated resistance in the initially inoculated 

leaves. In addition, subsequent inoculation with PVY on B1 plants after RNAi was 

induced by RCNMV, RCNMV genomic RNA-2 could be detected in some of the 

infected plants (Figure 4A). However, viral RNA was readily detected after re-

inoculating these plants with RCNMV after PVY inoculation (Figure 4B), indicating that 

the viral induced RNAi-mediated resistance in B1 recovered line is reversed by PVY 

after silencing has been established in the transgenic line. One reason why we might not 

have detected RCNMV genomic RNA in most of the infected plants is possibly the result 
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of the senescing inoculated leaves after the long waiting period prior to re-infection by 

RCNMV. Some of the inoculated leaves of these B1 transgenic plants still in good 

condition probably harbored some RCNMV inoculums, since the virus might not have 

undergone RNAi- mediated degradation in these inoculated leaves (Figure 2A). Taken 

together, these results indicate that PVY co-infection reversed the virus-induced RNAi-

mediated resistance against RCNMV in the B1 recovered transgenic line, allowing a 

subsequent RCNMV challenge to establish successful infection. These results are in 

contrast to our previous findings that PVY infection did not abolish resistance against 

RCNMV mediated by dsRNA-induced, constitutive RNAi (Chapter II). Our data suggest 

therefore that PVY can differentially affect RNAi-mediated resistance against a virus, 

depending on the RNAi pathway involved.   

 

Previous reports demonstrated that PVY reversal of RNA silencing is due to the 

suppressor activity of HCPro (2, 7, 24), but contradictory data have been presented 

regarding its suppression mechanisms. On one hand, HCPro was shown to abolish 21-nt 

siRNAs and to elevate the accumulation of larger dsRNA, therefore inferring its roles in 

interfering with DCL processing in plants (15, 31, 32). Alternatively,  HCPro exhibited 

an ability to bind siRNA duplexes, therefore preventing siRNA duplexes from 

unwinding, leading to reduced RISC activities (26, 34). Our data showed that PVY 

infection released the silencing of the 1.2 kb transgene mRNA to a degree but never fully 

restored it to the non-silenced state (Figure 6A, lanes 4, 5). Transgene-specific siRNAs in 

B1 plants (Figure 6B, lanes 6, 7, 8 and 9) did not accumulate to the same extent as they 
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did in D2 plants in the presence of PVY (Figure 6A, lanes 4, 5; Chapter II). (+) siRNAs 

in these B1 transgenic plants were barely detectable (Figure 6B, lanes 10 through 17).  

 

Recently, HCPro was reported to interfere with the accumulation of secondary 

siRNAs in sense-transgene induced RNAi but did not affect the accumulation of primary 

siRNA derived from dsRNA formed by an inverted-repeat (37). In plants, siRNA 

pathway is amplified by the production of secondary siRNAs which is dependent on the 

activity of an RNA-dependent RNA polymerase namely RDR6 specifically in the sense-

siRNA pathway (6, 8). However, we could not distinguish in our system whether the 

siRNA detected in our transgenic lines are primary or secondary siRNAs in nature. 

Nonetheless, we showed previously that the B1 RCNMV transgenic line contained only a 

single copy of the 1.2 kb transgene (chapter II). Additionally, it was not apparent whether 

HCPro suppresses RNAi by binding to duplex of siRNAs in the B1 transgenic line as we 

have proposed in the D2 line (chapter II). The extremely low level of siRNA in silenced 

B1 plants suggests that HCPro did not bind and stabilize siRNA. A significant difference 

between the virus-induced RNAi in this report and the dsRNA-induced RNAi in our 

previous report is that the former presumably requires a RDR6-dependent step while 

dsRNA in the later case could be processed directly by dicer. Therefore, it is possible that 

PVY, and by extension, HCPro may interfere with other steps of RNAi such as RDR6 

activities. Additional experiments will be required to understand the complex effects of 

PVY/HCPro on RNAi. Although (-) sense siRNAs was detected, (+) sense siRNA was 
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barely detectable. It is therefore remains to be determined what are the mechanisms of 

HCPro suppressor activity to resolve all these discrepancies.  
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MATERIALS AND METHODS 

 

Plasmid constructs and generation of transgenic plants  

All plasmid constructs used in this study as well as transformation of N. 

benthamiana transgenic plants (were previously described Chapter II).  

 

Viruses and plant inoculation 

All viruses used in this study were described in details in Chapter II of this 

dissertation. RCNMV full length RNA-1 and RNA-2 were first obtained by in vitro 

transcription of pRC1IG69 and pRC2IG54 respectively. RCNMV inoculum was 

maintained on N. clevelandii all through the experiments and infected plants were kept at 

the University of Arizona greenhouses at 22-25ºC under natural lights. PVY inoculum 

was maintained in Nicotiana tobacum burley-21 plants and kept in the greenhouse at 

temperature ranging from 22-25C under natural daylights. N. benthamiana plants were 

mechanically inoculated with tissue sap containing RCNMV, PVY or co-inoculated with 

RCNMV and PVY using 0.1M phosphate buffer supplemented with 1% celite.  

 

Total RNA extraction and Northern blot 

Total RNA was extracted from 50mg to100mg of leaf tissues from treated 

transgenic and control plants. Leaf tissues were weighed and ground in liquid nitrogen 

and total RNA was extracted using TRIZOL (Invitrogen, Carlsbad CA) as described by 

the manufacturer. RNA Pellets were re-suspended into 50µl of autoclaved de-ionized 
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water and stored at -20C. For Northern blots, 10µl of total plant RNA was separated on 

1.5% agarose gels, transferred over-night onto Hybond N+ membrane (Amersham 

Biosciences, UK) using 10x SSC buffer (42). The membrane was air-dried and UV cross-

linked at 150Mjoules (Starlinker, Stratagene). 32 P-labeled antisense RNA-2 and RNA1 

riboprobes to detect the transgene mRNA was described previously (Chapter II). 

Membranes were hybridized at 55ºC overnight in a buffer containing 50% formamide, 

6xSSPE, 5X Denhardt solution and 0.5% SDS as described previously (54). Membranes 

were washed at 65ºC with buffers, each containing 0.5X SSC & 0.1% SDS and 0.1X SSC 

& 0.1% SDS successively. Membranes were thereafter exposed onto X-ray films at -

80°C (FUJI Photo film CO, Tokyo JP) for various time periods. 

 

Low molecular weight RNA extraction and detection 

Low molecular weight RNA was extracted using a slightly modified protocol as 

described in (19). Briefly, total RNA were extracted from 50 to 100mg of N. 

benthamiana leaves using TRIZOL according to the manufacturer (Invitrogen, Carlsbad 

CA) and total RNA was dissolved into 50µl of autoclaved distilled de-ionized water. Low 

molecular weight RNA was separated from high molecular RNA using a buffer 

containing 5% PEG (8000) and 0.5M NaCl and incubated on ice for 30 minutes. The high 

molecular weight RNA were pelleted by centrifugation and the low molecular weight 

RNA were precipitated using 3 volumes of ethanol and incubated at -20ºC for at least two 

hours. The small RNA pellets were dissolved in 50% formamide. The quantity and the 

quality of small RNAs were checked on 1.5% agarose gel. 10µl of the small RNA 
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molecules were resolved on a denaturing 15% PAGE and  transferred on Hybond-N+ 

filter (Amersham Biosciences, UK) using a Trans blot semi-dry transfer cell (Bio-Rad, 

US) for 30 minutes at 25 V. Membranes were equilibrated in 20X SSC, air-dried and 

subsequently UV cross-linked at 150mjoules. (+) and (-) sense siRNAs were detected 

using 32P-labeled UTP fragmented in vitro transcripts generated from pBS6097E1 and 

pRC1IG69, respectively as described previously (Chapter II). Membranes were 

hybridized overnight at 40ºC in buffer containing 50% formamide, 6X SSPE and 5% 

Denhardt solution, 0.5% SDS, washed using buffers containing 2X SSC and 0.1%SDS, 

1X SSC and 0.1SDS, respectively. Membranes were exposed onto X-ray films (FUJI 

Photo film CO, Tokyo JP) and kept at -80ºC for various lengths of times.  
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APPENDIX C 
 
 

GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES 
 

 
RNA interference (RNAi) generally refers to several RNA based processes that 

regulate gene expression in a sequence-specific manner (1, 2). RNAi can be triggered by 

different RNA precursors of sense, antisense polarities, RNA molecules that can form 

fold back structure resulting in a double stranded-structure, or replicating viral RNAs.  In 

all cases, double stranded RNAs (dsRNA) are formed and cleaved by RNase III type 

enzyme known as dicer-like (DCLs) to generate 21 nt to 24 nt small interfering (siRNA). 

One strand is then recruited by Argonaute proteins (AGOs) which activate the formation 

of RNA silencing induced complexes (RISC) resulting in down-regulation of gene 

expression (1, 2).  

 

In the present study, we investigated the mechanism of suppression by Potato 

virus Y (PVY) of two established RNA interference (RNAi)-mediated resistance against 

Red clover necrotic mosaic virus (RCNMV), a small (+)-sense RNA virus in the family 

of Tombusviridae, in transgenic Nicotiana benthamiana plants containing the 1.2 kb 5’ 

end of RCNMV. A fundamental difference between the two above studied resistances 

was how the underlying RNAi was initiated. Resistance represented by the immune D2 

line was mediated by dsRNA-induced RNAi (dsRNAi) while resistance represented by 

the B1 line, characterized by a recovery phenotype, was mediated by virus-induced RNAi 

(vRNAi). Characteristics of these two transgenic lines are summarized in table 4.1.  
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On one hand, the D2 line contains multiple copies of the transgene and produces 

transgene transcripts with dsRNA-like structures. It displayed total immunity to 

RCNMV, with no disease symptoms observed on inoculated and systemic leaves when 

inoculated with RCNMV (Figure 2A, chapter II). The absence of disease symptoms is 

correlated with absence of RCNMV genomic RNA as well (Figure 2B, chapter II).  On 

the other hand, the B1 line only contained a single copy of the 1.2 kb transgene. When B1 

plants were inoculated with RCNMV, characteristic disease symptoms were observed on 

inoculated leaves initially, however new leaves emerged 10 to 14 days later did not show 

any symptoms (Figure 2A, chapter III). The absence of symptoms on leaves that have 

recovered from RCNMV infection is correlated with absence of viral genomic RNA as 

well similarly to D2 plants. These recovered leaves were resistant to re-inoculation with 

RCNMV as neither disease symptoms nor viral RNA was found.  

 

We demonstrated that the resistance in these transgenic lines was mediated by 

RNAi. In the D2 line, RNAi was constitutive and was characterized by extremely low 

steady-state level of the 1.2 kb transgene mRNA (Figure 3A, chapter II). Small 

interfering RNAs (siRNAs) of 21 to 24 nts in length were detected in the D2 line even 

prior to RCNMV infection (Figure 3B, chapter II). The ongoing, active RNAi targeting 

the transgene mRNA was responsible for degradation of the incoming homologous viral 

RNA and consequent immunity to RCNMV. In the B1 line, RNAi-mediated resistance 

was induced by RCNMV infection. Transgene mRNA was highly expressed in these 

plants in mock-inoculated plants, however, the amount of the 1.2 kb mRNA was 
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dramatically reduced in the leaves that had recovered from RCNMV infection (Figure 

3A, chapter III). The low level of mRNA in these plants corresponded to the appearance 

of transgene-specific siRNA of 21 to 24 nts in length (Figure 3A, chapter III), suggesting 

that the RCNMV infection triggered RNAi that targeted both viral RNA and the 

homologous transgene mRNA. The systemic spread of the RNAi was responsible for the 

suppression of the transgene mRNA and for the acquired resistance to RCNMV in 

recovered leaves.  

 

These two transgenic lines were used to investigate PVY suppression of the two types 

of RNAi-mediated resistance. PVY is a type member of the Potyvirus genus, Potyviridae 

family. Members of this virus family encode a strong RNAi suppressor, the helper-

component protease (HCPro). Previous reports suggested that HCPro interfered with 

dsRNA processing by DCL at the early stage of the RNAi pathway (4, 8, and 9).  The 

authors observed that the presence of HCPro resulted in disappearance of the 21-nt 

siRNA, the products of dicer activities, and the corresponding appearance of larger 

dsRNA species.  However, recent studies found that HCPro specifically bound to 19- to 

21-nt double-stranded siRNAs, suggesting that HCPro might interfere with formation of 

active RISC complexes (7, 10). When PVY was co-inoculated with RCNMV in these two 

transgenic lines: 

1. PVY did not reverse the dsRNAi-mediated resistance in the D2 line. However, 

PVY co-infection with RCNMV suppressed the vRNAi-mediated resistance in the 

B1 line. 
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2. PVY restored transgene mRNA expression in the D2 line, suggesting that 

transgene silencing in this line was suppressed by PVY. Nonetheless, silencing of 

the transgene mRNA in the B1 line was not significantly affected by PVY 

infection. 

3. PVY infection in D2 line increased the transgene-specific 21 nt siRNA in (-) and 

(+) senses. However, it did not affect the transgene-specific 21 nt siRNA 

produced in the B1 line.  

4. PVY infection did not alter the transcription rate of the transgene in the D2 line, 

consistent with previous reports that HCPro is unable to interfere with 

transcriptional gene silencing. 

Results obtained in these co-infection experiments with PVY in the D2 and B1 lines are 

summarized in table 4.2.  

 



 

 

220

Table 4.1: Characteristics of D2 and B1 N. benthamiana transgenic lines containing the 

5’ end 1.2 kb of RCNMV  

 

 

 D2 line B1 line 

1. Number of the 1.2 kb 
transgene insertion 

Multiple copies  One single copy of 1.2 kb 
transgene insertion 

2. Detection of 
replicating RCNMV 
genomic RNA  

No detection in inoculated and 
systemic leaves  

present only in inoculated 
leaves, absent in the systemic 
leaves  

3. RNAi induction Constitutive RNAi-mediated 
resistance 

RNAi-mediated resistance 
induced upon RCNMV infection 

4. Double-stranded or 
inverted repeated 
RNA formation 

dsRNA detected prior to 
RCNMV infection 

none 

5. Steady state level of 
the transgene 
transcript 

Extreme low level of 1.2 kb 
transgene transcript before/and 
after RCNMV infection  

High expression of 1.2 kb 
transgene transcript before 
RCNMV inoculation 
Dramatic decrease of 1.2 kb 
transgene transcript in recovered 
leaves after RCNMV   

6. Small RNA 
accumulation 

21 nt to 24 nt siRNA detected 
prior to and after RCNMV 
infection 

21 nt to 24 nt siRNA detected in 
recovered leaves after RCNMV 
infection 
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Table 4.2: PVY co-infection in D2 and B1 RCNMV transgenic lines 

 

 

 D2 line B1 line 

1. Suppression of 
RNAi-mediated 
resistance 

PVY did not break the constitutive 
RNAi-mediated resistance  

PVY broke the virus-induced 
RNAi-mediated resistance  

2. Steady state level 
of the 1.2kb 
transgene 
transcript 

PVY infection restores 1.2 kb 
transgene transcripts  

PVY infection did not 
significantly change level of 1.2 
kb transgene transcripts 

3. Small RNA 
accumulation 

PVY infection dramatically 
increased 21 nt transgene siRNAs 

PVY infection did not affect 21 
nt siRNA  

4. Transcription 
regulation 

PVY infection did not alter 
transcriptional gene silencing  
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Our experiments showed that PVY differentially affected the dsRNAi-mediated 

resistance in the D2 line and vRNAi-mediated resistance in the B1 line, and suggested 

that different RNAi pathways are involved in conferring resistance against RCNMV in 

these transgenic lines. In the D2 line, the dramatic increase of siRNA duplexes after PVY 

infection suggested that (i) siRNAs were still produced in this line when infected with 

PVY, and (ii) PVY infection apparently stabilized the siRNA duplexes potentially 

through HCPro binding of the siRNAs. Our data is therefore consistent with recent data 

that suggested HCPro binding of siRNA duplexes as its RNAi suppressing mechanism. 

However, the differential effects of PVY on dsRNA-induced RNAi and virus-induced 

RNAi defense pathway in the D2 line lead us to ask:  

1.  What is/are the mechanism(s) that maintained viral resistance in these plants 

despite suppression of the constitutive RNAi by PVY? 

2. Is it possible that HCPro, a viral encoded protein that accumulates in the plant 

cytoplasm does not interfere with dsRNA processing of the transgene because 

DCLs required for cleaving these RNA precursors are localized into the plant 

nucleus?. DCL1, DCL3 and DCL4 have been reported to be localized in the 

nucleus (12).  

The second point certainly can explain the phenomenon observed in the B1 line, 

displaying vRNAi-mediated resistance. PVY was able to completely suppress this 

resistance. As viral induced RNAi defense pathway occurs in the plant cytoplasm, HCPro 

can interfere with DCLs localized in the cytoplasm therefore preventing silencing of the 
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replicating viral genomes. However, our data also suggested that PVY differentially 

affected the virus-induced RNAi and the silencing of the sense-transgene in B1 line. Does 

silencing of sense-transgene RNA precursors require different components of RNAi to be 

processed in comparison to virus-induced RNAi pathway? Figure 4.1 illustrates these 

different RNAi pathways and where HCPro might interfere with double stranded or 

inverted repeated-RNAi pathway and virus induced RNAi pathway.  

 

Answers to these questions may be complicated in part due to the complexity of plant 

RNAi pathways.  In plants, components involved RNAi have proliferated through gene 

duplication and this is thought to have contributed to the large diversification of RNAi 

pathways. In Arabidopsis, there are four DCLs, six RNA-dependent RNA polymerases 

(RdRps), five dsRNA binding proteins, and ten AGOs. These proteins have evolved to 

recognize and process specific RNA targets (1, 2, and 13). Recent reports have 

demonstrated that inverted-repeat and viral RNAs require the same DCLs for dsRNA 

processing (3, 5), but to date DCLs involved in processing RDR6 dependent sense-

transgenes remains uncharacterized (1). However, the requirement for the same DCLs 

does not preclude the formation of different RNA-induced silencing complexes (RISCs) 

that differentially target IR-transgene and viral RNAs. The differential effect of PVY on 

the dsRNAi in the D2 line and the vRNAi in the B1 line suggests that PVY encoded 

RNAi suppressor HCPro might interact differently with different RISC complexes. In 

Drosophila, RISC assembly requires the interaction between DCR2, the dsRNA binding 

R2D2, siRNA (RISC-loading complex), and AGO2 to form holo-RISC complex via 
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interaction between the PAZ domains of AGO2 and DCR2 (6, 11). I speculate that 

interactions between different DCLs, DRBs and AGOs form different holo-RISC 

complexes that process different RNA molecules and that HCPro could interfere with the 

formation of these complexes differently. Identification and characterizations of these 

complexes will bring about improved understanding on how viral RNAi suppressors 

interfere with RNAi pathways.  

 

We also demonstrated in this study that strong resistance mediated by RNAi 

withstood the presence of a heterologous virus carrying a potent RNAi suppressor. Our 

data suggested that properly designed viral transgenic lines might be stable in mixed 

virus infections. Nonetheless, we only tested our transgenic plants with one virus. 

Therefore, to draw valid conclusions on whether RNAi-mediated resistance against 

viruses is a promising approach, resistant transgenic plants need to be tested with diverse 

viruses that can co-infect those plants. It is also possible that the presence of constant 

viral inoculi in nature might break the resistance in mixed infections that we did not test 

in our study. All these questions will definitely lead to exciting researches in the future.   
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Figure 4.1: dsRNA-induced RNAi and virus-induced RNAi pathways in RCNMV 

transgenic lines. DCL: Dicer-like. DRBs: dsRNA binding proteins. HEN1: 

methyltransferase. DsRNA: double stranded RNA. AGOs: Argonaute proteins. 

HCPro: Helper component protease, suppressor of RNAi. RISC: RNA-induced 

silencing complex. SGS3: coiled-coil protein with unknown function. SDE3: RNA 

helicase. DCL*: nuclear localized DCL. DCL: cytoplasmic DCL. 
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