
ABSTRACT 

 

POWERS, JASON GANNON. Mapping Replication and Silencing Suppression Elements in 
the RCNMV Genome. (Under the direction of Steven A. Lommel). 
 

Viruses infect all Kingdoms of life on Earth.  Their life cycle represents a constant 

struggle for survival in hostile cellular environments.  To survive the virus must both avoid 

the host response and replicate in a timely manner.  The following dissertation includes 

investigations into both of these aspects of viral infection focusing on plant-infecting viruses.   

When infected by viruses, plants respond by initiating defense pathways.  One of 

these pathways is known as RNA silencing.  In this pathway host proteins target double-

stranded viral RNA intermediates for cleavage.  The product of this cleavage, a short-

interfering RNA (siRNA), is incorporated into a protein complex that guides sequence 

specific cleavage of viral RNA.  To cause a productive infection, the virus must devise 

countermeasures to this targeting.  They accomplish this by suppressing the RNA silencing 

pathway by encoding proteins known as viral suppressors of RNA silencing (VSRs).  

Identifying these VSRs is critical to the understanding of how any plant virus survives in its 

host.  Commonly used assays for identifying VSRs all use reporters expressed in the nucleus.  

These nuclear-based DNA reporters are being used to assay for the RNA silencing 

suppression activity of RNA virus proteins.  In this thesis I describe the development of a 

new VSR identification assay that uses a disarmed RNA virus as a reporter, which should be 

an accurate predictor for VSR activity of other RNA viruses.  The reporter is the plant-

infecting virus Turnip crinkle virus (TCV) with its previously characterized VSR, the coat 

protein, replaced with sGFP resulting in a construct termed TCV-sGFP.  After validating the 



use of TCV-sGFP as a reporter for RNA silencing suppression activity TCV-sGFP was used 

to identify a previously uncharacterized VSR for the plant-infecting virus Red clover necrotic 

mosaic virus (RCNMV).  RCNMV’s replication complex was previously implicated in the 

suppression of RNA silencing, while the new TCV-sGFP assay allowed us to detect a second 

suppressor, a protein known to be involved in viral movement, known simply as the 

movement protein (MP).  Domains of MP were analyzed and it was found that the amino 

acid residues between positions 122 and 277 were required for suppression activity.   

The RNA silencing pathway has two principal components, siRNAs and host proteins.  

To disrupt the pathway the MP of RCNMV must interfere with one or both of these 

components.  In this thesis the possibility that the MP suppresses RNA silencing by binding 

to siRNAs is addressed by employing electrophoretic mobility shift assays to examine MP’s 

ability to bind to siRNAs.  MP was found to have no siRNA binding capability, indicating 

that it’s mode of action likely relies on binding to or modifiying host proteins. 

Finally, initial studies into the temporal regulation of RCNMV replication were 

undertaken. As mentioned, for a productive infection to take place the virus must go beyond 

evading the host defense response, it must also properly regulate the timing of expression for 

its many genes.  Using real time PCR, the timing of various replication events in the 

RCNMV life cycle were mapped to more fully understand how RCNMV replicates inside the 

cell.  These time course studies have revealed that virion formation has little effect on 

RCNMV’s ability to replicate, and that RNA-1 replicates to a slightly higher degree in the 

absence of RNA-2.  Additionally several uncharacterized negative sense replication 

intermediates that exist during a wildtype infection were identified.  This work forms the 

foundation for future studies into the temporal regulation of RCNMV replication. 
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Chapter Summary 

 

 Chapter 1 of this dissertation is a literature review of many of the topics found in the 

latter chapters of this dissertation, as well as some topics not directly addressed in the 

chapters that follow.  This wide ranging literature review contains a thorough background on 

RNA silencing, with a focus on plants.  Host proteins involved, along with the various RNA 

silencing-associated small RNAs are discussed at length.  Special emphasis is placed on 

RNA silencing-associated small RNAs involved in the immune response of the plant against 

invading pathogens, specifically viruses.  Methods of viral counterdefense are discussed, as 

well as ways to monitor for this counterdefense.  Following this review of RNA silencing in 

plants, the plant-infecting virus Red clover necrotic mosaic virus (RCNMV) is discussed in 

detail.  This literature review is intended to set up the chapters that follow, which focus on 

RNA silencing targeting viruses in plants, how RCNMV evades the RNA silencing pathway, 

and examinations into how RCNMV replicates in a cell. 

 

Introduction 

 

 Red clover necrotic mosaic virus (RCNMV) is an RNA plant virus that was first 

described infecting red clover in Czechoslovakia in 1967 (Musil and Matisova, 1967).  Since 

then it has been shown to have a wide host range including the natural hosts red clovers and 

alfalfa and experimental hosts ranging from tobacco to cucumbers and cowpeas.  While 

much is known about the replication, translation, and packaging components of the virus life-
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cycle, far less is known about RCNMV’s interactions with the immune system of its hosts.  

The work described here centers on an effort to illuminate aspects of these host-virus 

interactions in an effort to expand the knowledge base of how RCNMV successfully infects 

and replicates inside its host.  Specifically, the interplay of plant viruses with the adaptive 

immune system in plants that relies on RNA to direct sequence specific anti-viral activities is 

examined.  This activity is generally referred to as RNA silencing and can occur either at the 

transcriptional level where it is known as transcriptional gene silencing (TGS) or the post-

transcriptional level where it is known as post-transcriptional gene silencing (PTGS).  To 

survive in the plant host, viruses must circumvent the adaptive immune response of the plant.  

They do this by encoding viral suppressors of RNA silencing (VSRs), specific viral proteins 

that disrupt the RNA silencing cascade allowing for a productive viral infection.  The study 

of these proteins in general and RCNMV’s VSRs specifically form the bulk of the work that 

follows. 

 

Innate and Adaptive Immunity 

 

 All plants and animals on Earth are constantly bombarded with pathogens (whether it 

be fungi, viruses, or bacteria) that attempt to use their hosts for their own replication and 

survival.  In response to these pathogens the prospective hosts use their immune system to 

both detect and destroy the invading pathogens.  In humans a complex mixture of innate and 

adaptive immune responses is utilized to fend off infection.  The innate immune response is 

nonspecific, but instead recognizes generic features of an invading pathogen.  For example 
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macrophages can identify lipopolysaccharides found specifically on gram-negative bacterial 

surfaces through their cell surface ligand called mCD14 (Raetz and Whitfield, 2002; Ulevitch 

and Tobias, 1994).  This identification leads to cytokine production that recruits other host 

immune system cells to the area and results in phagocytosis of the infectious bacteria 

(Dobrovolskaia and Vogel, 2002).  While most organisms employ the innate immune 

response, the adaptive immune response in humans is thought to be much more recently 

evolved (Cannon et al., 2002).  Adaptive immunity is triggered by the innate immune 

response, but in contrast to innate immunity, adaptive immunity is highly specific.  While the 

innate immune response recognizes generalized pathogen features (i.e. lipopolysaccharide), 

the adaptive immune response recognizes specific epitopes on specific pathogens, allowing 

for targeted elimination of the pathogen.  This recognition allows not only for specific 

targeting of the pathogen in question, but for pathogen “memory” as well.  This “memory” of 

a pathogen is mediated by Memory B and Memory T cells and can lead to long-lasting 

immunity to the infecting pathogen (Larosa and Orange, 2008).   

 Plants also employ an innate and adaptive immune response to invading pathogens, 

but their immune responses are quite different from those of a human.  In part this is due to 

the fact that plants lack mobile cells that can circulate and detect pathogens.  In addition, the 

structure of plants allows them to use large-scale programmed cell death in order to “wall 

off” a pathogen and limit spread of the infection, a response not tenable in most animals.  

This programmed cell death is commonly referred to as the hypersensitive response (HR) and 

is part of the innate immune response in plants that involves resistance genes (R-) genes.  

The proteins derived from these R-genes recognize either specific pathogen proteins (termed 
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elicitors) or pathogen-initiated modifications of host proteins often leading to the triggering 

of the HR (van Ooijen et al., 2007).  Adaptive immunity in plants is more widely known as 

RNA silencing.  RNA silencing relies on double-stranded (ds)RNA to trigger an immune 

system response that eventually leads to sequence-specific targeting of the invading pathogen.  

As with the human adaptive immune response, this form of plant immunity is highly specific 

and can lead to resistance to further infection.  Viruses are particularly susceptible to this 

form of targeting by the immune system and have evolved to counteract this defense 

mechanism by encoding VSRs that can disrupt the RNA silencing cascade (Ding and 

Voinnet, 2007; Li and Ding, 2006).  The RNA silencing cascade, VSRs, and the interaction 

between the two are discussed in more detail below.   

   

RNA Silencing 

 

In 1990 researchers in Oakland, California encountered a peculiar phenomenon:  an 

attempt to over express chalcone synthase (CHS) in pigmented petunia petals by introducing 

a transgene resulted not in an increase of gene expression, but a decrease.  The researchers 

noted that while the timing of expression was unchanged for the endogenous CHS, the level 

of mRNA accumulation was decreased 50-fold compared to wild-type (Napoli et al., 1990).  

In 1994 this was confirmed when researchers demonstrated that this reduction in expression 

was indeed occurring at the post-transcriptional level, leading to the adoption of the name 

PTGS (Blokland et al., 1994).  It’s now known that this phenomenon plays a large role in 

gene regulation not only in plants but in fungi and animals as well.  RNA silencing has been 
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implicated in the control of endogenous gene expression (Napoli et al., 1990), repression of 

transposable elements (Tabara et al., 1999), and heterochromatin formation (Volpe et al., 

2002).  However, most importantly to this dissertation is the role RNA silencing has been 

shown to play as a host defense mechanism against pathogens (Brigneti et al., 1998).  

 A role for RNA specific anti-viral immunity as mechanism of host defense against 

pathogens was theorized in the early 90’s when a series of papers described the infection of 

transgenic plants expressing viral coat protein (Fang and Grumet, 1993; Lindbo et al., 1993; 

Ling et al., 1991).  The papers, which focused on Potyviruses, reported that viral infections 

were severely inhibited in these transgenic plants but were not linked to the CP protein itself.  

Infected plants typically showed attenuated symptoms and were capable of recovery from 

infection.  At least one group subsequently showed that recovered tissue became resistant to 

further infection.  Protoplasts made from these transgenic plants demonstrated that resistance 

was functional at the single cell level, as these cells were also resistant to infection.  Levels 

of viral and transgene RNAs were found to be highly diminished in recovered tissues, but 

somewhat surprisingly, rates of transcription from the transgene were stable.  These 

observations led to the suggestion that the observed viral resistance was likely to be at the 

RNA stability level (Lindbo et al., 1993).  It would be several more years before they would 

be proved right, as the resistance they described is now known to be due to RNA silencing.  

 The RNA silencing pathway can be broadly categorized into three steps – initiation, 

effector, and maintenance phases.  During the initiation phase dsRNA, which can come from 

a variety of sources, is recognized by a host protein known as DICER (or homologues), 

which has a ribonuclease III domain allowing it to target and cleave dsRNA (Bernstein et al., 



 7

2001).  DICER cleaves the dsRNA into small RNA silencing-associated RNAs (sRNAs) that 

range from 21 to about 30 nt in length (Bernstein et al., 2001).  In the next phase, the effector 

phase, the sRNAs are unwound and one strand is incorporated into the RNA-induced 

silencing complex (RISC) where the now single-stranded (ss)RNA is associated with a 

protein called ARGONAUTE, of which there are two main clades known as AGO and PIWI 

(Hammond et al., 2000; Liu et al., 2004; Meister et al., 2004; Sasaki et al., 2003).  Once part 

of the RISC complex the sRNA can guide sequence specific targeting of heterologous 

transcripts for degradation, translational inhibition, or heterochromatin formation resulting in 

an inhibition of gene expression (Chen, 2004; Olsen and Ambros, 1999; Reinhart and Bartel, 

2002; Tuschl et al., 1999; Volpe et al., 2002).  The last phase of RNA silencing can be 

referred to as the maintenance phase and involves the amplification of the silencing signal to 

produce secondary short-interfering (si)RNAs, a specific type of sRNA generated by DICER 

cleavage (Figure 1).  Generation of these secondary siRNAs relies on host RNA dependent 

RNA polymerases (RdRp), which in some species allows for the movement of the silencing 

signal beyond single cells (Cogoni and Macino, 1999; Palauqui et al., 1997; Voinnet and 

Baulcombe, 1997).  As will be detailed below, a great deal of complexity in the silencing 

pathways found in plants and animals means that the steps outlined above do not necessarily 

apply to every RNA silencing pathway, nor to every species, but the steps can be considered 

a general guide to the overall process.  Interestingly, while there are differences in the 

pathways within and between species, they all have one thing in common – a reliance on 

sRNAs to provide sequence specificity for enzymatic reactions. 
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Small RNA silencing-associated RNAs 

 sRNAs can be broadly grouped into three classes, the first of which was identified in 

Caenorhabditis elegans in 1993, long before it was ever known how sRNAs work to 

influence gene expression (Lee et al., 1993).  It took many years for researchers to 

understand what they had in fact discovered and it wasn’t until 2001 that researchers realized 

that the gene found in 1993 was actually a member of a large class of sRNAs, subsequently 

termed micro (mi)RNAs (Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and Ambros, 

2001).  Meanwhile a second class of sRNAs was identified in 1999 when researchers 

studying silencing involving transgenes and viruses were able to isolate sRNAs and show 

that their sequence was complementary to that of the silenced transgene or infecting virus 

(Hamilton and Baulcombe, 1999).  It wasn’t until sometime later that these sRNAs were 

given the name siRNAs (Elbashir et al., 2001).  The last group of sRNAs, PIWI-interacting 

(pi)RNAs, were discovered in 2003, but as with miRNAs it would take several more years 

until it was fully understood how to classify them (Aravin et al., 2006; Aravin et al., 2003; 

Girard et al., 2006).  The authors in 2003 mistakenly believed they had found a form of 

siRNAs while in fact they had discovered a new class of sRNAs (Aravin et al., 2003).  It’s a 

mistake that is easy to understand, as these sRNAs are generally not defined by their size or 

sequence but by their origin/biogenesis, function, the species they are found in, and the 

proteins with which they interact with in the cell (Table 1).   
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miRNAs 

Of the three general types of sRNAs the origin and biogenesis of endogenous 

miRNAs is best understood.  The following is a description of the biogenesis of miRNAs in 

plants, and while the pathway in animals is very similar, it differs in some of the required 

proteins.  The synthesis of miRNAs begins in the nucleus with the transcription of a primary 

miRNA transcript (pri-miRNA).  In plants these pri-miRNAs vary in length, with some well 

over 100bp (Reinhart et al., 2002).  These pri-miRNAs then go through a two step maturation 

process, both involving cleavage by DICER-LIKE (DCL) 1.  In conjunction with the double-

stranded RNA binding protein HYPONASTIC LEAVES 1 and SERRATE, a zinc finger 

protein, DCL1 first cleaves the pri-miRNA to form a smaller, mostly double-stranded pre-

miRNA transcript.  This pre-miRNA transcript is then cleaved again into a double-stranded 

miRNA with 2nt 3’ overhangs (Kurihara et al., 2006; Kurihara and Watanabe, 2004; Lobbes 

et al., 2006; Park et al., 2002; Yang et al., 2006a).  This miRNA processing has also been 

shown to require the nuclear cap-binding complex proteins CBP20 and CBP80 as well as 

DAWDLE, an RNA-binding protein that can interact with DCL1 (Gregory et al., 2008; 

Laubinger et al., 2008; Yu et al., 2008).  The overhangs are methylated by a host protein 

known as HUA ENHANCER1 (HEN1) which promotes stability of the miRNA duplex 

before being incorporated into RISC, a protein complex whose main component is one of 

several AGO proteins, usually AGO1 (Li et al., 2005; Mi et al., 2008; Yang et al., 2006b; Yu 

et al., 2005).  At some point the miRNA is trafficked from the nucleus into the cytoplasm.  

The processing of pre-miRNA, including methylation, occurs in the nucleus, possibly on the 

periphery of the nucleolus in association with Cajal-like bodies, but the cellular location of 
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RISC incorporation is currently unknown (Fang and Spector, 2007; Fujioka et al., 2007; 

Song et al., 2007).  Export from the nucleus could occur before miRNA incorporation into 

RISC or after.  Whenever export from the nucleus occurs, it involves appears to involve 

HASTY, the Arabidopsis thaliana homolog to the mammalian protein EXPORTIN 5 (Park et 

al., 2005).  In plants the newly generated miRNA in complex with RISC can affect 

endogenous gene expression by binding to complementary sequences on target mRNAs and 

inhibiting translation or – more commonly in plants – directing transcript degradation 

(Aukerman and Sakai, 2003; Chen, 2004; Llave et al., 2002; Tang et al., 2003).   

While the role of miRNAs in endogenous gene regulation is well understood, their 

role in suppressing viral infection is far from being fully elucidated.  miRNAs may be 

directly involved in viral infections in any number of ways.  First, it has been conclusively 

shown that many mammalian and insect dsDNA viruses encode their own miRNAs (Cai et 

al., 2005; Hussain et al., 2008; Pfeffer et al., 2005; Pfeffer et al., 2004).  The function for the 

majority of these miRNAs is largely speculative at this time, but it’s known that some act to 

negatively regulate viral gene expression and that others regulate cellular gene expression 

including some that appear to be viral orthologs of host miRNAs (Gottwein et al., 2007; 

Pfeffer et al., 2004; Skalsky et al., 2007; Sullivan et al., 2005; Ziegelbauer et al., 2009).  A 

few virally-encoded miRNAs have been experimentally shown to target cellular RNAs, 

including several miRNAs derived from Kaposi's sarcoma–associated herpesvirus that have 

cellular targets that include the transcriptional repressor BACH-1 and the tumor suppressor 

THROMBOSPONDIN 1 (Gottwein et al., 2007; Samols et al., 2007; Skalsky et al., 2007).  

Conversely, host miRNAs targeting invading viruses also appears possible, but again only a 
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few examples are known.  Notably these examples include Hepatitis C virus (HCV) as well 

as Human Immunodeficiency virus (HIV), both of which appear to be targeted by host 

miRNAs (Huang et al., 2007; Pedersen et al., 2007).  Experiments in cell culture have shown 

that miRNAs do have the ability to target and knockdown expression of a virus, but a 

widespread role for miRNAs as part of the immune response is still unclear (Lecellier et al., 

2005).  Logically it would seem unlikely that miRNA targeting of viral genomes would be an 

effective method of antiviral defense, as viral genomes are known to have high mutation 

rates.  A targeted virus need only mutate a single nucleotide to avoid efficient miRNA 

targeting, and yet both HCV and HIV seem to be targeted by host miRNAs.  Why is this?  It 

has been suggested that HCV and HIV are actually exploiting the host miRNAs for their own 

life cycle.  Both viruses form persistent infections, and these miRNAs might help regulate 

viral replication to levels that are below the detection threshold of the immune system.  In the 

case of HIV, these miRNAs may help HIV maintain latency, thus allowing it to survive.   

HCV appears to use other miRNAs not for negative regulation of replication but 

instead for the opposite effect, to promote replication.  HCV has been shown to utilize the 

cellular miRNA miR-122 for its replication although the mechanism for this is still unknown 

(Jopling et al., 2005; Randall et al., 2007).  Finally, it is clear that at least some viruses can 

influence the miRNA profile and/or activity of infected cells (Bazzini et al., 2007; Chen et al., 

2004a; Dunoyer et al., 2004).  What is currently unknown is whether these changes in 

miRNA accumulation and activity are simply byproducts of viral infection or whether it is 

relevant to the viral life cycle.  It seems possible that this influence is directed by the virus in 

an effort to influence cellular gene expression in a manner that is favorable to the virus, and 



 12

at least some symptomatology in certain plant virus infections is attributable to virally 

induced changes in miRNA levels, but as with all work involving the interplay between 

sRNAs and viruses more work is needed (Bazzini et al., 2007; Chen et al., 2004a; Dunoyer et 

al., 2004).   

 

piRNAs 

 piRNAs are the newest of the sRNAs to be recognized.  As mentioned above the first 

piRNAs were mistakenly identified as a class of siRNAs, termed repeat-associated 

(ra)siRNAs (Aravin et al., 2003).  It is now known that in species other than plants rasiRNAs 

are actually not siRNAs at all, but instead compose a subclass of piRNAs that are derived 

from areas of the genome that are heavy in repeats (Yin and Lin, 2007).  piRNAs can also be 

found in regions of the genome that do not contain repeats and often map to both the sense 

and anti-sense regions of transposons (Brennecke et al., 2007). 

 There are several characteristics of piRNAs that make them unique in the context of 

sRNAs.  piRNAs tend to be longer than miRNAs or siRNAs, generally 24-29 nt in length 

(Saito et al., 2006).  They associate with a subclass of ARGONAUTE proteins called PIWI 

proteins, from which piRNAs derive their name (Girard et al., 2006; Grivna et al., 2006; Lau 

et al., 2006; Saito et al., 2006).  The biogenesis of piRNAs is also unique, with no known role 

for any of the DICER proteins in the maturation of piRNAs (Houwing et al., 2007; Vagin et 

al., 2006).  Instead the model of piRNA biogenesis is called the “Ping-pong model” and is 

derived from the observation that piRNAs are often generated from both the sense and anti-

sense strands.  The model suggests that sense piRNA strands, which preferentially bind to 
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AGO3 in Drosophila, help to generate the anti-sense piRNAs which preferentially bind to 

PIWI and AUBERGINE.  In turn the anti-sense piRNAs help to generate the sense piRNAs 

(Brennecke et al., 2007; Gunawardane et al., 2007).  Most known sense piRNAs have anti-

sense corollaries with 10 bases of complementarity, the 10th base pair appears to be where the 

PIWI-related protein associated with the piRNAs catalyzes a cleavage event that has been 

theorized as a possible way to generate the 5’ terminus of the new piRNA (Brennecke et al., 

2007; Gunawardane et al., 2007; Saito et al., 2006).  This process is thought to be self-

reinforcing, so that the newly generated piRNA can now direct the biogenesis of new 

piRNAs from the other strand.   

 piRNAs are generally expressed in germline cells and are thought to regulate 

transposons and possibly play a role in epigenetic inheritance (Brennecke et al., 2008).  The 

PIWI subclass of ARGONAUTE proteins does not exist in plants, and so plants do not use 

piRNAs for any of these functions.  It is thought that different classes of siRNAs may serve 

similar roles in these organisms.  No known role in viral infection has been found or 

theorized for piRNAs.  It is for these reasons that piRNAs will not be discussed further in this 

thesis.     

 

siRNAs      

Of the three classes of sRNAs, siRNAs have the most diversity within their own 

grouping.  siRNAs can first be subdivided into endogenous siRNAs and exogenous siRNAs.  

As the names would indicate, endogenous siRNAs are derived from host transcripts while 

exogenous siRNAs are derived from foreign RNA, such as an invading virus or a transgene 
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transcript.  In plants, endogenous siRNAs can be further subdivided into 4 different 

subclasses – primary siRNAs, secondary siRNAs, trans-acting (ta)siRNAs, and natural 

antisense transcript-derived (nat-)siRNAs.  Until 2008 no endogenous siRNAs had been 

characterized in species that lacked an RNA dependent RNA polymerase, such as Drosophila 

and all mammals.  This changed with the discovery of endogenous (endo-)siRNAs in 

Drosophila melanogaster as well as mice (Chung et al., 2008; Czech et al., 2008; Ghildiyal 

et al., 2008; Kawamura et al., 2008; Okamura et al., 2008a; Okamura et al., 2008b; Tam et al., 

2008; Watanabe et al., 2008).  These endo-siRNAs appear to encompass many of the 

endogenous siRNA functions that previously had only been recognized in other organisms 

such as plants.  

Unlike in mammals, endogenous siRNAs have been well characterized in plants and 

C. elegans.  Primary siRNAs come in two broad categories and are the most prototypical of 

the endogenous siRNAs.  Primary siRNAs can be derived from sequences that can self-form 

double-stranded RNAs, often through inverted repeats that form hairpins.  Hairpin-forming 

inverted repeats are common in the plant genome and contribute to a large population of 

siRNAs found in plant cells.  These dsRNAs are targeted by DCLs for the generation of 

primary siRNAs (Zhang et al., 2007).  These primary siRNAs can then associate with RISC 

for targeted RNA cleavage.  While hairpin-forming repeats are common, in A. thaliana the 

most common type of primary siRNAs are 24 nt in length and are involved in 

heterochromatin silencing, also known as TGS (Kasschau et al., 2007).  In A. thaliana these 

siRNAs are generated by a combination of the RdRp RDR2, RNA polymerase IV (PolIV), 

and DCL3 (Chan et al., 2004; Herr et al., 2005; Kanno et al., 2005; Onodera et al., 2005; 
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Pontier et al., 2005).  The exact process of siRNA biogenesis has yet to be fully elucidated, 

but it is thought that a particular isoform of PolIV, simply designated as PolIVa, transcribes a 

sequence of DNA which is then made double-stranded by RDR2 (Mosher et al., 2008; 

Pontier et al., 2005).  The double-stranded form is then cleaved by DCL3 into siRNAs, 

although DCL2 and DCL4 can functionally replace DCL3 in its absence (Henderson et al., 

2006).  In conjunction with the DNA methyltransferases DRM and CMT3, a histone 

methyltransferase (KYP), and AGO4 these siRNAs can then direct sequence specific 

heterochromatin formation, inhibiting transcription (Cao et al., 2003; Jackson et al., 2002; 

Zilberman et al., 2003).   

Secondary siRNAs are siRNAs that are generated from sequences that have been 

pre-silenced by primary siRNAs.  The role of these secondary siRNAs is simply to amplify 

and maintain the silencing of these pre-silenced RNAs or loci and to expand the targeted 

region by a method called transitivity.  Secondary siRNAs are particularly important in host 

defense against exogenous pathogens, but in terms of endogenous RNA silencing it appears 

as though secondary siRNAs may also play a role in maintaining silenced heterochromatin.  

While the details have still not been fully worked out, it is thought that the two isoforms of 

PolIV, the previously mentioned PolIVa and its counterpart PolIVb, somehow work together 

to generate siRNAs from already methylated DNA sequences.  Two competing models have 

been proposed.  The first model, proposed in 2005, suggests that PolIVa synthesizes the 

primary siRNAs that lead to initial DNA methylation, and that PolIVb recognizes these DNA 

modifications and is recruited to these sites.  Following this recruitment PolIVb, in 

conjunction with RDR2 and DCL3, can generate new siRNAs causing a higher level of 
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methylation, in turn recruiting more PolIVb creating a self reinforcing loop (Pontier et al., 

2005).  A second model proposed this past year stems largely from the fact that PolIVb has 

been found to interact directly with the effector complex by way of AGO4 (El-Shami et al., 

2007).  According to this model instead of synthesizing RNA, PolIVb works with AGO4 to 

provide some role in DNA or histone methylation, which results in the recruitment of more 

PolIVa back to initial sites of methylation for further generation of secondary siRNAs 

(Mosher et al., 2008; Qi et al., 2006).              

 Another type of endogenous siRNA is tasiRNAs, the synthesis of which is 

particularly interesting, as they are reliant on miRNAs for their biogenesis.  tasiRNAs are 

derived from transcribed RNAs that are targeted for cleavage by miRNAs in complex with 

AGO1 or AGO7.  One of the two cleavage products is then used as a template for the RdRp 

RDR6, which with the help of the putative RNA binding protein SUPPRESSOR OF GENE 

SILENCING 3 (SGS3) uses the single-stranded RNA fragment to generate a dsRNA strand 

(Montgomery et al., 2008; Peragine et al., 2004; Vazquez et al., 2004; Yoshikawa et al., 

2005).  The observation of dsRNA synthesis from miRNA cleavage products gave rise to the 

question as to why these specific targets of miRNA cleavage were suitable templates for 

RDR6, when other miRNA targets were not.  This question was partly answered by Axtell, et 

al. in a paper appearing in Cell (Axtell et al., 2006).  In this paper the authors demonstrated 

that most, but not all, tasiRNA precursor transcripts contained 2 miRNA target sequences.  

Sometimes both of these targets were cleaved, while in other instances only one target was 

actually cleavable.  The authors referred to this as a “two-hit” trigger, and while dual miRNA 

binding sites were not found for all tasiRNA precursor transcripts studied, it was suggested 
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that there exists another secondary trigger in these transcripts that results in targeting by 

RDR6 (Axtell et al., 2006).  After conversion into the dsRNA intermediate the tasiRNA 

precursor is further cleaved by DCL4 into 21 nucleotide RNAs (Yoshikawa et al., 2005).  

These siRNAs are cleaved in a phased manner, meaning that they are cleaved back to back to 

back, with the original miRNA cleavage site setting the proper phase (Allen et al., 2005).  

These individual tasiRNAs can then be loaded into RISC alongside either AGO1 or AGO7 

and start targeting mRNAs for degradation (Adenot et al., 2006; Baumberger and Baulcombe, 

2005; Peragine et al., 2004).   

The regulation of tasiRNA production by miRNAs is a novel and interesting 

development in the understanding of the role of miRNAs in cells.  Up until this point the role 

of miRNAs seemed to be solely in direct repression of gene expression.  The recent work 

with tasiRNAs shows a different, previously unknown transcript processing function of 

miRNAs.  There is also emerging evidence some tasiRNAs can act as miRNAs, guiding the 

initial cleavage events that lead to the generation of new tasiRNAs (Chen et al., 2007; 

Howell et al., 2007). 

Despite the existence of large regions of intergenic spaces in plant and animal 

genomes, examples of pairs of genes that produce overlapping antisense transcripts, cis-

natural antisense transcripts (cis-NATs), are abundant.  In A. thaliana the number has been 

put at somewhere between 1000 and 1300 pairs of cis-NATs, while in humans some 

estimates have the number of cis-NAT pairs as high as 5880 with others reporting it closer to 

4000 total pairs (Chen et al., 2004b; Jen et al., 2005; Jin et al., 2008; Wang et al., 2005; 

Zhang et al., 2006b).  The human estimates indicate that 20% of human transcripts could 
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form sense–antisense pairs (Chen et al., 2004b).  These pairs of cis-NATs could conceivably 

form dsRNAs that would be ideal targets for cleavage by DICER-related proteins.   

The first nat-siRNA was reported in a 2005 article published by Borsani, et al. 

(Borsani et al., 2005).  In that original article the authors were able to show that high salt 

stress conditions induces A. thaliana expression of the endogenous gene SRO5 which 

overlaps in an antisense orientation with ∆1-pyrroline-5-carboxylate dehydrogenase 

(P5CDH), a stress-related gene.  Upon this induction a new, 24 nt siRNA appears of the 

same sense as the SRO5 gene which can target P5CDH for degradation.  The biogenesis of 

this siRNA is dependent on DCL2, as well as RDR6, SGS3, and the large subunit of PolIVa, 

NRPD1A.  In addition, this 24 nt siRNA appears to be capable of directing the synthesis of 

secondary 21 nt siRNAs, which appear in phase with the original 24 nt siRNA and are 

dependent upon the same proteins for synthesis as well as DCL1 (Borsani et al., 2005). 

The second nat-siRNA identified in A. thaliana was induced upon infection by the 

bacterial pathogen Pseudomonas syringae, and was found to be directly involved in the 

innate immune response of A. thaliana.  The innate immune response of plants relies on 

specific R-genes to recognize pathogen proteins, called effectors.  This recognition then 

triggers a chain of disease resistance responses, including the repression and activation of 

many genes.  In the case of P. syringae the effector avrRpt2 as well as the R-gene that 

recognizes it were found to induce expression of a nat-siRNA.  The nat-siRNA in this study 

was shown to direct the degradation of a negative-regulator of the R-gene response pathway 

specific to avrRpt2, providing proof for a nat-siRNA role in pathogen resistance (Katiyar-

Agarwal et al., 2006).  
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It is not yet clear whether nat-siRNAs play a widespread role in defense against 

invading pathogens.  The large numbers of cis-NATs that exist have provided for much 

speculation as to the possibility for a large role of cis-NATs in gene regulation, but so far 

only the 2 concrete examples outlined above have been found (Borsani et al., 2005; Katiyar-

Agarwal et al., 2006).  Still, a recent genome-wide study reported that 646 different cis-NAT 

pairs in A. thaliana have at least one complementary siRNA (Jin et al., 2008).  Unfortunately 

the biological relevance for this complementarity is unknown, and clearly more research is 

required.  It is possible the nat-siRNAs may play a large role in the innate immune response 

of plants.  The fact that they are endogenously encoded like miRNAs suggests that it is 

unlikely that they have any direct binding capability to an invading pathogen, but the ability 

for these nat-siRNAs to downregulate the expression of endogenous genes could prove to be 

just as useful to a host responding to an invading pathogen, as was shown in the work with P. 

syringae (Katiyar-Agarwal et al., 2006).   

Until this past year the only animal to have a recognized system of endogenous 

siRNAs was C. elegans.  However this all changed in 2008 when a flurry of papers focused 

on both D. melanogaster and mice reported the existence of endogenous siRNAs in these 

animals as well.  Collectively these siRNAs are known as endo-siRNAs and appear to largely 

overlap in origin with the endogenous siRNAs found in plants.  Endo-siRNAs can be derived 

from transposable elements, from cis-NATs and trans-NATs, and from long hairpin RNAs 

(Chung et al., 2008; Czech et al., 2008; Ghildiyal et al., 2008; Kawamura et al., 2008; 

Okamura et al., 2008a; Okamura et al., 2008b; Tam et al., 2008; Watanabe et al., 2008).  

While the function of siRNAs derived from transposable elements is clearly regulation of 



 20

transposons, the function of the rest of the endo-siRNAs is still unclear.  Direct RNA target 

regulation has only been shown for hairpin-derived siRNAs (Czech et al., 2008; Okamura et 

al., 2008b).  No proposals have been made for a role in viral infection for these endo-siRNAs, 

and like their plant counterparts, it appears that their role, if any, would likely be confined to 

regulating cellular genes related to pathogen defense rather than directly targeting viral 

RNAs.   

In contrast to endogenous siRNAs, exogenous siRNAs have been shown to play a 

critical role in host defense against invading pathogens and exogenous nucleic acids in a 

number of organisms.  Plants, fungi, and insects all have demonstrable exogenous siRNA 

pathways as part of their adaptive immune response, but while endo-siRNAs are now 

recognized in mammals, no evidence of exogenous mammalian siRNA production has been 

found.  The following will focus on exogenous siRNAs found in plants, which can come 

from two different sources: exogenous DNA that has been introduced into the genome of the 

plant (i.e. transgenes, DNA viral genomes), and exogenous RNA that has been directly 

introduced into the cell, usually through an RNA virus.  

The first manifestations of RNA silencing were recognized due to the introduction of 

a transgene in petunias.  At the time the authors wished to examine the pigmentation of 

petunias and desired to determine if the enzyme CHS was rate limiting in the biosynthesis of 

molecules required for pigmentation.  When they introduced CHS as a transgene in hopes of 

enhancing pigmentation they did not see an increase in pigmentation as expected, but instead 

saw a sharp decrease (Napoli et al., 1990).  Later this decrease in color was determined to be 

related to the levels of CHS mRNA, which had dropped sharply (Blokland et al., 1994).  We 
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now know that this drop off in CHS mRNA was related to RNA silencing of the transgene 

responsible for CHS transcription.  Transgene silencing can be triggered in a number of 

different ways, and in some ways can be considered to be similar in nature to how 

endogenous siRNAs are regulated in plants.  If two copies of a transgene are inserted in a 

both orientations on the chromosome, the transcripts derived from these transgenes are 

capable of forming RNA duplexes that are strong elicitors of the silencing pathway, 

reminiscent of trans-NATs (Waterhouse et al., 1998).  In another manner similar to 

endogenous siRNAs it is also possible for transgenes to be targeted by the silencing pathway 

if they have inverted repeats which can code for RNAs that form long hairpins.   

Even if transgenes do not have one of these typical triggers for RNA silencing, it is 

still common for transgenes to be silenced in their expression.  It is as yet still unclear what 

might direct the silencing of these otherwise normal inserts, although it is known that the 

RdRp RDR6 is required for silencing of non-hairpin forming transgenes (Beclin et al., 2002).  

It has been suggested that the over expression of the transgene, because of either a strong 

promoter or high copy number might be sufficient to elicit the silencing response (Que et al., 

1997; Schubert et al., 2004).  According to this theory there is a genome surveillance system 

that detects excessively expressed genes and targets them; however this theory does not 

identify the exact trigger required for this silencing.  It has recently been suggested that the 

high copy number of transgenes may increase not only normal mRNA products but a 

proportional number of aberrant RNAs, lacking either a 5’ cap or 3’ polyadenylation, and 

that it is these aberrant RNAs, in large numbers, that are the true elicitors of RNA silencing 

(Luo and Chen, 2007).  In one study exploring this theory, the authors used several ß-
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glucuronidase (GUS) transgene constructs to demonstrate that aberrant mRNA accumulated 

in the absence of RDR6 and was correlated to RNA silencing.  The first construct consisted 

of direct repeats that lead to premature transcription termination, the second construct lacked 

a polyadenylation signal leading to improperly terminated mRNA, while the third construct 

contained dual Cauliflower mosaic virus 35S terminator sequences, ensuring proper 

termination.  The authors showed that that transgenes that resulted in aberrant mRNA elicited 

silencing in RDR6 expressing plants much more effectively than the dual terminator 

transgene, suggesting that the aberrant mRNA expressed from these loci were effective 

triggers of RNA silencing (Luo and Chen, 2007).  

In addition to primary siRNA generation, it is also clear that transgenes are subject to 

secondary siRNA generation – a phenomenon often referred to as transitivity – and that this 

action also requires RDR6 (Vaistij et al., 2002).  This transitivity has been found to be 

dependent on both DCL4 and DCL2.  Depending on the source of dsRNA, primary siRNA 

generation is dependent on DCL4, DCL2, or some combination of the two.  Meanwhile 

secondary siRNA biogenesis related to transitivity appears to be solely dependent on DCL2 

(Mlotshwa et al., 2008; Moissiard et al., 2007).     

Plant-infecting DNA viruses are also subject to targeting by the RNA silencing 

machinery of plants.  The Geminiviridae are perhaps the best studied of the 3 families of 

plant DNA viruses in terms of their interactions with host RNA silencing.  Geminiviruses are 

single-stranded circular DNA viruses that replicate in the nucleus.  The genomes of 

Geminiviruses are susceptible to methylation similar to that targeting endogenous TGS.  

Methylated Geminivirus genomes have been found in infected tissue, and this methylation 
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has been shown to require both AGO4 and PolIV (Bian et al., 2006; Dogar, 2006; Raja et al., 

2008).  Geminiviruses also appear to be targets of PTGS.  The 4 DCLs in plants have been 

found to be partially redundant for silencing of Geminiviruses, but at least one report 

suggests that DCL4 plays the largest role (Blevins et al., 2006).  In addition, RDR6 and 

SGS3 have been shown to be required for efficient silencing to occur, and siRNAs ranging 

from 21 to 24 nt in size have been isolated in Geminivirus infections (Akbergenov et al., 

2006; Lucioli et al., 2003; Muangsan et al., 2004; Vanitharani et al., 2003).  The nuclear 

localization of Geminivirus genomes has raised the question as to the source of dsRNA for 

these siRNAs.  Three alternative hypotheses have been put forth.  With evidence that 

supports all three hypotheses, it appears that effective PTGS likely requires a combination of 

multiple pathways.  Some regions of Geminivirus genomes have bidirectional transcription, 

raising the possibility that at least some targeting of the viral genome may come from cis-

NATs.  An alternative hypothesis is that siRNAs may be derived from viral mRNA 

secondary structure.  A third hypothesis is built upon the requirements of RDR6 for effective 

silencing and suggests that RDR6 converts viral mRNA transcripts into dsRNA that can be 

cleaved by a DCL (Chellappan et al., 2004; Muangsan et al., 2004; Vanitharani et al., 2005).  

Evidence for cis-NAT-like targeting is based on observations that viral siRNAs can originate 

from overlapping transcripts and that these siRNAs are derived from both strands in equal 

amounts, exactly what one would expect if the siRNAs were derived from dsRNA 

(Chellappan et al., 2004; Ribeiro et al., 2007).  These same reports also contain evidence for 

the other two dsRNA hypotheses.  It was found that by and large siRNAs were derived from 

throughout the genome, exactly what one would expect if RDR6 is involved.  However, there 
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were some regions from which siRNAs were preferentially derived, and these siRNAs 

mapped largely to one strand which suggests that RNA secondary structure might play a role 

for targeting of the viral genome (Chellappan et al., 2004; Ribeiro et al., 2007).  As of now, it 

is unclear if any of these sources of siRNAs are more important than the others in PTGS, not 

to mention the relative importance of TGS vs. PTGS in combating a Geminivirus infection in 

general.  Much work is still required to resolve these questions.   

The targeting of genomes is more straightforward for RNA viruses than for DNA 

viruses.  Virally-derived siRNAs can come from two sources, two independent 

complementary RNAs or RNA secondary structure.  In order for a virus to be effectively 

targeted by the RNA silencing host defense system, the host must be able to recognize one of 

these two double-stranded forms and process them into siRNAs.  While for DNA viruses 

discussed above this targeting can be somewhat complicated, for RNA viruses the source of 

these potential target RNAs is relatively simple, as double-stranded intermediates are 

necessary for viral replication, viral genomes are potential templates for host RDR activity, 

and viral RNA genomes are known to have a high degree of secondary structure.   

 For years the most widely accepted hypothesis of RNA virus siRNA generation 

centered on the transient formation of a dsRNA during viral replication.  It was generally 

assumed that this dsRNA intermediate represented the point at which DICER would most 

likely target the virus to generate viral siRNAs.  While this hypothesis has not been 

discounted completely, newer evidence suggests that virally-derived siRNAs can also 

originate from secondary RNA structures found in the viral genome.  The original evidence 

for secondary RNA structure targeting was based on the stoichiometry of plus to minus sense 
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siRNAs.  While the original hypothesis would predict that virally derived siRNAs would be 

evenly distributed throughout the genome with a plus to minus sense stoichiometry of 

approximately 1:1, it has been found that this is not necessarily the case (Ho et al., 2006; 

Molnar et al., 2005; Pantaleo et al., 2007; Zhang et al., 2008).  This argues for specific 

secondary structure targeting by DCL proteins, resulting in regions from which a large 

number of siRNAs are derived, known as “hot spots.” 

 One of the first papers to address these alternatives to viral siRNA generation in 

positive-sense RNA viruses focused on Cymbidium ringspot virus (CymRSV).  In this paper 

the authors demonstrated an asymmetric accumulation of siRNAs, with positive-sense 

siRNAs representing approximately 80% of the total siRNA population.  By treating siRNAs 

with RNase A they went on to show that these siRNAs were likely derived from imperfect 

viral RNA secondary structures.  Perfectly base-paired dsRNA is resistant to RNase A 

degradation, while structures with imperfect matching will be degraded.  The authors were 

able to show that the majority of isolated viral siRNAs were degraded in the presence of 

RNase A.  Asymmetric siRNA accumulation was further proven for other viruses, including 

Potato virus X (PVX), Tobacco rattle virus (TRV) and Tobacco mosaic virus (TMV).  

Asymmetric siRNA accumulation together with evidence that these siRNAs are derived from 

viral genomic secondary structure was some of the first evidence that hinted at the possibility 

of unequal distribution of viral siRNAs across the viral genome (Donaire et al., 2008; Molnar 

et al., 2005).  Follow up work on CymRSV involving cleavage site mapping has shown that 

there are indeed specific hot spots for RISC targeting in this virus.  Interestingly, all cleavage 

products analyzed fell into a 40 nt range on the viral RNA, but had no discernable correlation 
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with siRNA accumulation for that specific region nor does the region seem to have any 

distinct secondary structure (Pantaleo et al., 2007).  The lack of distinct secondary structure 

may actually play a role in the targeting of this region, as it is thought that RNA target 

structure contributes to the ability of RISC to access and cleave RNA (Overhoff et al., 2005).  

At this point it is unclear just how general this phenomenon is, and further work with other 

viruses will be required.  

 Slightly after the original work with CymRSV was published, another group out of 

the United Kingdom published work on siRNAs generated by Turnip mosaic virus (TuMV) 

and Turnip crinkle virus (TCV).  In this work the authors showed that TCV siRNAs were 

almost exclusively of the plus sense (97.6%), but that TuMV siRNAs were more evenly 

distributed, with plus sense accounting for about 64.1% of the total population.  Although 

TuMV minus sense siRNAs contributed significantly to the total population, the authors did 

determine that TuMV siRNA accumulation occurs in viral genome hotspots (TCV siRNA 

distribution was not analyzed in this study). This work provided even more evidence for viral 

genome siRNA hot spots (Ho et al., 2006).   

 Recent evidence suggests that silencing hot spots are not limited to viruses but occur 

in viriods as well.  Studies of Citrus exocortis viroid (CEVd) indicate that infection of CEVd 

in plants also results in asymmetric accumulation of plus sense siRNA strands (80.4%).  

Further characterization of these strands showed that they preferentially group to one portion 

of the predicted RNA structure, implicating these regions as hot spots for RNA silencing 

targeting (Martin et al., 2007).   
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 Outside of viral RNA secondary structure and viral replicative intermediates, a 

potential role for RDRs has been suggested in the generation of dsRNA.  According to this 

model host RDRs recognize viral RNAs, possibly due to their lack of a 5’ cap or 3’ 

polyadenylation, and can use them as templates for RNA polymerization.  The dsRNAs that 

result could then be targeted by the DCLs for cleavage and eventual incorporation into RISC.  

To date only indirect evidence for generation of primary siRNAs via RDR1 is available 

(Diaz-Pendon et al., 2007).  However, secondary siRNA accumulation via RDRs is clear 

(Diaz-Pendon et al., 2007; Donaire et al., 2008).  How RDRs recognize viral genomes as 

templates for dsRNA synthesis is currently unknown, but as mentioned it could be due to the 

absence of a 5’ cap or 3’ polyadenylation.  An alternative hypothesis suggests that it could be 

similar to tasiRNA generation, where target strand cleavage could provide a signal to the 

RDR to begin RNA synthesis.      

 Whether derived from hotspots, replication intermediates, or the activity of host 

RDRs, it appears that plant RNA virus dsRNA is targeted mainly by DCL4, although DCL2 

does provide for some redundancy (Blevins et al., 2006; Deleris et al., 2006).  Interestingly, a 

recent paper has also implicated DCL3 in some targeting of the viral genome, although its 

role is thought to be small.  This same paper has also established an anti-silencing role for 

DCL1, which appears to negatively regulate the other DCLs, and whose absence results in 

more efficient targeting of the viral genome by host DCLs (Qu et al., 2008).  This topic and a 

more thorough examination of the various DCLs and other major RNA silencing protein 

groups found in plants can be found below.      
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DCLs 

 The first step in the RNA silencing cascade is the recognition of dsRNA by a host 

ribonuclease.  This protein was first identified in D. melanogaster in 2001 and was termed 

DICER.  DICER proteins have a ribonuclease III domain which allows for the targeting of 

dsRNA, cleaving it into one of the various sRNAs defined above (Bernstein et al., 2001).  In 

plants these proteins are referred to as DCL proteins, of which there are four (Table 2).  The 

four DCLs are characterized by the types of dsRNA they process and the products of that 

processing.  DCL1 and DCL4 produce siRNAs of 21 nt, DCL2 produces 22 nt siRNAs, and 

DCL3 produces 24 nt siRNAs (Borsani et al., 2005; Deleris et al., 2006; Gasciolli et al., 

2005; Park et al., 2002; Xie et al., 2005; Xie et al., 2004).  While each of these DCLs have 

primary roles in the RNA silencing cascade, knockout mutants have demonstrated that 

redundancy is a key theme of RNA silencing in plants.   

The first DCL to be described was DCL1, which is now known to be targeted to the 

nucleus where its main role is to process host miRNA precursors (Kurihara and Watanabe, 

2004; Park et al., 2002; Reinhart et al., 2002; Schauer et al., 2002).  Among its protein 

domains the DCL1 protein contains a bipartite nuclear localization signal and two dsRNA-

binding domains in addition to the ribonuclease III domain, all of which are necessary for 

protein function (Jacobsen et al., 1999).  As noted above, DCL1 is a primary player in the 

maturation of miRNAs from primary transcripts, with involvement in the cleavage of both 

pri-miRNAs and pre-miRNAs.  These cleavage events catalyzed by DCL1, in conjunction 

with several other host factors, lead to the incorporation of miRNAs into RISC, a critical 

factor in plant development.  Indeed all of the initial characterizations of DCL1 surrounded 
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its critical role in plant development, underscoring DCL1’s role in plant viability (Jacobsen et 

al., 1999; Park et al., 2002; Schauer et al., 2002).  In addition to its well defined role in 

miRNA biogenesis, it is now clear that DCL1 has a role in the generation of other nuclear-

derived sRNAs including those derived from cis-NATs and tasiRNAs as well as showing 

some functional redundancy in the targeting of plant viruses (Blevins et al., 2006; Borsani et 

al., 2005; Henderson et al., 2006; Vazquez et al., 2004).  Perhaps more interestingly, DCL1 

has also recently been reported to be a negative regulator of anti-viral silencing in A. thaliana 

(Qu et al., 2008).  In this work the plant-infecting virus TCV lacking its suppressor of RNA 

silencing was used as a reporter for DCL activity.  The authors found that in the absence of 

DCL1 the TCV construct accumulated to a lesser degree than when DCL1 was present.  They 

went on to show that DCL1 down regulates the expression of DCL4 and, to a lesser degree, 

DCL3 (Qu et al., 2008).  It’s unclear exactly how DCL1 accomplishes this, but it is likely 

that DCL1 processes an endogenous sRNA that either directly regulates the two DCL 

proteins or regulates a protein related to DCL expression (i.e. transcription factor).  In either 

case, clearly more work is required to elucidate the mechanisms underlying this regulation.  

Two studies have recently defined the role of DCL2 in RNA silencing.  Until recently 

it was thought that DCL2 was little more than a backup system to the other DCLs.  DCL2 has 

been found to be subordinate to DCL4 in the processing of an RNA virus and tasiRNAs 

while subordinate to DCL3 in RNA directed DNA methylation (Deleris et al., 2006; 

Henderson et al., 2006; Qu et al., 2008; Xie et al., 2005).  Now, thanks to recently published 

studies we know that DCL2 is the main DCL involved in transitive RNA silencing, the 

generation of secondary siRNAs from DNA sequences downstream of the initial primary 
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siRNA (Mlotshwa et al., 2008; Moissiard et al., 2007).  These results suggest that DCL2 may 

play more than simply a subordinate role in anti-viral immunity.  Transitivity is thought to be 

important in host defense, and work has shown that several VSRs are capable of blocking 

transitivity which results in secondary siRNA accumulation profiles that are remarkably 

similar to that of a dcl2 knockout (Mlotshwa et al., 2008; Moissiard et al., 2007).  Based on A. 

thaliana knockouts of DCL2, DCL2 processes dsRNA primarily into 22 nt siRNAs although 

recent work with cis-NATs indicate that DCL2 might also be capable of processing dsRNA 

into lengths of 24 nt (Borsani et al., 2005; Deleris et al., 2006; Xie et al., 2005).  

DCL3 guides epigenetic modifications of the host genome by cleaving dsRNAs into 

24 nt siRNAs (Xie et al., 2004).  As discussed earlier, these siRNAs direct heterochromatin 

modification of complementary sequences by recruiting both histone and DNA 

methyltransferases (Chan et al., 2004; Herr et al., 2005; Kanno et al., 2005; Onodera et al., 

2005; Pontier et al., 2005).  In plants and nematodes the expression of dsRNA in one tissue 

can lead to silencing in that tissue and a subsequent spread of silencing into surrounding 

tissues.  In A. thaliana long distance spread of silencing has been shown to require DCL3, as 

well as some of the other components of the heterochromatin silencing pathway, such as 

RDR2, PolIVa, and to a lesser extent AGO4 (Brosnan et al., 2007).  Interestingly, this 

requirement for DCL3 appears to apply only to systemic spread of silencing, as other work 

centering on cell-to-cell movement of the silencing signal has shown no requirement for 

DCL3 (Dunoyer et al., 2007).  Like DCL2, DCL3 is also involved in some functional 

redundancy targeting viruses and tasiRNAs, but once again, their role in the processing of 

these dsRNAs seems largely limited (Blevins et al., 2006; Qu et al., 2008; Xie et al., 2005).  
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The fourth DCL is also one of the most active.  DCL4 has been implicated as the 

primary DCL involved in processing for at least three distinct RNA silencing pathways – the 

targeting of invading viruses, tasiRNA synthesis, and the initiation of transgene silencing 

(Blevins et al., 2006; Deleris et al., 2006; Moissiard et al., 2007; Xie et al., 2005).  Like all 

other DCLs, DCL4 is likely to have secondary and subordinate roles in RNA silencing when 

other DCLs are inactive, however to date only one such role has been defined when DCL4 

was shown to direct DNA methylation in the absence of DCL3 (Henderson et al., 2006).  

Still, DCL4 is by far the most important DCL in host defense against invading viruses, 

making its activity quite relevant to this work.  

 

AGOs 

 After DCLs generate sRNAs they must be incorporated into an effector complex, 

known as RISC.  The principle component of RISC is a protein called ARGONAUTE.  As 

mentioned before ARGONAUTE proteins fall into 2 main clades, with a third one identified 

in C. elegans (Carmell et al., 2002; Yigit et al., 2006).  Proteins of the first clade bind to 

miRNAs and siRNAs and are known as AGOs, while proteins of the second clade bind to 

piRNAs and are known as PIWIs (Girard et al., 2006; Grivna et al., 2006; Lau et al., 2006; 

Lingel et al., 2003; Saito et al., 2006; Song et al., 2003).  Proteins of the third clade appear to 

selectively bind to secondary siRNAs, but once again this clade has been identified only in C. 

elegans (Yigit et al., 2006).  No matter the clade, all ARGONAUTE proteins contain 3 

conserved domains – PIWI, PIWI ARGONAUTE ZWILLE (PAZ), and MIDDLE (MID) 

domains, as well as a variable N-terminal domain (Cerutti et al., 2000; Song et al., 2004).  
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When sRNAs are generated they move to an ARGONAUTE protein where the PAZ domain 

specifically binds to the 2 nt 3’ overhangs that are characteristic of sRNAs and the MID 

domain binds to the 5’ phosphate of the sRNA (Lingel et al., 2003; Lingel et al., 2004; Ma et 

al., 2004; Ma et al., 2005; Parker et al., 2005; Song et al., 2003).  The catalytic domain of 

ARGONAUTE proteins is the PIWI domain, which structurally resembles RNase H and can 

catalyze an endonuclease reaction, providing what is often referred to as “slicer” activity 

(Parker et al., 2004; Rivas et al., 2005; Song et al., 2004).  This PIWI domain cleaves one 

strand of the double-stranded sRNA, the strand not already bound by the PAZ and MID 

domains (passenger strand), which allows the ARGONAUTE to be loaded with a single-

stranded siRNA to guide recognition of complementary targets.  While all the 

ARGONAUTE proteins have the PIWI domain, not all PIWI domains have catalytic activity, 

allowing some flexibility in the action of the various ARGONAUTES (i.e. translational 

inhibition).  This also suggests that in some cases the passenger strand is probably separated 

from the other bound strand by a helicase rather than cleaved to create an active effector 

complex (Matranga et al., 2005; Rand et al., 2005). 

 In plants, no proteins of the PIWI subclass exist, instead all ARGONAUTE proteins 

fall into the AGO subclass.  In A. thaliana there exists 10 distinct AGO proteins, which 

phylogenetically can be divided into 3 groupings (Table 2; Vaucheret, 2008).  The first of 

these groupings consists of AGO1, AGO5, and AGO10.  Of the three, AGO1 appears to have 

the most important role in the RNA silencing pathway as it has been linked to binding of 

virtually all sRNAs in plants – miRNAs, transgene-derived siRNAs, virally-derived siRNAs, 

and tasiRNAs (Baumberger and Baulcombe, 2005; Morel et al., 2002).  AGO1 appears to 
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have a particular affinity for sRNAs with a 5’ terminal uridine, which in A. thaliana is the 

predominant 5’ base of miRNAs (Mi et al., 2008; Rajagopalan et al., 2006).  AGO1 is one of 

the ARGONAUTE proteins that has catalytic function, which is critical for its ability to 

regulate target RNAs (Baumberger and Baulcombe, 2005; Qi et al., 2005).  AGO10 is closely 

related to the AGO1 protein, suggesting some functional redundancy.  Indeed some 

functional overlap has been shown between the two proteins for plant development (Lynn et 

al., 1999).  The only specific role for AGO10 so far defined involves shoot apical meristem 

maintenance and adaxial-abaxial polarity establishment.  AGO10 appears to accomplish this 

by regulating the accumulation of miR165/166 (Liu et al., 2008).  AGO5’s role in cell 

biology also remains elusive.  Like AGO1 it shows specificity for sRNAs with a specific 5’ 

base.  In AGO5’s case this specificity is for cytosine (Mi et al., 2008).  AGO5 is thus thought 

to bind to those miRNAs exhibiting a 5’ cytosine, however AGO5 knockout plants show 

little in the way of developmental defects, leaving this suggestion uncertain (Katiyar-

Agarwal et al., 2007; Takeda et al., 2008). 

 The second class of AGO proteins in plants consists of AGO2, AGO3, and AGO7.  

Of the three, only AGO7 has had a definitive role associated with it, as AGO7 appears to be 

involved in both the tasiRNA pathway and the antiviral pathway.  As noted above, tasiRNA 

biogenesis relies on the binding of AGO-miRNA complexes to primary transcripts.  These 

complexes direct the cleavage of the transcript leading to RDR6 recruitment and eventually 

the production of tasiRNAs.  One particular tasiRNA locus relies specifically on AGO7 for 

the generation of tasiRNAs, TAS3.  The biogenesis of TAS3 tasiRNAs is dependent on 

AGO7-miR390 to guide specific cleavage of the primary transcript.  TAS3 tasiRNAs in turn 
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are involved in the transition from juvenile to adult vegetative stages (Adenot et al., 2006; 

Garcia et al., 2006).  Outside of its role in tasiRNA biogenesis AGO7 has recently been 

implicated in antiviral defense.  In AGO7 mutants viral RNA accumulation was found to be 

slightly enhanced, although not to the level of AGO1 mutants, the AGO thought to be 

primarily associated with antiviral defense.  The authors thus speculated that like the DCLs, 

AGOs may contain some ability for redundant action (Qu et al., 2008).      

 The final class of AGO proteins in plants includes AGO4, AGO6, AGO8, and AGO9.  

While neither AGO8 nor AGO9 have been shown to have any activity, both AGO4 and 

AGO6 have defined activities in plant RNA silencing pathways.  AGO4 and AGO6 are 

critical for TGS, and have at least some functional overlap (Zheng et al., 2007; Zilberman et 

al., 2003).  Both of these AGOs are involved in the methylation of DNA and histones 

associated with heterochromatin formation.  Significantly more work has been done with 

AGO4 than AGO6, but still a mechanism of action for the recruitment of host factors to carry 

out the methylation of target DNA is unknown.  One theory is that PolIV, which can still 

transcribe regions of the genome with some methylation, may provide transcripts for AGO4 

complexes to target.  This targeting may in turn recruit more host factors to the locus, 

resulting in further silencing.  Indeed as mentioned above, AGO4 is known to associate with 

PolIVb, making this theory attractive (El-Shami et al., 2007).  Beyond TGS, roles in DNA 

virus silencing and bacterial pathogen resistance for AGO4 have also been described (Agorio 

and Vera, 2007; Raja et al., 2008).  DNA viruses replicate and express their mRNA in the 

nucleus, making them susceptible to the same TGS machinery that targets endogenous DNA 

for methylation.  This susceptibility is exploited by the host, leading to AGO4-dependent 
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DNA methylation and silencing of the viral genome, an important part of the antiviral 

response of the host (Raja et al., 2008).  AGO4’s role in resistance to the bacterial pathogen 

P. syringae is particularly interesting, as it does not appear to be related to the traditional 

TGS pathway.  The authors showed that bacterial resistance did not rely on DCL3, RDR2, or 

a variety of DNA and histone methyltransferases normally associated with the TGS pathway.  

Still, methylation was found to be a factor in pathogen resistance, suggesting the existence of 

other host factors and perhaps a unique RNA silencing pathway (Agorio and Vera, 2007).   

 

RDRs 

 Not all organisms encode endogenous RdRps, but those that do, such as C. elegans 

and plants, rely heavily on these RdRps in a variety of RNA silencing pathways.  Plants 

encode three RdRp proteins involved in the RNA silencing pathway, termed RDR1, RDR2 

and RDR6 in A. thaliana (Table 2).  All three are thought to somehow recognize targets of 

RNA silencing and convert the ssRNA into dsRNA, however the mechanism for recognition 

of target RNA and the synthesis of dsRNA are poorly understood.   

 RDR1’s role in the RNA silencing pathway has thus far been limited to antiviral 

defense.  In 2001, work involving Nicotiana tabacum demonstrated that RDR1 knockdown 

plants were particularly susceptible to TMV and PVX.  Both viruses accumulated to 

significantly higher levels, and a particular PVX strain incapable of systemic movement in 

wildtype plants was found to systemically infect the knockdown plants (Xie et al., 2001).  

Further work has confirmed this role for RDR1 in other plant species (Yang et al., 2004; Yu 

et al., 2003).        
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RDR2 is a key component of the TGS pathway (Chan et al., 2004; Xie et al., 2004).  

When areas of the genome are targeted for heterochromatic methylation RDR2 is required 

for the generation and the maintenance of siRNA accumulation.  As noted earlier, PolIV 

transcribes the DNA region of interest, and RDR2 then converts the resulting transcript into 

dsRNA.  This dsRNA is cleaved by DCL3 to produce primary siRNAs.  These primary 

siRNAs then lead the generation of secondary siRNAs, a process that is again dependent on 

the ability of RDR2 to convert PolIV-transcribed RNA into a double-stranded form.  Beyond 

these well established roles in TGS, RDR2 has also been linked to viral siRNA accumulation.  

In a study of TRV, the authors infected several A. thaliana knockout mutants examining the 

requirements for RDR1, RDR2, and RDR6 for viral siRNA accumulation.  No single or 

double mutants exhibited reduction in viral siRNA accumulation, however triple mutants 

were severely impaired for viral siRNA production and showed enhanced levels of viral 

RNA accumulation indicating functional redundancy in the RDR pathway targeting viruses 

(Donaire et al., 2008).   

 Of the three RDRs, RDR6 appears to have the heaviest influence in RNA silencing, 

as it is involved in a variety of pathways.  RDR6 was originally recognized as a key 

component of the RNA silencing pathway in the late 90’s and in early 2000, when it was 

variously referred to as SGS2 and SDE1 (Dalmay et al., 2000; Elmayan et al., 1998; 

Mourrain et al., 2000).  These initial studies found that RDR6 was required for transgene 

silencing, with conflicting reports on its requirements for virally-induced RNA silencing 

(Dalmay et al., 2000; Mourrain et al., 2000).  Nearly a decade later, RDR6 has now been 
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conclusively linked to the generation of tasiRNAs and nat-siRNAs in addition to transgene 

silencing and antiviral silencing. 

 The initial confusion with respect to RDR6’s ability to target RNA viruses was the 

first piece of data that has led to an interesting observation related to the activity and 

specificity of the various RDRs.  Work in both Nicotiana benthamiana and A. thaliana has 

shown a varying degree of virus susceptibility in plants with RDR6 knockouts.  In a N. 

benthamiana study, RDR6 knockout plants were hypersusceptible to PVX, Potato virus Y 

(PVY), and Cucumber mosaic virus (CMV) with its Y satellite but not to TMV, TRV, TCV, 

or CMV alone (Schwach et al., 2005).  Similarly, A. thaliana RDR6 mutants were no more 

sensitive to TCV, TRV, or TMV than were wildtype plants but were hypersusceptible to 

CMV (Brigneti et al., 1998; Dalmay et al., 2000; Mourrain et al., 2000).  These differing 

results are particularly interesting as all the aforementioned viruses are ssRNA viruses, and 

thus one might expect them to be targeted by the host RdRps in similar manners.  It is 

anticipated that those viruses that did not exhibit an increase in virulence in RDR6 plants are 

targeted by more than one RDR, in a redundant fashion.  Indeed this has been shown to be 

the case for at least one of these viruses, TRV, which exhibits increased virulence only in 

RDR1, RDR2, and RDR6 triple mutants (Donaire et al., 2008).  But why are TRV and other 

ssRNA viruses subject to redundant targeting by the RDRs and not CMV?  This is still 

unclear and complicated by the fact that very little in the way of specifics is known about the 

actual activity of these RDRs in RNA viral infection.  The requirement of dsRNA for RNA 

silencing and the ability of the various RDRs to generate dsRNA from ssRNA templates 
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suggest that RDRs are required for the generation of dsRNA targets of the various DCLs but 

information on the modes and triggers of this dsRNA generation are sorely lacking.  

One of the more interesting aspects of antiviral silencing in plants is the phenomenon 

whereby the silencing signal generated from primary leaf infection can spread via the phloem 

of the plant to upper, non-inoculated leaves rendering them resistant to viral infection.  The 

nature of this silencing signal is so far unknown, but is thought to be a 24 nt siRNA in 

complex with proteins.  The only concrete role for RDRs in RNA virus silencing revolves 

around the spread of this silencing signal.  Using transgenic N. benthamiana, investigators 

showed that RDR6 was necessary for the phenomenon to occur.  RDR6 is required to be 

active in cells receiving the silencing signal in order for those cells to become resistant to the 

incoming virus, but is not required for the generation of the silencing signal itself or its 

spread throughout the plant.  What RDR6 actually does with the incoming silencing signal 

once it is received is still a question.  Working under the assumption that the silencing signal 

is a short RNA, 24 nt or otherwise, RDR6 may utilize the short RNA as a primer and the 

incoming viral genomes as templates to polymerize dsRNA that can be targeted by the DCLs.  

A second theory suggests that the silencing signal in complex with RISC might target 

incoming viral genomes for cleavage, and that these cleavage products might be recognized 

by RDR6 as aberrant RNAs to be used as templates for dsRNA synthesis (Schwach et al., 

2005).  This latter theory runs into problems in that if one were to expect RDR6 to generate 

dsRNAs from siRNA cleavage products, the same effects on siRNA accumulation should be 

seen on inoculated and uninoculated leaves, which they were not (Donaire et al., 2008; 

Schwach et al., 2005).  Newer work calls into question the former theory as well.  RDR6 
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expressed in N. benthamiana and immunopurified was used to examine the biochemical 

requirements for RDR6 activity.  It should be noted that all work in this study was performed 

in vitro, however the authors were able to show that RDR6 has primer-independent RNA 

polymerase activity on ssRNA and does not distinguish between templates with or without a 

5’ cap or poly A tail (Curaba and Chen, 2008).  Finally, another study involving CMV 

showed that RDR1 was critical for siRNA production not only in systemic leaves but in 

inoculated leaves as well, indicating that RDRs may play a larger role in viral infection than 

simply systemic immunity (Diaz-Pendon et al., 2007).  The RDRs represent one of the 

remaining major challenges in the quest to fully describe antiviral RNA silencing.  With the 

work that has been done so far it appears as though RDRs might behave like DCLs in that 

they likely each have their own primary roles to play, but can also act in a redundant fashion 

if needed.  RDR6’s primary role may be as a systemic RNA silencing factor while RDR1 

may play a primary role in inoculated tissue activity, but the fact that TRV and the majority 

of viruses tested were not hypervirulent in the absence of RDR6 in knockout plants suggests 

that redundancy may be key (Brigneti et al., 1998; Dalmay et al., 2000; Mourrain et al., 2000; 

Schwach et al., 2005).   

 

RNA silencing targeting plant RNA viruses 

 Plants have both an innate and adaptive immune system which they use to target 

invading pathogens.  The innate immune response of plants involves a gene-for-gene 

response pathway, whereby a specific plant-encoded protein directly recognizes either a 

pathogen protein or a pathogen-driven modification of a host protein.  After this recognition 
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an immune system pathway is initiated often leading to tissue necrosis.  RNA silencing 

comprises the adaptive immune response of plants and is particularly important in stemming 

infections from RNA viruses. 

 RNA viruses in plants are targeted by the silencing pathway in a very prototypical 

manner (Figure 2).  As discussed earlier, viral dsRNA can come from one of three sources (a 

replicative intermediate, secondary RNA structure, and endogenous RDR-generated dsRNA), 

is recognized by the host DCL and cleaved into siRNAs.  One strand of these siRNA strands 

can be incorporated into RISC, leading to targeted degradation of the infecting virus.  A 

silencing signal can also be generated and spread from the initial site of infection cell-to-cell 

on the infected leaf (short range) and finally via the phloem to other parts of the plant (long 

range).  Although most of the work surrounding the short range spread of RNA silencing has 

been focused on transgenes, some conclusions can be made about the short distance spread of 

the silencing signal targeting plant viruses.  The spread of the short distance RNA silencing 

signal occurs over a distance of 10-15 cells, and likely travels through the plasmodesmata 

(Himber et al., 2003; Voinnet et al., 1998).  One class of mutants screened for a defect in the 

cell-to-cell spread of silencing lost 21 nt siRNA populations but 24 nt siRNA populations 

were unaffected.  This class of mutants was eventually mapped to DCL4, demonstrating a 

requirement for DCL4-generated 21 nt siRNAs for the spread of silencing (Dunoyer et al., 

2005).  Other mutants that have been identified as being required for cell-to-cell spread of the 

silencing signal include PolIVa and RDR2.  The fact that these experiments were focused on 

transgenes and host genes and that PolIVa and RDR2 have been implicated in 

heterochromatin silencing makes this work’s relationship to plant RNA virus spread dubious, 
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but a role for these proteins cannot be ruled out (Dunoyer et al., 2007; Smith et al., 2007).  

Whatever the mechanisms of this spread, the phenomenon, in combination with DCL 

cleavage and AGO targeting, results in the targeted degradation of the infecting virus, 

limiting its ability to survive and cause a productive infection. 

Through the process of evolution viruses have come up with their own answer to the 

RNA silencing pathway.  Most, if not all, encode proteins known variously as anti-silencers, 

VSRs, or simply suppressors.  The role of these VSRs is to disrupt – or suppress – the 

endogenous host silencing pathway to allow the infecting virus a chance to survive and 

replicate.  Without a method of suppressing or avoiding the RNA silencing pathway, an 

infecting virus has little or no chance of surviving.  Work detailed in this thesis has 

confirmed this, as a TCV construct lacking its VSR was found to be highly compromised for 

infectivity, with infections confined to foci of approximately 5 cells (See Chpt. 2; Powers et 

al., 2008).   

 

VSRs   

 The VSRs encoded by plant viruses come in a variety of shapes, sizes, and modes of 

action.  Viral genomes are characteristically compact, and the protein sources of suppressor 

activity reflect this.  Many of the known suppressor proteins have other roles in viral 

infection.  For example the coat protein of TCV has been shown to have VSR activity, as has 

the 126-kDa polymerase protein of TMV which is involved in viral replication (Ding et al., 

2004; Qu et al., 2003).  Still others were originally identified as movement factors, such as 
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PVX p25, CMV 2b, and Potyvirus HC-Pro (Bayne et al., 2005; Cronin et al., 1995; Ding et 

al., 1995; Klein et al., 1994).   

 The first two suppressors identified were CMV 2b and HC-Pro from PVY.  Both 

VSRs were found to have an effect on the silencing of a GFP transgene in N. benthamiana.  

In these studies the GFP transgene was pre-silenced by the infiltration of an A. tumefaciens 

culture transformed with a binary vector expressing a GFP expression cassette into 3 week 

old seedlings.  Two weeks later plants were completely silenced for GFP expression with the 

exception of the extreme meristematic zone, which has been shown to remain non-silenced 

(Voinnet et al., 1998).  The authors found that when silenced plants were infected with CMV 

or PVY, the effects of silencing were diminished.  In the case of CMV, newly emerging 

leaves were no longer silenced for GFP expression, while PVY-infected plants showed 

reversal of silencing on leaves already silenced.  On the other hand, another virus, PVX, had 

no effect on GFP silencing.  The authors exploited this by using PVX as a viral vector to 

determine which component of PVY and CMV directed the anti-silencing effects.  

Eventually the authors determined that PVY HC-Pro and CMV 2b were responsible for 

suppressing RNA silencing, although exact molecular mechanisms were not determined 

(Brigneti et al., 1998).   

 The silencing pathway targeting RNA viruses has two main components, siRNAs and 

proteins.  VSRs have been shown to attack the cascade by interfering with both types of 

molecules.  So far, the most common way to suppress RNA silencing is for the VSR to 

simply bind to siRNAs.  This activity has been shown for a variety of proteins, including p19 

of Tomato bushy stunt virus, Peanut clump virus p15, Barley stripe mosaic virus γB, and Beet 
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yellows virus p21 (Chapman et al., 2004; Lakatos et al., 2006; Merai et al., 2006; Reed et al., 

2003; Silhavy et al., 2002).  p19 in particular has been thoroughly characterized, including a 

crystal structure of p19 bound to a 21 nt siRNA (Vargason et al., 2003).  Interestingly, 

binding of siRNAs by various VSRs has never been shown to be specific, and so the VSR 

binds to both endogenous and viral sRNAs leading to a massive disruption of plant 

physiology (Chapman et al., 2004; Dunoyer et al., 2004).   

 While binding of viral proteins to siRNAs is a common approach to suppression of 

RNA silencing, a second method of suppression of RNA silencing involves targeting those 

proteins involved in the RNA silencing cascade (Baumberger et al., 2007; Bortolamiol et al., 

2007; Glick et al., 2008; Zhang et al., 2006a).  The first example of a VSR with this activity 

was the 2b protein from CMV.  CMV 2b interacts directly with the PAZ and PIWI domains 

of AGO1, inhibiting the slicer activity of this enzyme (Zhang et al., 2006a).  The authors 

confirmed this binding both with in vivo coimmunoprecipitations and in vitro binding assays.  

Using in vitro binding assays with truncated AGO1, the authors were able to determine that 

2b bound specifically to one surface of the PAZ domain and part of the PIWI domain found 

in AGO1.  As discussed earlier AGO1 plays a primary role in the targeting of viral genomes 

as well as miRNA targets.  2b-expressing transgenic plants exhibit similar developmental 

defects as AGO1 knockouts exhibit, probably related to the stabilization of miRNA target 

transcripts (Zhang et al., 2006a).  A second example of virus-host protein-protein interactions 

mediating silencing suppression came from P0 of the Poleroviruses Beet western yellows 

virus and Cucurbit aphid-borne yellows virus, both of which have been shown to bind to 

AGO1.  Their binding differs from that of CMV 2b, in that these Poleroviruses actually 
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target AGO1 for degradation via their P0 protein which is an F box protein.  As part of the 

SCF ubiquitin ligase complex, host F box proteins can help to mediate ubiquitination of 

proteins, leading to the degradation of the protein by the proteasome.  P0 appears to act in a 

manner similar to these host proteins, however the degradation appears to be independent of 

the proteasome, as proteasome inhibitors had little effect on P0’s ability to target AGO1 

(Baumberger et al., 2007; Bortolamiol et al., 2007).   

While silencing suppression by siRNA binding is well known, there are relatively 

few demonstrations involving endogenous protein targeting (Baumberger et al., 2007; 

Bortolamiol et al., 2007; Glick et al., 2008; Zhang et al., 2006a).  This disparity may not have 

biological significance, but rather be due to the relative difficulty of studying protein-protein 

interactions.  Initial evidence for protein-RNA binding can come from electrophoretic 

mobility shift assays (EMSA) with labeled siRNA and purified viral protein, while protein-

protein interaction studies involve the investigation of multiple potential protein binding 

partners (e.g. DCLs, RDRs, AGOs, etc.).  The protein redundancy inherent in the RNA 

silencing pathway may also mean that protein targeting by a VSR is less effective than the 

sequestration of siRNAs.  For example, if a VSR can target DCL4 for degradation it may be 

that DCL2 can functionally substitute for DCL4, thus rendering the VSR activity moot.  

Conversely, it may be that the activity of DCL2 would not be as robust as DCL4.  This 

reduction in DCL activity might be significant enough for the infecting virus to replicate, 

form virions and pass itself to a new host.  RNA silencing protein redundancy may also 

explain newly emerging observations regarding viral suppression of RNA silencing.   
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 All plant viruses studied to date encode at least one VSR.  Some viruses have been 

shown to encode multiple VSRs, while others encode VSRs that act at multiple steps in the 

RNA silencing pathway.  This multi-pronged approach to the suppression of RNA silencing 

depresses the immune response of the plant even further than a single VSR acting at a single 

point in the pathway.  This ensures that the virus can effectively infect its host, and may be a 

method by which the virus can account for all the redundancy found in the RNA silencing 

pathway.  As noted earlier, direct inhibition of DCL4 by a viral protein may not be very 

effective if DCL2 can step in and perform the same dicing function nearly as well.  

Disrupting the pathway at multiple points may aid the virus in overcoming the host’s built in 

backup system.   

One of the best known examples of a virus that encodes multiple VSRs is Citrus 

tristeza virus, which encodes 3 VSRs:  CP, which disrupts intercellular silencing, p23, which 

disrupts intracellular silencing, and p20, which seems to do both (Lu et al., 2004).  Another 

example comes from two Geminiviruses, African cassava mosaic virus and Sri Lankan 

cassava mosaic virus, both of which encode two suppressors of RNA silencing, AC2 and 

AC4, although AC2 is significantly less effective for both (Vanitharani et al., 2004).  

Encoding a single VSR that can disrupt the silencing pathway in more than one location is a 

second way viruses can employ a multi-pronged attack on the immune system of a plant.  

Potyvirus HC-Pro is a good example of this strategy, as it is known to both bind and induce 

expression of an endogenous calmodulin-related protein whose expression suppresses RNA 

silencing.  HC-Pro has also been shown to disrupt the formation of the active RISC complex, 

by binding to dsRNAs with the help of an unknown host protein.  Finally, HC-Pro can 
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depress the accumulation of many classes of sRNAs, possibly by blocking their 3’ terminal 

methylation, a requirement for effective incorporation into the silencing cascade 

(Anandalakshmi et al., 2000; Ebhardt et al., 2005; Lakatos et al., 2006; Llave et al., 2000; 

Mallory et al., 2001; Yu et al., 2006).  HC-Pro is not the only protein with multiple methods 

of silencing suppression as the previously discussed 2b protein can not only bind directly to 

AGO1, the critical component of the RISC, but can also stem the long distance spread of the 

silencing signal.  A close relative of CMV, Tomato aspermy virus, also encodes a related 2b 

protein.  This protein appears to have some RNA binding capabilities, providing either a third 

role for 2b, or defining 2b’s mode of action for stemming the long distance spread of the 

silencing signal (Brigneti et al., 1998; Chen et al., 2008; Zhang et al., 2006a). 

 

Identifying RNA silencing suppressors 

 The first papers to identify VSRs relied on reporters expressed from transgenes to 

assay for silencing suppression activity.  In these studies the reporter, generally either β-

glucuronidase (GUS) or green fluorescent protein (GFP), was silenced, and putative 

suppressors were then expressed in the transgenic plants to determine if the proteins 

examined could reverse the observed silencing.  Silencing of the reporters was accomplished 

by delivering a silencing trigger – either through the infiltration of A. tumefaciens harboring a 

tumor inducing (Ti-)plasmid that included a sequence homologous to the reporter or through 

the use of a viral vector that contained a sequence homologous to the reporter.  In a similar 

way the putative suppressors were expressed either as transgenes – in which case crosses had 

to be made between silenced reporter plants and suppressor-expressing plants – or through 
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the use of a viral vector (Anandalakshmi et al., 1998; Brigneti et al., 1998; Kasschau and 

Carrington, 1998).  Although some of these methods have changed, the same basic formula 

remains to this day – coexpression of a reporter susceptible to RNA silencing with a putative 

VSR to determine if the VSR blocks the silencing pathway from targeting the susceptible 

reporter.  The nature of delivery for the reporter, the silencing trigger, and putative VSR has 

changed over the years, although transgenics still play a key role in the study of VSR 

function.  The timing of reporter and putative suppressor delivery also now varies.  Whereas 

the original studies relied on a reporter that was presilenced, many current studies look to 

deliver the putative suppressor into cells prior to the initiation of reporter silencing.   

An example of an assay in which the putative suppressor is delivered before silencing 

initiates involves the co-infiltration of two cultures of A. tumefaciens.  The first culture 

harbors a Ti-plasmid expressing a reporter such as GFP, while the second culture harbors a 

Ti-plasmid expressing the putative suppressor.  These two cultures are mixed and infiltrated 

onto a leaf, usually via a syringe.  Expression of the reporter is subsequently monitored.  In 

this assay the reporter is also the silencing trigger.  In the presence of a suppressor, reporter 

expression can go on for a week or more, while in the absence of a suppressor, reporter 

expression is minimal three days post infiltration.    

Another suppressor assay relies on an endogenous reporter to examine for the 

suppression of RNA silencing.  This assay is an example of one in which the reporter and the 

silencing trigger are distinct.  The silencing trigger is TRV containing a fragment of phytoene 

desaturase (PDS).  PDS is an endogenous gene that plays a key role in leaf pigmentation.  In 

the absence of a suppressor, TRV-PDS can trigger silencing of the endogenous PDS gene 
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leading to extensive leaf photo-bleaching while in the presence of a VSR this photo-

bleaching is blocked.  The putative suppressor can be delivered in any number of ways, by A. 

tumefaciens, by stable transgenes, or by viral vector and is usually concurrent with delivery 

of TRV-PDS. 

Until recently each of the commonly employed VSR identification assays had 

characteristics that made them less than ideal for the study of VSRs from RNA viruses.  Each 

of these assays had reporters and/or silencing triggers whose expression originated in the 

nucleus.  Nuclear expression is subject to a whole host of other silencing related activities, 

such as TGS, which the cytoplasmic-based RNA virus is not exposed to.  This leads to the 

question as to just how accurate some of these assays are for the identification of VSR 

activity from plant RNA viruses.  To address this question, we generated a new reporter that 

is viral-based.  The known VSR of TCV, its CP, was removed and replaced with sGFP to 

create a construct termed TCV-sGFP.  This construct is susceptible to silencing, is RNA-

based, is localized to the cytoplasm, and contains both the reporter and silencing trigger.  

Details of this work can be found in Chapter 2 (Powers et al., 2008).  

 

RCNMV 

  

RCNMV is a plant-infecting virus classified by the International Committee on 

Taxonomy of Viruses into the family of positive-sense RNA viruses known as 

Tombusviridae.  Currently the Tombusviridae family of viruses has not been assigned to an 

Order, however there are eight genera within the Tombusviridae family.  These genera 
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include Dianthovirus, whose type species is Carnation ringspot virus (Büchen-Osmond, 

2006).   

 

Genome structure, protein function and expression 

Species in the Dianthovirus family are characterized by bipartite, linear, positive-

sense, ssRNA genomes (Büchen-Osmond, 2006).  The RCNMV RNAs, simply termed RNA-

1 and RNA-2, encode for four proteins – three from RNA-1 and a single protein from RNA-2 

(Fig. 3; Gould et al., 1981; Lommel et al., 1988; Xiong and Lommel, 1989).  RNA-1 is 3889 

nt in length and encodes three proteins, two from 5’ proximal overlapping open reading 

frames (ORFs) – a 27 kilodalton (kDa) polypeptide (p27), and an 88 kDa polypeptide (p88) – 

as well as a 3’ terminal ORF of 37 kDa, known to encode the capsid protein (CP; Bates et al., 

1995; Morris-Krsinich et al., 1983; Xiong et al., 1993; Xiong and Lommel, 1989).  The 1448 

nt RNA-2 encodes for a 35 kDa protein implicated in viral movement, known as the 

movement protein (MP; Lommel et al., 1988; Osman and Buck, 1987; Paje-Manalo and 

Lommel, 1989). 

The viral polymerase was shown to be encoded by RNA-1 when it was demonstrated 

that RNA-1 could replicate independently of RNA-2 in Cowpea, Nicotiana clevelandii, and 

N. tabacum protoplasts (Osman and Buck, 1987; Paje-Manalo and Lommel, 1989).  This 

demonstration was followed by a sequence alignment study that further implicated RNA-1 in 

viral replication based on consensus sequences with other known viral RdRps (Koonin, 

1991).  Isolated RdRp from infected N. clevelandii in 1995 confirmed the role of RNA-1 in 

viral replication when it was demonstrated that the RCNMV viral replication complex 
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consisted of both p27 and p88 (Bates et al., 1995).  p27 is 711 nt in length, has a translation 

start codon at position 123 and codes for a protein of 236 a.a.  p88 is 2304 nt in length and 

codes for a protein of 767 a.a.  The N-terminal sequences of p27 and p88 are identical.  Early 

sequencing of the RNA-1 genome led to the belief that RNA-1 coded for 3 proteins – p27, 

CP, and a 57 kDa protein called p57, but could not account for an observed in vitro 

translation product that was estimated to be 90 kDa in size.  This early work led to the 

postulation that p88 was a critical protein and theorized that ribosomal frameshifting 

following translation of p27 was required for the production of p88 (Xiong et al., 1993; 

Xiong and Lommel, 1989).  Evidence for ribosomal frameshifting was provided in 1994, 

when site-directed mutagenesis experiments demonstrated the presence of a heptanucleotide 

sequence, just upstream of the p27 stop codon, that is required for p88 translation (Kim and 

Lommel, 1994).  This same study reported that p57 was likely not translated in vivo as it was 

undetectable in infected tissue, and mutations to its putative start codon had no effect on viral 

infectivity (Kim and Lommel, 1994).  By utilizing a GUS reporter, further work 

demonstrated that beyond the core heptanucleotide a total sequence of 118 nt is required for 

efficient p88 expression.  RNA secondary structure modeling software predicts the sequence 

directly downstream from the heptanucleotide to include a large stem loop which likely plays 

a role in ribosomal frameshifting (Kim and Lommel, 1998).  According to the model p88 

frameshifting starts with a host ribosome binding to the viral RNA and initiating translation 

at the same initiation codon as is used for p27.  Translation continues until the ribosome 

reaches the heptanucleotide directly upstream of the p27 stop codon.  Slightly less than 10% 

of the time the ribosome reaches this region of the RNA, pauses, and slides back 1 nucleotide.  
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This shift changes the codon reading frame so that the normal p27 stop codon just 

downstream of the heptanucleotide is no longer in frame.  The ribosome continues translating 

past the now out of frame stop codon, leading to the generation of the p88 polypeptide.  

Ribosomal pause and shift is dependent on both the heptanucleotide sequence and the 

downstream secondary RNA structure (Kim and Lommel, 1994; Kim and Lommel, 1998).  

Once generated, p88 is the central component of the viral RdRp, as it contains a GDD motif 

conserved in RdRps and found to be critical for RCNMV replication (Bates et al., 1995; 

Koonin, 1991). 

The final ORF of RNA-1 is the CP.  180 CP subunit comes together to form the outer 

shell of the packaged virus (Hamilton and Tremaine, 1996).  This packaging of RCNMV is 

not required for cell-to-cell movement of the virus, but is necessary for systemic spread as 

well as spread from plant to plant (Vaewhongs and Lommel, 1995).  The start codon of CP is 

found at the 2427 nt of RNA-1 and the stop codon at 3447 nt for a open reading frame length 

of 1020 nt (339 a.a.) (Xiong and Lommel, 1989).  The placement of the CP ORF towards the 

3’ terminus of RCNMV poses some expression problems for RCNMV.  In eukaryotes 

ribosomes are incapable of translating internal ORFs without some assistance (Kozak, 1989).  

For RCNMV this assistance comes from the generation of a sub-genomic RNA (sgRNA).  

Viral sgRNAs are RNAs generated during replication that do not encompass the entire 

template RNA.  Instead these sgRNAs only include portions of the viral RNA necessary for 

internal ORF protein expression.  In the case of RCNMV the sgRNA sequence begins at 

RNA-1 nucleotide 2366, 61 nt upstream of the CP ORF (Zavriev et al., 1996).  This sgRNA 

allows for the initiation codon of the CP to be recognized by the host ribosome, leading to its 
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translation.  The generation of the sgRNA is dependent on a sequence element found on 

RNA-2.  This RNA-2 sequence element has been named the trans-activator (TA), as it acts in 

trans to regulate sgRNA expression.  The TA is a large stem loop, with 8 bp on its loop that 

pair with a sequence on RNA-1 called the TA binding site (TABS).  According to the model, 

during the synthesis of negative-sense viral RNA the TA-TABS interaction causes the 

transcribing RdRp to prematurely terminate transcription.  This premature termination results 

in a negative-sense viral RNA template for synthesis of positive-sense sgRNAs (Sit et al., 

1998).  These sgRNAs can then be used by the host ribosomes for translation of the CP, 

which eventually leads to packaging of the virus.   

The final protein coded for by RCNMV is translated from RNA-2.  The MP ORF is 

951 nt in length and codes for a protein required for viral cell-to-cell movement.  As it is the 

sole ORF on RNA-2, no special translational strategy is required for its expression (Lommel 

et al., 1988; Osman et al., 1991).  Of the 4 RCNMV proteins, MP has been studied most 

extensively.  MP has been shown to have 5 functional domains - RNA-binding, cell-to-cell 

movement, cell wall localization, plasmodesmata size exclusion limit modification, and 

cooperativity (Fujiwara et al., 1993; Giesman-Cookmeyer and Lommel, 1993; Osman et al., 

1992; Osman et al., 1993; Tremblay et al., 2005).  These functional domains combine to 

allow for viral cell-to-cell movement.  The MP protein is localized to the cell wall, likely 

targeted to the plasmodesmata where it increases the size exclusion limit of the organelle 

(Fujiwara et al., 1993; Giesman-Cookmeyer and Lommel, 1993; Osman and Buck, 1991; 

Tremblay et al., 2005).  Targeting to the plasmodesmata is also likely related to its primary 
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function of cell-to-cell movement, as MP is believed to bind to viral RNAs and move them 

through the plasmodesmata.  

 

Viral replication 

 Positive-sense RNA virus replication is a two step process.  The first step involves the 

synthesis of negative-sense RNA from the positive-sense genomic RNA by the viral RdRp.  

This same viral RdRp can then use the negative-sense RNAs for the synthesis of more 

positive-sense genomic RNAs.  For viruses, these reactions are highly dependent on cis-

acting RNA elements that promote polymerase binding.  For RNA-2 some of these RNA 

elements have been delimited using simple deletion and site-directed mutagenesis.  RNA-2 

appears to have cis-acting elements specific to both positive and negative-sense generation.  

The 3’ untranslated region (UTR) of RNA-2 has a stem-loop from nucleotides 1421-1449, 

which is required for the synthesis of negative-sense RNA-2.  Mutations to the stem-loop 

demonstrated that the sequence of the stem is not important as long as the stem structure is 

conserved but that the loop sequence of AUA was critical for replication.  Further analysis 

demonstrated that the 5’ UTR, which would be found on the 3’ terminus of a negative-sense 

RNA-2, is critical for positive-sense RNA synthesis but not negative-sense (Turner and Buck, 

1999).  More recent work has also implicated sequences within the MP ORF.  Specifically 

the same TA element required for CP sgRNA synthesis from RNA-1 is also a cis-acting 

element required for RNA-2 replication.  Similar to the stem loop in the 3’ UTR, the loop 

sequence of the TA is more important than that of the stem.  However, unlike the 3’ UTR 

stem loop, compensatory mutations in the stem of the TA did not restore replication levels to 
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near wildtype levels.  These compensatory mutations led to replication at about 50% the rate 

of wildtype indicating that the stem sequence has some importance.  In addition to the TA, 

another smaller stem loop within the MP ORF is also necessary for replication, which 

demonstrates a significant level of complexity in the process of RNA-2 replication (Tatsuta 

et al., 2005).   

 Cis-acting elements necessary for RNA-1 negative-sense RNA synthesis have 

recently been identified.  Two stem loops in the 3’ terminal 72 nt of RNA-1 have been found 

to be critical to negative-sense RNA synthesis; the second of these two loops is almost 

identical to that found in the RNA-2 3’ UTR (Iwakawa et al., 2007; Turner and Buck, 1999).  

RNA-1 replication also has specific viral replication protein requirements first hinted at 

during studies into the suppression of RNA silencing by RCNMV.  This particular study 

showed that p27 and p88 expressed on different RNA-1 strands resulted in no viral 

replication (Takeda et al., 2005).  More in-depth work demonstrated that complementation 

between these two proteins could occur and allow for RNA-1 replication only if p88 was 

translated from the RNA-1 template strand.  p88 was not active for RNA-1 replication if 

delivered in trans.  Instead, p88 must be present in cis in order for effective RNA-1 

replication to occur (Okamoto et al., 2008).   

 

Translation 

 In eukaryotes mRNAs are translated into proteins with help from a 5’ cap structure 

and polyadenylation at the 3’ terminus.  RCNMV and many other viruses lack these 

modifications and must compensate by mimicking the function of the cap and poly(A) tail 
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through RNA secondary structures (Lommel et al., 1988; Mizumoto et al., 2003; Xiong and 

Lommel, 1989).  For RNA-1 this function is accomplished by an RNA sequence element 

known as the 3' translation element of Dianthovirus RNA1.  This sequence consists of the 

nucleotides between 3596 and 3732 in the 3' UTR.  Included in this region is a predicted stem 

loop which has a sequence similar to a translational enhancer in Barley yellow dwarf virus.  

Mutations to the loop sequence abolish translation, confirming a role in viral translation for 

this secondary structure.       

The requirement for p88 translation from the same strand that it uses as a template for 

replication underscores another feature of RCNMV translation – a linkage with viral 

replication.  This linkage is most apparent in the translation of MP from RNA-2.  Unlike 

RNA-1, it does not appear as though RNA-2 compensates for its lack of a 5’ cap structure 

with cis-acting RNA elements.  Instead, RNA-2 translation appears to be dependent on its 

replication.  Protoplast studies using luciferase as a reporter for translation found that 

luciferase was translated only in the presence of the polymerase proteins p27 and p88 as well 

as the previously identified RNA-2 cis-acting replication elements (Mizumoto et al., 2006).  

It’s currently unclear how viral replication promotes translation of RNA-2, but at least a 

couple of different theories have been suggested.  The replication process may modify RNA-

2 in a way that can functionally substitute for the 5’ cap, or the replication process may 

recruit host factors required for translation.  More experiments will be required to fully 

understand the process of RNA-2 translation. 
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Virion packaging 

 While RCNMV can move cell-to-cell in an infected plant in the absence of virion 

formation, in order to move systemically or from host to host, the virus must be packaged 

into virions.  RCNMV virions are non-enveloped icosahedrons formed by 180 subunits of the 

CP which take on a T=3 icosahedral symmetry.  The fact that RCNMV has two genomic 

strands that require packaging has led to a variety of theories as to the packaging strategy 

employed by RCNMV.  RCNMV virions could contain RNA-1 and RNA-2 together, RNA-1 

alone and RNA-2 alone, or perhaps some hybrid of these two schemes.  Initial evidence 

suggested a heterogeneous virion population when it was found that RNAs purified from the 

virions of a related virus were not found in molar ratios of 1:1 (Hamilton and Tremaine, 

1996).  In 2006 a study was published that confirmed the theory of multiple virion 

populations when it was determined that RCNMV virion populations are heterogeneous.  

One population contains both RNA-1 and RNA-2, while the second population contains 

multiple copies of RNA-2.  To make this determination, virions were heated to 65 degrees 

resulting in RNA complexes that could be run on a semi-denaturing gel and blotted for 

examination of RNA content.  Approximately 80% of the virions had RNA-1 and RNA-2 

bound together, but 20% of the time RNA-2 multimers were instead found.  To confirm these 

results, virions were subjected to UV radiation which results in covalent bonding between 

neighboring RNA molecules.  When RCNMV virions were exposed to UV irradiation, again 

populations of RNA-1 and RNA-2 heterodimers were found along with RNA-2 multimers, 

demonstrating a packaging scheme for RCNMV consisting of both RNA-1 + RNA-2 and 

RNA-2 only virions (Basnayake et al., 2006).  
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 During virion assembly of RNA viruses, the virus must be able to distinguish between 

its own genome, which should be packaged into virions, and other heterologous viral or 

cellular RNAs which should not.  The assembly and RNA discrimination is accomplished by 

a specific viral sequence and/or structural element referred to as the origin of assembly 

sequence (OAS).  The OAS binds viral capsid protein (CP) and orients the CP into an 

initiation complex leading to viral assembly.  The OAS for several plant viruses have been 

identified including TCV and TMV (Qu and Morris, 1997; Turner and Butler, 1986; Turner 

et al., 1988; Zimmern, 1983).  For RCNMV the OAS has been delimited to the multi-

functional secondary structure known as the TA.  The TA, previously described for its roles 

in sgRNA synthesis as well as RNA-2 replication, also appears to direct virion formation.  

Interestingly, in the case of virion formation this TA requirement may not be dependent on 

the sequence of the loop, as site-directed mutagenesis to 2 of the 8 nt in the loop did not 

disrupt packaging (Basnayake et al., 2009).  The multi-functional role of the TA stem loop in 

the RCNMV life cycle is interesting, and these different roles may be related.  The fact that 

the TA is required for the synthesis of the CP and also serves as the OAS for CP assembly 

suggests a certain level of interconnectedness, although this and other details about the TA’s 

role in assembly (i.e. the critical nucleotides) have still to be worked out. 

 

RCNMV-host interactions 

 Very little is known about the immune system interactions between RCNMV and the 

host plant.  To date no R-genes (which comprise the plant innate immune response) have 

been described that target RCNMV during infection.  Slightly more is known about the 
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adaptive immune response to RCNMV and RCNMV’s counteractions.  Studies involving 

RNA silencing targeting of RCNMV led to an investigation of the viral replication complex 

(Takeda et al., 2005).  The authors found that in the presence of p27, p88, and a replication 

competent RNA-2, the host RNA silencing response could be suppressed.  This suppression 

resulted in decreased accumulation of sRNAs, including a tested miRNA.  Knowledge of the 

mechanisms underlying this activity are currently lacking, although the original study 

suggested that the RCNMV replication complex might sequester host factors, including 

DCL1, for this activity.  The theory of DCL1 involvement arose from observations that 

RCNMV was incapable of replicating in A. thaliana DCL1 mutants, leading the investigators 

to suggest that DCL1 was directly involved in viral replication (Takeda et al., 2005).  Newly 

published work may contradict this theory and explain why DCL1 knockouts were incapable 

of supporting RCNMV replication.  In experiments with A. thaliana investigators found that 

DCL1 negatively regulated the activity of DCL4, possibly by processing a miRNA that 

targets DCL4.  In DCL1 knockout plants, DCL4 was more efficient at targeting the infecting 

virus suggesting that RCNMV may be incapable of replicating in these plants not because 

DCL1 directly contributes to RCNMV replication, but because it represses DCL4 activity 

(Qu et al., 2008).        

 This thesis will describe efforts made toward furthering the understanding of the 

interactions between the host RNA silencing machinery and an infecting virus, with an 

emphasis on RCNMV.  As mentioned above, a new assay was developed for the 

identification of VSRs.  This assay uses a disarmed plant virus as a reporter for RNA 

silencing suppression.  By using this reporter the MP of RCNMV was found to display RNA 
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silencing suppression activity.  The protein domain involved in RNA silencing suppression 

was delimited and efforts were made to identify the MP’s mode of action in silencing 

suppression.  While evasion of the RNA silencing pathway is critical to the survival of an 

infecting virus in its host, timing of various aspects of virus infection is also important for a 

productive viral infection.  In addition to work surrounding RNA silencing, initial studies 

were undertaken to map out the time course accumulation of RCNMV and various mutants in 

infected cells, as will be described in Chapter 5.    
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Table 1 – Types of sRNAs and their associations1 

1All descriptions pertain to A. thaliana sRNAs, with the exception of piRNAs for which the descriptions apply 
to Drosophila 
 

Small  
RNA 

Subclasses Size 
(nt) 

Primary 
DCL 

Primary 
associated 

ARGONAUTE

Functions References 

miRNA  21 DCL1 AGO1 Regulates host gene 
expression 

Baumberger and 
Baulcombe, 2005; 

Kurihara and 
Watanabe, 2004; 

Lagos-Quintana et 
al., 2001; Lau et 

al., 2001; Lee and 
Ambros, 2001 

piRNA  24-
29 

n/a PIWI, 
AUBERGINE, 

AGO3 

Transposon 
regulation; possible 
role in epigenetic 

inheritance 

Brennecke et al., 
2007; Brennecke 

et al., 2008; 
Houwing et al., 

2007; Saito et al., 
2006; Vagin et al., 

2006 
siRNA       

 Primary 
siRNA 

21-
24 

DCL4, 
DCL3 

AGO1, AGO4 RNA-directed DNA 
methylation, 
foreign DNA 

regulation, general 
gene expression 

regulation 

Chan et al., 2004; 
Zhang et al., 2007; 
Zilberman et al., 

2003 

 Secondary 
siRNA 

21-
24 

DCL3, 
DCL2 

AGO4, ? Reinforces and 
expands primary 
siRNA targeting 

Chan et al., 2004; 
Mlotshwaet al., 

2008; Moissiard et 
al., 2007; Qi et al., 

2006 
 tasiRNA 21 DCL4 AGO1, AGO7 Post-transcriptional 

gene regulation 
Baumberger and 

Baulcombe, 2005; 
Peragine et al., 

2004; Yoshikawa 
et al., 2005 

 

 
nat-siRNA 21,2

4 
DCL1, 
DCL2 

? Response to stress 
conditions – i.e. 

pathogen, 
environment 

Borsani et al., 
2005; Katiyar-
Agarwal et al., 

2006 
 RNA virus 

siRNA 
21-
24 

DCL4 AGO1 Targets viral RNA 
for cleavage 

Brigneti et al., 
1998; Zhang et al., 

2006a 
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Table 2 – DCLs, AGOs, and RDRs of the plant RNA silencing pathways 
Molecule Types Primary Function References 
DCLs 
 DCL1 miRNA maturation, nat-siRNA 

generation  
Borsani et al., 2005; 

Kurihara and Watanabe, 
2004; Park et al., 2002; 
Reinhart et al., 2002; 
Schauer et al., 2002 

 DCL2 Secondary siRNA generation Mlotshwa et al., 2008; 
Moissiard et al., 2007 

 DCL3 Maturation of siRNAs 
involved in RNA directed 
DNA methylation, long 

distance spread of silencing 
signal  

Brosnan et al., 2007; Xie et 
al., 2004 

 DCL4 Viral RNA cleavage, tasiRNA 
synthesis, transgene siRNA 

generation  

Blevins et al., 2006; 
Deleris et al., 2006; 

Moissiard et al., 2007; Xie 
et al., 2005 

AGOs 
 AGO1, AGO5, 

AGO10 
Binding of most sRNAs 
(AGO1), regulation of 
mir165/166 (AGO10), 

unknown (AGO5) 

Baumberger and 
Baulcombe, 2005; Liu et 
al., 2008;  Morel et al., 

2002 
 AGO2, AGO3, 

AGO7 
tasiRNA biogenesis (AGO7), 

unknown (AGO2, AGO3)  
Adenot et al., 2006; Garcia 

et al., 2006 
 AGO4, AGO6, 

AGO8, AGO9 
Transcriptional gene silencing 

(AGO4, AGO6), unknown 
(AGO8, AGO9)  

Zheng et al., 2007; 
Zilberman et al., 2003 

RDRs 
 RDR1 Anti-viral defense  Xie et al., 2001; Yang et 

al., 2004; Yu et al., 2003 
 RDR2 Transcriptional gene silencing Chan et al., 2004; Xie et 

al., 2004 
 RDR6 Anti-viral defense, systemic 

silencing spread, transgene 
silencing 

 Brigneti et al., 1998; 
Dalmay et al., 2000; 

Mourrain et al., 2000; 
Schwach et al., 2005 
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Figure 1 – Generalized RNA silencing pathway in plants.  A dsRNA is cleaved by a host 
DICER-LIKE protein yielding small duplex RNAs.  One strand of duplex can be bound by 

RISC resulting in RISC* which can bind complementary RNA.  Binding can lead to cleavage, 
translational inhibition, or RNA-directed DNA methylation.  Cleaved fragments may serve as 

templates for host RdRp dsRNA synthesis, while original siRNAs may serve as primers.  
RdRp-generated dsRNA can serve as templates for cleavage by DICER-LIKE proteins, 

thereby amplifying the system. 
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Figure 2 – RNA silencing targeting RNA viruses in plants.  Primary source of dsRNA for 
DCL4 targeting is viral replicative intermediate or secondary structure.   siRNAs have 3 

potential fates - either shipped out of the cell to neighboring cells/systemic leaves, 
incorporated in RISC alongside AGO1 for viral RNA targeting, or potentially used as a 

primer by a host RdRp for generation of dsRNA which can be targeted by DCL4.  Template 
for RdRp may be cleaved viral RNAs or full length viral RNAs. 
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Figure 3 – Genome organization of RCNMV.  Both genomic RNAs are depicted as well as 

the CP subgenomic.  Numbers below ORFs represent stop and start sites of each.  p88 is 

expressed as a -1 ribosomal frameshift (FS).  Arrow indicates start site of CP sgRNA.
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Chapter Summary 

 

 To survive and cause a productive infection in a host, plant viruses must circumvent 

the RNA silencing pathway.  Originally published in Molecular Plant-Microbe Interactions in 

July of 2008 Chapter 2 of this dissertation introduces a new method of identifying the viral 

proteins responsible for suppressing RNA silencing.  This assay, termed the TCV-sGFP 

assay, utilizes a reporter for suppression activity that is based on a disarmed plant virus.  

Chapter 2 details how this assay is carried out, and validates its usefulness in testing for this 

activity by exploring 10 different previously characterized suppressors encoded by a wide 

range of viruses. 

 

Introduction 

 

The study of RNA silencing (gene expression regulation based on small RNAs) is 

still in its relative infancy (Chapman and Carrington, 2007).  Despite this relatively short 

history, this mechanism has been implicated in the control of endogenous gene expression 

(Napoli et al., 1990), transposable elements (Tabara et al., 1999), heterochromatin formation 

(Volpe et al., 2002) and has been shown to be a powerful host defense mechanism against 

pathogens (Brigneti et al., 1998). This latter role of host defense has been shown to be 

especially relevant in plants, invertebrates, and to a lesser extent, fungi (Galiana-Arnoux et 

al., 2006; Segers et al., 2006; Voinnet, 2001; Wang et al., 2006). In order to survive in hosts 

employing RNA silencing, viruses have evolved a counter defense by encoding proteins that 
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disrupt the RNA silencing pathway, termed viral suppressors of RNA silencing (VSR; Li and 

Ding, 2006).  In plants, this RNA silencing pathway targeting viruses begins with a Dicer-

like (DCL) ribonuclease, primarily DCL4 when targeting RNA viruses (Deleris et al., 2006), 

which recognizes double-stranded RNAs (dsRNAs) and cleaves them into 21-24nt dsRNA 

duplexes (Bernstein et al., 2001; Blevins et al., 2006).  These small duplexes are unwound 

and one strand is incorporated into the RNA-induced silencing complex (RISC).  RISC 

containing the RNA strand and a protein known as Argonaute can then target complementary 

viral RNA for degradation (Baumberger and Baulcombe, 2005; Song et al., 2004). The RNA 

silencing signal can also be amplified by host RNA-dependent RNA polymerases (RdRPs) 

promoting the spread of the signal from cell-to-cell (Himber et al., 2003; Mourrain et al., 

2000). 

A variety of mechanistically different assays have been developed to identify and 

characterize VSRs (Qu and Morris, 2005).  One commonly used assay is based on the 

coinfiltration of separate Agrobacterium tumefaciens cultures harboring the putative VSR 

and a reporter gene (typically green fluorescent protein; GFP) onto Nicotiana benthamiana 

(Johansen and Carrington, 2001). In the absence of a functional VSR, GFP expression from 

the Ti-plasmid is recognized as exogenous by the host and is silenced within 3 days post-

infiltration. If the VSR is operational, the expression level of GFP is stabilized beyond 7 days 

post-infiltration. Another common assay examines the ability of an expressed putative VSR 

to reverse silencing of a pre-silenced transgenic reporter gene in a host plant (Brigneti et al., 

1998).  Other VSRs have been identified using techniques such as grafting (Voinnet et al., 

2000), transgenic Arabidopsis thaliana or N. benthamiana expressing putative suppressors 



 95

(Anandalakshmi et al., 1998; Deleris et al., 2006; Kasschau and Carrington, 1998), and cell 

culture (Li et al., 2002; Li et al., 2004).  Each assay has its advantages/disadvantages and the 

ability to detect VSRs that act at different steps in the silencing pathway.  The coinfiltration 

assay, for example, is easy and quick, however it is not highly sensitive and does not identify 

suppressors affecting systemic silencing (Lu et al., 2004).  Meanwhile grafting can detect 

VSRs affecting systemic silencing but can be time consuming, as can work that involves pre-

silencing of transgenic plants. 

In this report, we describe the development of a new, simple VSR assay based on the 

biological properties of Turnip crinkle virus (TCV), a positive sense RNA virus in the 

Carmovirus genus, Tombusviridae family. The TCV coat protein (CP) has been shown to 

have at least three biological functions: the structural protein for virion formation; as an 

interactor with the endogenous TIP protein, a transcription factor involved in the defense 

response (Ren et al., 2000; Ren et al., 2005); and as a VSR (Qu et al., 2003). Deletion of the 

CP gene from TCV (TCV∆CP) has no effect on cell-to-cell movement in A. thaliana but 

previous reports have indicated that TCV∆CP is incapable of moving cell-to-cell in N. 

benthamiana (Cohen et al., 2000; Hacker et al., 1992; Li et al., 1998).  We found that 

providing the TCV CP in trans via A. tumefaciens potentiates TCV-sGFP movement beyond 

the initially infected cells. Deletion of the TCV movement proteins (MPs) abolishes 

movement complementation by TCV CP demonstrating that TCV CP does not have an 

inherent independent movement function. Previously described VSRs from viruses that infect 

plants, insects, and animals also restore the movement of TCV-sGFP. This movement 

phenotype serves as the basis for this new and simple assay. Mobilizing the TCV-sGFP 
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construct into A. tumefaciens provides a second delivery method for the reporter, 

underscoring the versatility of the system. 

 

Results 

 

TCV movement is limited to 3-5 cells in N. benthamiana after CP deletion 

 It has been previously reported that TCV CP open reading frame (ORF) deletion 

mutants move cell-to-cell in A. thaliana but not in N. benthamiana (Cohen et al., 2000; 

Hacker et al., 1992; Li et al., 1998).  We attempted to confirm these results by replacing the 

TCV CP ORF with sGFP resulting in a virus construct termed TCV-sGFP (Fig. 1A).  

Infectious transcripts from this construct were mechanically inoculated onto N. benthamiana 

plants. Inoculated leaves were observed 3 days post inoculation (dpi) using a fluorescence 

microscope. TCV-sGFP movement was greatly reduced compared to wild-type virus but a 3-

5 cell foci of infection was regularly observed, suggesting compromised movement (Fig. 1C, 

panel a).  This observation was in contrast to a previous study which showed that TCV-GFP 

was restricted to initially inoculated single cells (Cohen et al., 2000).  Re-observations at 5 

days failed to detect an increase in the size of the infection foci. In this study we used an 

enhanced sGFP which has been optimized for very high levels of fluorescence in plants 

(Chiu et al., 1996).  We believe that the conflicting results are due to the fact that the GFP 

originally used was less sensitive and therefore did not detect virus infection beyond the 

initially infected cell. Indeed a direct comparison between TCV-sGFP and a TCV-cycle 3 

GFP construct (TCV-mGC3) showed that TCV-mGC3 resulted in barely detectable 
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fluorescence in the initially inoculated cell with no fluorescence in neighboring cells (data 

not shown). 

 

TCV CP delivered in trans complements TCV-sGFP movement  

 To determine if providing the TCV CP in trans restores TCV-sGFP cell-to-cell 

movement, N. benthamiana was first syringe-infiltrated with A. tumefaciens containing the 

Ti-plasmid based vector pPZP212 expressing the TCV CP ORF (PZP-TCV CP; 

Hajdukiewicz et al., 1994; Qu et al., 2003).  After allowing 24 hours for the Agrobacterium 

infection to establish, TCV-sGFP infectious RNA transcripts were mechanically inoculated 

onto the same leaves and viewed by fluorescence microscopy 3 dpi (Fig. 2A).  Delivery of 

TCV CP in trans consistently complemented movement of the TCV-sGFP to well beyond the 

original 3-5 cells (Fig. 1C, panel c).  Measurements of 30 foci of infection showed the 

average size of TCV-sGFP foci on plants pre-infiltrated with the Ti-plasmid vector alone 

(Fig. 1C, panel b) to be 0.43 mm in diameter while the addition of TCV CP in trans more 

than doubled the foci size, to an average of over 1.0 mm (Table 1).    

 To further elucidate the underlying mechanism of TCV-sGFP movement 

complementation by TCV CP (i.e. direct movement complementation vs. movement 

indirectly facilitated via RNA silencing suppression), a previously characterized 92 

nucleotide deletion within the TCV MP ORFs (Li et al., 1998) was introduced (construct 

TCV∆92-sGFP; Fig. 1A). This deletion abolishes TCV cell-to-cell movement while still 

supporting transcription of the subgenomic RNA (sgRNA) expressing sGFP.  When 

infectious transcripts of this construct were mechanically inoculated onto N. benthamiana 
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leaves, cell-to-cell movement was completely abolished and only initially infected cells 

fluoresced (Fig. 3, panel A).  An attempt to complement the movement of TCV∆92-sGFP 

with PZP-TCV CP failed (Fig. 3, panel C). This confirms that the ability of TCV CP to 

partially complement TCV-sGFP movement is not due to an intrinsic movement function of 

the TCV CP, per se. 

 The TCV CP is the sole structural protein of TCV creating T=3 icosahedral virions 

(Stockley et al., 1986). While p8 and p9 are the TCV MPs, the CP has also been implicated 

in facilitating cell-to-cell movement of the virus in certain hosts (Hacker et al., 1992; Li et al., 

1998) and this requirement has been assumed to reflect a need for virion formation.  To 

resolve whether the CP is complementing TCV-sGFP movement by virion formation or 

through suppression of silencing, a TCV CP mutant, m1, containing a single amino acid 

substitution, was constructed.  The m1 mutation has been previously described as defective 

for silencing suppression while still allowing for wild-type virion formation in A. thaliana 

(Deleris et al., 2006).  The m1 site specific mutation was introduced into pPZP-TCV CP 

(PZP-TCV CPm1) and then employed in a standard Agrobacterium coinfiltration assay on N. 

benthamiana with the GFP reporter that was originally used to identify the TCV CP as a 

VSR (Qu et al., 2003).  While PZP-TCV CP suppressed GFP silencing, PZP-TCV CPm1 did 

not (Fig. 4, panels A-C).  PZP-TCV CPm1 was then examined for its ability to complement 

TCV-sGFP movement.  Infiltration with PZP-TCV CPm1 followed by inoculation of TCV-

sGFP transcripts failed to advance the infection beyond the initially infected cells, indicating 

that the complementation with wild-type CP is a function of its role in silencing suppression 

and not a direct result of virion formation (Fig. 4, panels D-F). 
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Heterologous viral suppressors complement TCV-sGFP movement  

With all evidence pointing to complementation of TCV-sGFP movement by its 

cognate CP as the result of silencing suppression, we investigated whether this observation 

could be exploited as an assay to identify other viral suppressors.  A spectrum of 

mechanistically distinct VSRs were cloned into the pPZP212 Ti-vector (Fig. 1B) and tested 

in what will be subsequently called the TCV-sGFP complementation assay (Fig. 2A).  The 

Ti-vector with a known suppressor insert was mobilized into A. tumefaciens and infiltrated 

onto N. benthamiana leaves followed one day later by mechanical inoculation of TCV-sGFP 

transcripts.  The plant viral suppressors Tobacco etch virus HC-Pro (TEV HC-Pro), Tomato 

bushy stunt virus p19 (TBSV p19), Potato virus X p25 (PVX p25), Cucumber mosaic virus 

2b (CMV 2b), and Tomato golden mosaic virus AL2 (TGMV AL2) were each cloned into 

pPZP212 and assayed.  In addition, p29 from the fungus-infecting Cryphonectria hypovirus 1 

EP713 (CHV-1 p29), B2 from the insect-infecting Flock house virus (FHV B2), E3L from 

Vaccinia virus (VACV E3L) and NS1 from Influenza virus (FLUAV NS1) were also assayed.  

A fluorescence dissecting microscope was used to measure the diameters of thirty infection 

foci from each suppressor (Fig. 5).  The results were averaged and an unpaired two sample t-

test was then performed to calculate the p-values for each suppressor as compared to an 

empty pPZP212 vector.  Of the heterologous VSRs examined, TEV HC-Pro, TBSV p19, 

CMV 2b, FHV B2, VACV E3L and FLUAV NS1 all exhibited a statistically significant 

ability to complement the movement of TCV-sGFP beyond the original 3-5 cells while PVX 

p25, CHV-1 p29 and TGMV AL2 did not complement TCV-sGFP to a statistically 

significant level (Table 1).  
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Interestingly, the FHV B2, VACV E3L and FLUAV NS1 all significantly increased 

the size of the TCV-sGFP infection foci (Fig. 5A, panels e-g, 5B & Table 1) with B2 equal to 

TCV CP in its ability to complement movement.  An insect-infecting virus, FHV has been 

previously reported to infect and replicate inside a variety of plant cells, however cell-to-cell 

movement in plant tissue does not occur (Dasgupta et al., 2001; Selling et al., 1990).  

Therefore, it is highly unlikely that FHV B2 possesses any intrinsic plant cell-to-cell 

movement function.  Similarly, VACV and FLUAV are mammalian viruses and we would 

once again not expect any plant cell-to-cell movement function from any of their proteins.  

This further supports the conclusion that the increase in foci size of TCV-sGFP in N. 

benthamiana pre-infiltrated with a silencing suppressor is directly correlated with suppressor 

activity and not a cell-to-cell movement function.    

 

Co-infiltration of various suppressors results in silencing suppression 

 Many of the suppressors we observed in the TCV-sGFP complementation assay 

exhibited clear and unmistakable suppressor activity as measured by the increase in foci size 

(TBSV p19, TEV HC-Pro, FHV B2).  Some, while statistically significant, were not as 

demonstrable, while still others showed no statistically significant ability to complement 

TCV-sGFP movement (PVX p25, CHV-1 p29, TGMV AL2).  In order to see if this assay 

could more definitively identify weak and less robust suppressors, a more thorough 

quantification of TCV-sGFP levels was undertaken.  Due to the nature of the 

complementation assay, the TCV-sGFP infection foci were not large or numerous enough to 

quantify by Northern blotting or photon emission quantification.  To rectify this limitation, 
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the TCV-sGFP construct was cloned into the Ti-plasmid vector pPZP212 (PZP-TCV-sGFP; 

Fig. 1B).  By utilizing Agrobacterium to deliver the TCV-sGFP construct, we were able to 

both infect more cells and more accurately control the amount of TCV-sGFP delivered per 

leaf.  Combining separate cultures of A. tumefaciens transformed with PZP-TCV-sGFP and a 

VSR allowed for whole leaf examinations.  Following a dilution series, we determined that 

delivery of PZP-TCV-sGFP at a concentration of OD600 0.0025 allowed sufficient coverage 

of the leaf without resulting in an excessive level of background.  Similarly, we found that 

delivery of the suppressor at a concentration OD600 0.5 was sufficient to complement a high 

percentage of the PZP-TCV-sGFP infection foci and allow for sGFP quantification. 

Agroinfection of TCV-sGFP across an entire leaf allows us to change our focus from 

small, individual foci of infection to whole leaf TCV-sGFP expression levels.  N. 

benthamiana leaves were co-infiltrated with PZP-TCV-sGFP and each of the PZP-suppressor 

constructs that were previously examined in the TCV-sGFP complementation assay.  Leaves 

were harvested 5 dpi and analyzed for evidence of increased TCV-sGFP transcript stability 

and thus, silencing suppression (Figure 2B).  Leaves were initially inspected by fluorescence 

microscopy.  Captured images clearly indicated an increase in TCV-sGFP infectivity based 

on fluorescence of sGFP in co-infiltrations that included TCV CP, TEV HC-Pro, TBSV p19 

and FHV B2 (Fig.6A panels b-e).  Others, such as CMV 2b, VACV E3L, FLUAV NS1 and 

TGMV AL2 (Fig. 6A panels f-i) also displayed increased sGFP expression over background 

levels, but not to the same level as the first group.   

Next, sGFP fluorescence was quantified to determine which suppressors had a 

significant effect on PZP-TCV-sGFP infectivity.  sGFP fluorescence was measured using the 
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Xenogen IVIS Lumina (IVIS) system, which is capable of detecting sGFP fluorescence in a 

variety of units, including photons emitted per second per cm2 (Flux/cm2).  Using this system 

sGFP fluorescence emitted from each leaf was evaluated, allowing for a quantitative 

measurement of sGFP fluorescence, a relative indicator of TCV-sGFP replication levels.  Ten 

separate leaves (representing 5 individual plants) were collected, measured and standard 

errors and p-values calculated for each VSR (Table 1 and Fig. 6B).  Some VSRs such as 

TCV CP, TEV HC-Pro, TBSV p19 and FHV B2 performed very well in the assay with p-

values of ≤ 0.001 when compared to the empty vector (Table 1), while others (VACV E3L, 

FLUAV NS1, CMV 2b and TGMV AL2) were found to be significant at the 0.05 

significance level after two sample t-tests were performed.  Two VSRs, PVX p25 and CHV-1 

p29, were found to have no increase in sGFP fluorescence as compared to an empty vector 

(Table 1) as anticipated from their performance in the complementation assay.  Interestingly, 

TGMV AL2, which did not exhibit demonstrable increases in foci size in the TCV-sGFP 

complementation assay showed a statistically significant increase in sGFP fluorescence in the 

co-infiltration assay.  This is likely due to the point at which AL2 acts in the silencing 

cascade, as will be discussed later. 

Finally, to examine TCV-sGFP RNA accumulation, total RNA was extracted from 

co-infiltrated leaves and hybridized with a probe specific for the 3’ region of TCV.  As 

expected, those VSRs that were found to have p-values less than 0.001 in the GFP 

fluorescence measurements also exhibited an increase in the accumulation and stability of 

TCV-sGFP genomic RNA, as well as an increase in the stability of the sgRNA that expresses 

sGFP (Fig. 7A).  The other VSRs with higher p-values did not show this same increase in 



 103

stability of TCV-sGFP RNAs, but were still detectable and noticeably more abundant than 

when only empty vector was present (Fig. 7B). In general, there was a strong correlation 

between the Northern analysis and the photon emission results, as those suppressors that had 

the highest levels of sGFP fluorescence also tended to have the strongest RNA signals.  

  

Discussion 

 

Utility of the TCV-sGFP assay for new VSR identifications       

Over the past decade viral suppressors of RNA silencing have been broadly grouped 

into two classes, those that suppress the initiation of RNA silencing, and those that reverse 

preexisting silencing.  A variety of assays have been developed to identify these different 

types of VSRs with several becoming widely employed.  As with any experimental protocol 

there are pros and cons to each assay.  One of the easiest and more commonly employed 

assays is co-infiltration of A. tumefaciens containing a Ti-plasmid expressing GFP with that 

of a Ti-plasmid expressing the protein of interest.  A relatively quick and easy method of 

identifying VSRs, it is unable to identify many suppressors due to their mode of action and is 

not overly sensitive.  Other assays that do well at identifying those suppressors that reverse 

preexisting silencing are insensitive to those VSRs that act at the initiation of silencing step.  

However one thing that all commonly employed VSR assays share is the utilization of a 

nuclear-localized reporter.  This is not surprising as two of the most ubiquitous genetic 

manipulations of plants are Agrobacterium infiltration for transient expression and plant 

transformation for stable transgenic expression. But this might be considered problematic 
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when one considers that the majority of plant viruses are RNA viruses localized to the 

cytoplasm.  While many of the host factors required for the silencing of nuclear-localized 

transgenes are likely required for the silencing of the cytoplasm-localized virus, adding this 

extra level of complexity is liable to change some of the factors involved.  

Here we present data supporting a new method for VSR identification that is sensitive, 

flexible, easy to use, and utilizes a cytoplasm-based reporter.  Employing a viral-based assay 

allows us to more closely mimic natural infection conditions and localization as opposed to 

the more commonly employed VSR identification procedures.  Additionally, the ability of 

the TCV-sGFP reporter to be used as either an infectious RNA transcript or via agroinfection 

adds an additional level of flexibility not available with other standard assays.  While neither 

the TCV-sGFP complementation assay nor the PZP-TCV-sGFP co-infiltration assay were 

positive for all 10 suppressors tested, our assay identified 80% of the VSRs tested including 

those from both plant and animal-infecting viruses, indicating the versatility of the assay.  

The ability of the TCV-sGFP assay to utilize 2 delivery methods (cytoplasmic through 

infectious transcripts and nuclear through agroinfection) was also shown to be noteworthy 

when the activity of TGMV AL2 was found to be negative in the complementation assay but 

positive in the co-infiltration assay.  It appears as though this may be a case where reporter 

localization plays a significant role in VSR activity.  TGMV is a geminivirus, with a DNA 

genome localized in the nucleus (Coutts and Buck, 1985).  The co-infiltration assay for 

which AL2 was positive relies on TCV-sGFP being initially driven from a nuclear-localized 

Ti-plasmid.  AL2 is thought to primarily affect the silencing cascade by interfering with the 

endogenous adenosine kinase (ADK) protein (Wang et al., 2005).  ADK is involved in the 
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maintenance of the methyl cycle which in turn appears to play a role in DNA methylation 

and transcriptional gene silencing.  This explains why the cytoplasm-based TCV-sGFP 

complementation assay would be negative for AL2, as infectious TCV-sGFP transcripts are 

not susceptible to methylation-dependent gene silencing.  Indeed a reporter similarly 

invulnerable to methylation was also unaided by AL2 in an assay that relied on transfection 

of protoplasts (Qi et al., 2004).  Also explained is why AL2 performs relatively weakly in the 

PZP-TCV-sGFP co-infiltration assay: methylation-dependent silencing of the PZP-TCV-

sGFP presumably plays only a small part in the overall silencing response to TCV-sGFP; 

with the majority of the RNA silencing response not occurring until the TCV-sGFP starts 

replicating in the cytoplasm after being initially expressed from the Ti plasmid.  The inability 

of AL2 activity to be detected when the reporter was wholly cytoplasmic underscores the 

potential for a DNA virus VSR to be missed by a cytoplasmic-based reporter.  While not 

providing direct evidence for the opposite (an RNA virus VSR undetected by a nuclear-

localized reporter), we do believe that this data suggests that the possibility is real. 

Other assays make use of disarmed or weakened viruses to provide the silencing 

inducer, but their target is still generally a nuclear-based reporter.  An example of this is the 

use of Tobacco rattle virus (TRV) containing a fragment of phytoene desaturase (PDS).  In 

the absence of a suppressor, extensive leaf photo-bleaching can occur, but while the inducer 

(TRV-PDS) is cytoplasm-based, the reporter is still ultimately nuclear-based.  The TCV-

sGFP complementation assay instead relies on an inducer and reporter that are one and the 

same, strictly localized in the cytoplasm. There are however some confounding issues when 

using an actively replicating virus as a reporter.  As noted earlier, the assay relies on 
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indirectly evaluating RNA silencing suppression by observation of viral movement via sGFP 

fluorescence.  The underlying basis for these experiments can then be described as the race 

between the replication and movement of TCV-sGFP and the endogenous host silencing 

machinery.  When the suppressor is absent, the silencing machinery of the plant “catches up” 

with the replication and movement of TCV by the time the virus spreads to about 3-5 cells.  

Of concern is the possibility of an in trans protein extending out the infection foci in a 

manner independent of RNA silencing suppression.  The most obvious example of this would 

lie with MPs from other plant viruses that could potentiate the cell-to-cell movement of TCV.  

To uncouple movement from potential silencing suppression, we can employ TCV∆92-sGFP 

which is null for movement even when a silencing suppressor is present (Fig. 3).  If 

TCV∆92-sGFP movement is not complemented, the candidate MP and VSR has 

complemented movement of TCV-sGFP solely by suppression of RNA silencing.  If 

TCV∆92-sGFP movement can be complemented, the candidate MP and VSR must then be 

mutated and screened to uncover mutations that uncouple movement from suppression. This 

approach was employed to elucidate the suppressor activity of the Red clover necrotic 

mosaic virus MP (Powers et al., manuscript in preparation) which had not been previously 

observed in the Agrobacterium co-infiltration assay (Takeda et al., 2005).  Presumably, VSRs 

from viruses that infect non-plant species would not suffer from this pitfall, but prudence 

suggests that any putative VSR identified in this assay which is thought to have a potential 

plant cell-to-cell movement function should be examined more closely. 

Of the ten suppressors examined, two showed no significant silencing suppression in 

either of the two assays.  CHV-1 is a fungi infecting virus which has been shown to utilize 



 107

p29 as a VSR (Segers et al., 2006).  The apparent lack of CHV-1 p29 suppression in either of 

the two assays is a bit troubling, as CHV-1 p29 is known to have a degree of amino acid 

identity to TEV HC-Pro (Choi et al., 1991; Koonin et al., 1991; Suzuki et al., 1999) which 

was positive in both assays.  Despite this amino acid identity with HC-Pro, the activity of p29 

has been shown to involve blocking the long distance spread of the silencing signal, and it is 

this which ultimately accounts for the negative results obtained in this assay (Segers et al., 

2006).   

The PVX p25 VSR also did not show any signs of silencing suppression in this assay.  

This is not terribly surprising, as PVX p25 has been previously reported to be incapable of 

suppressing local silencing of replicating transgenes, specifically a replicating PVX construct 

delivered by A. tumefaciens, and it’s mode of action is thought to revolve around blocking 

the spread of the silencing signal itself (Bayne et al., 2005; Voinnet et al., 2000).  It is also 

possible that as a movement protein, PVX p25, may have a dominant negative effect on the 

TCV movement proteins, p8 and p9, thus blocking extensive cell-to-cell movement 

independently of silencing suppression. 

Taken together the results of CHV-1 p29 and PVX p25 underscore a limitation of the 

complementation and coinfiltration assay, the inability to identify those suppressors that act 

to block the spread of the silencing signal.  Also explained is the relatively weak results 

obtained with CMV 2b.  While 2b is known to directly interact with AGO1, it also derives a 

portion of its anti-silencing function from its ability to block the spread of the silencing 

signal (Brigneti et al., 1998; Zhang et al., 2006).  Again this assay would only examine the 

former, ignoring the latter and thus resulting in relatively weak results for the 2b protein. 
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A. thaliana vs. N. benthamiana RNA silencing 

 Previous reports have shown that TCV can move cell-to-cell in A. thaliana in the 

absence of a VSR while cell-to-cell movement in N. benthamiana requires a VSR (Cohen et 

al., 2000; Hacker et al., 1992; Li et al., 1998).  What is this difference attributable to?  Could 

it be a simple physical difference at the cellular level that limits the movement of TCV in the 

absence of a VSR?  Or are there inherent differences between the two species of plants in 

their RNA silencing responses against invading pathogens?  It is this last question that is of 

particular interest.  The widespread conservation of RNA silencing across species is well 

accepted, but there are well known differences in the pathway across kingdoms.  What of the 

differences within kingdoms?  Certainly some more subtle variability in the RNA silencing 

pathway exists between families within the plant kingdom.  What are they?  How large a role 

do they play in disease susceptibility?  The mechanism of RNA silencing against TCV in A. 

thaliana has been well characterized, but not so in N. benthamiana (Deleris et al., 2006).  

The ease with which A. thaliana transgenic and knockout plants can be generated, the well 

annotated sequence availability, and general ease of use have led to this disparity in 

knowledge.  Use of our TCV-sGFP assays may provide a way to quickly bridge this gap.  

Transiently silencing components of the silencing pathway in N. benthamiana coupled with 

inoculation of TCV-sGFP infectious transcripts should allow us to identify those components 

critical for the targeting of RNA viruses by monitoring viral replication and cell-to-cell 

movement through sGFP fluorescence.  Comparisons between these results and what has 

already been published for A. thaliana (Deleris et al., 2006; Himber et al., 2003; Morel et al., 
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2002) can potentially provide valuable insights into the differences between the RNA 

silencing cascades of these two species.   

The TCV-sGFP system is a versatile and robust reporter assay that can identify and 

characterize VSRs that are not easily recognized by other assays either because of the mode 

of action or strength of the suppression. This assay is especially valuable in the analysis of 

potential VSRs from RNA viruses, the predominant type of plant virus.  Most commonly 

employed assays utilize nuclear-localized transgenes as reporters while this assay uses a 

cytoplasmic-specific reporter, more closely mimicking the conditions found during an RNA 

virus infection. This system is the latest contribution to the field of RNA silencing in plants 

and should prove to be invaluable for future studies. 

 

Materials and Methods 

 

Plasmid Constructs – The Agrobacterium vector pPZP212 has been previously described, 

as has PZP-TCV CP, PZP-TEV HC-Pro, PZP-TBSV p19, PZP-CMV 2b, TCV T1d1, and 

pRTL2 (Carrington and Freed, 1990; Heaton et al., 1989; Qu et al., 2003). 

 Construct TCV-mGC3 contains the cycle 3 GFP (GC3) ORF in place of the CP.  GC3 

was first mutated to eliminate internal NcoI and MscI sites resulting in mGC3.  Next an NcoI 

site was introduced after the 4th amino acid residue of the CP followed by fusion of the 

mGC3 ORF to the residual 4 amino terminal CP residues (between NcoI/ MscI), resulting in 

construct TCV-mGC3.  The mGC3 ORF of TCV-mGC3 was then replaced with the sGFP 

ORF (Chiu et al., 1996; Sit et al., 1998) by cleavage with NcoI and MscI followed by ligation 
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to produce TCV-sGFP.  TCV-p19 was made similarly, by replacing the mGC3 ORF with the 

TBSV p19 ORF.  TCV∆92p19 was constructed by exchanging the AatII-XbaI fragment 

between TCV-p19 and TCV∆92 (Li et al., 1998).  TCV-sGFP and pTCV∆92p19 were 

doubly-digested with NcoI and XbaI and the fragment released from TCV-sGFP was ligated 

into pTCV∆92p19 to yield TCV∆92-sGFP.  PZP-TCVmGC3 was generated by doubly 

digesting TCV-mGC3 and PZP-TCV (Qu et al., 2003) with AatII and SpeI.  The TCV-mGC3 

fragment was subsequently ligated into the PZP-TCV backbone, yielding PZP-TCVmGC3.  

PZP-TCV-sGFP was constructed by first digesting TCV-mGC3 with NcoI/MscI and ligating 

the sGFP ORF to yield the intermediate construct TCVsG6H.1 B/A. TCVsG6H.1 B/A was 

then digested with AatII and SpeI and the resultant fragment was ligated into similarly 

cleaved PZP-TCVmGC3 to produce construct PZP-TCV-sGFP. 

  PZP-TCV CPm1 contains the previously described TCV CP mutant m1 (Deleris et 

al., 2006). This point mutation was generated in PZP-TCV CP with the QuikChange® II 

Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) and primers TCVCP 364mut(+) 

and TCVCP 364mut(-). All other PZP-VSR constructs were made by cloning of the VSR 

into pRTL2 followed by subcloning of the entire expression cassette into pPZP212.  PZP-

FHV B2 was made by amplifying B2 from construct FHV (1, 0) (Ball, 1994) with Taq 

polymerase and primers FHV B2 BspHI(+) and FHV B2 XbaI(-) (Table 2).  The resultant 

PCR fragment was cloned into pGEM-T Easy vector (Promega, Madison, WI), producing 

pGEM-B2.  pGEM-B2 was doubly-digested with BspHI and XbaI and ligated into pRTL2 

that had been doubly-digested with NcoI and XbaI to yield construct pRTL2-B2.  The B2 

insert was then subcloned into pPZP212 via the HindIII site to produce pPZP-FHV B2.  PZP-
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CHV-1 p29 was generated by amplifying p29 from pCPX BSD p29 (Segers et al., 2006) 

using primers p29 NcoI(+) and p29 XbaI(-) (Table 2).  The resultant fragment was doubly-

digested with NcoI and XbaI and ligated into pRTL2 to produce pRTL2-p29. The p29 insert 

was then subcloned into pPZP212 via the HindIII site to yield PZP-CHV-1 p29.  PZP-VACV 

E3L was produced by amplifying E3L from VACV strain Western Reserve DNA (Condit 

and Motyczka, 1981) with primers 5’ E3L-Pci and 3’ E3L-Xba (Table 2).  The resultant 

fragment was cloned into the pGEM-T Easy vector.  pGEM-E3L was subsequently double-

digested with PciI and XbaI and ligated into pRTL2 doubly-digested with NcoI and XbaI to 

produce pRTL2-E3L.  The E3L insert was then subcloned into pPZP212 via the HindIII site 

to generate PZP-VACV E3L.  PZP-FLUAV NS1 was made by first reverse-transcribing and 

then amplifying NS1 sequences from Influenza A/PR/8/34 (H1N1) RNA8 with primers 5’ 

NS1-Nco and 3’ NS1-Xba (Table 2) prior to cloning into the pGEM-T Easy vector. The 

internal NcoI site in NS1 was eliminated from the resultant construct, pGEM-NS1 with 

primers NS1 NcoMut(+) and NS1 NcoMut(-) (Table 2) utilizing the QuikChange® II Site-

Directed Mutagenesis Kit.  The mutated pGEM-NS1 insert was cloned into pRTL2 via 

NcoI/XbaI sites to produce pRTL2-NS1.  The NS1 insert was subcloned into PZP212 via the 

PstI site to make PZP-FLUAV NS1. PZP-TGMV AL2 was made by amplifying AL2 from 

pNSB56 with primers AL2 NcoI(+) and AL2 XbaI(-) (Table 2).  The resultant amplified 

fragment was doubly-digested with NcoI/XbaI and ligated into pRTL2 to produce pRTL2-

AL2.  The AL2 insert was then subcloned into PZP212 via the HindIII site to generate PZP-

TGMV AL2. 
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Agrobacterium preparation for infiltration – Agrobacterium cultures were prepared for 

infiltration by previously described methods (Llave et al., 2000). Briefly, individual colonies 

were inoculated into 2 ml LB broth cultures with the appropriate antibiotics and incubated at 

28°C for 20 hr with shaking.  From these initial cultures 250 µl was used to inoculate 5 ml 

LB broth cultures with the appropriate antibiotics and 40µM acetosyringone/10mM MES, pH 

5.6. These cultures were similarly incubated at 28°C for 20 hr with shaking. Cultures were 

subsequently pelleted, resuspended in 10mM MgCl2/10mM MES, pH 5.6/200µM 

acetosyringone to the appropriate OD600 reading and incubated at room temperature for at 

least 3 hr prior to syringe infiltration into plants. 

TCV-sGFP complementation assay – Refer to Fig. 2A for schematic. Two N. benthamiana 

leaves per plant were first infiltrated from the abaxial side with Agrobacterium cultures 

containing various PZP-VSR constructs or controls at an OD600 reading of 1.  Twenty four 

hours post-infiltration, TCV-sGFP infectious RNA transcripts were mechanically inoculated 

onto the carborundum dusted abaxial surfaces of these same infiltrated leaves. The infection 

process was evaluated 3 days post transcript inoculation with a Leica MZIII fluorescence 

dissecting microscope equipped with a GFP filter. Each assay was repeated at least 4 times. 

PZP-TCV-sGFP co-infiltration assay – Refer to Fig. 2B for schematic. Agrobacterium 

cultures containing the various PZP-VSR constructs or controls (Final OD600 of 0.5) were 

mixed with an Agrobacterium culture containing PZP-TCV-sGFP (Final OD600 of 0.0025) 

and syringe infiltrated into the abaxial side of 2 N. benthamiana leaves per plant.  Leaves 

were evaluated 5 days post infiltration with the fluorescence dissecting microscope and 
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fluorescence levels were quantified with the IVIS system. Each assay was repeated at least 5 

times. 

IVIS system – The IVIS Lumina System (Xenogen Corporation, Alameda, CA) is capable of 

quantifying photon emission from a variety of sources.  A CCD camera measured and 

recorded photon emission data which was then incorporated into Living Image Software 

Version 2.6 (Xenogen Corp.) for further analysis.  Whole leaves were placed under the CCD 

camera and measurements were taken with a subject height of 0.5 cm, GFP excitation filter, 

and exposure time of 1 second.  Once fluorescence readings were taken they were exported 

to Microsoft Excel for further statistical analysis.  

RNA extraction and Northern analysis – Total RNAs were extracted from co-infiltrated 

leaves with the RNeasy® Plant Mini Kit (Qiagen, Valencia, CA) according to the 

manufacturer’s instructions. Total RNA concentrations were measured with a ND-1000 

spectrophotometer (Nanodrop, Wilmington, DE) and 1 µg of each sample was 

electrophoresed through a 1% agarose gel, transferred to nylon membranes and hybridized 

with a 32P-dCTP labeled probe specific for the 3’ end of TCV.  Probe was generated by 

digesting TCV 3d1 with MscI and XbaI, releasing a fragment from base pair 3384 to the 3’ 

end.  Hybridized blots were exposed to Kodak K-screens for 24 (Group 1) and 96 hrs (Group 

2). 
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Table 1 – Measurements and P-values for each VSR when analyzed in the TCV-sGFP 
complementation and PZP-TCV-sGFP co-infiltration assays 

 Complementation Assaya Co-infiltration Assayb 

Construct 

Avg. 
diameter   

(mm) 
Standard 

error P-valuec 
Avg. Flux 
per cm2 

Standard 
error P-valuec

       

pPZP212 4.34 0.13  0.500000 8.06x109 4.89x108 0.500000

TCV CP 10.41 0.45  8.24x10-15 1.25x1011 1.89x1010 8.22x10-5

TBSV p19 10.61 0.44  1.37x10-15 6.25x1010 1.03x1010 2.43x10-4

TEV HC-Pro 11.11 0.32  6.89x10-22 1.12x1011 1.66x1010 7.52x10-5

 FHV B2 10.75 0.55  4.80x10-13 5.11x1010 7.39x109 1.24x10-4

VACV E3L 7.69 0.34  1.45x10-11 3.03x1010 5.78x109 1.97x10-3

FLUAV NS1 7.98 0.67  4.0x10-6 1.35x1010 1.41x109 1.89x10-3

CHV-1 p29 3.98 0.21 0.075097 9.80x109 9.96x108 6.99x10-2

PVX p25 4.86 0.41 0.117895 9.62x109 1.06x109 0.10 

CMV 2b 8.07 0.39  3.96x10-11 2.05x1010 3.25x109 2.0x10-3 

 TGMV AL2 4.04 0.19  0.095639 1.31x1010 2.46x109 3.74x10-2

a Diameter of 30 foci of infection were measured for each construct with results averaged and significance 
calculated using an unpaired two sample T-test compared with pPZP212 
b 10 leaves were examined for sGFP photon emission per second per cm2.  Results were averaged and 
significance was calculated using an unpaired two sample T-test compared with pPZP212 
c p-values calculated using an unpaired two sample T-test with pPZP212 as the baseline.  Shaded boxes indicate 
those VSRs with a statistically significant increase in either foci diameter or sGFP fluorescence
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Table 2 – Oligonucleotides used in cloning and site-directed mutagenesis 
Name Sequence Restriction 

Site added

TCVCP 364mut(+) CCAGCTCATTAAGAAGGCGGCCCAGTATG None 

TCVCP 364mut(-) CATACTGGGCCGCCTTCTTAATGAGCTGG None 

FHV B2 BspHI(+) CGCTCATGATGCCAAGCAAACTCGCGCTAATCC BspHI 

FHV B2 XbaI(-) GTCTAGACTACAGTTTTGCGGGTGGGGGGT XbaI 

p29 NcoI(+) GGCCCATGGCTCAATTAAGAAAACCCAGTC NcoI 

p29 XbaI(-) GGCTCTAGACTAGCCAATCCGGGCAAGGGGAT

CC 

XbaI 

5’ E3L-Pci TACATGTCTAAAATCTATATCGACGAGCGTTC PciI 

3’ E3L-Xba TTCTAGAATCAGAATCTAATGATGACGTAACCA

AG 

XbaI 

5’ NS1-Nco TCCATGGATCCAAACACTGTGTCAAGCTTTCAG

G 

NcoI 

3’ NS1-Xba TTCTAGATTAAACTTCTGACCTAATTGTTCCCGC

C 

XbaI 

NS1 NcoMut(+) GGCACTTAAAATGACTATGGCCTCTGTACC None 

NS1 NcoMut(-) GGTACAGAGGCCATAGTCATTTTAAGTGCC None 

AL2 NcoI(+) CCGCCATGGGGATGCGAAATTCGTCTTCCTCA NcoI 

AL2 XbaI(-) GGCTCTAGACTATTTAAATAAGTTCTCCCAGAA

GC 

XbaI 
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Figure 1 – Schematic of plasmid constructs and response to transcript inoculation on leaves 
expressing TCV CP.  A. Turnip crinkle virus (TCV) Infectious transcript constructs (only the 
transcribed RNA is shown). TCV: wild-type TCV; TCV-sGFP: the CP open reading frame 
(ORF) was replaced with the sGFP ORF. TCV∆92-sGFP: movement deficient mutant that 

contains a deletion from nucleotides 2423-2516. The p28 and p88 ORFs code for the 
replication proteins, with p88 expressed as an amber codon translational readthrough (RT).  

p8 and p9 encode for the cell-to-cell movement proteins. CP - coat protein.  B. 
Agrobacterium Ti-plasmid constructs. All constructs are based on the pPZP212 vector. PZP-
TCV-sGFP contains the TCV-sGFP construct from (A) under control of the 35S promoter. 
pPZP212 + VSR shows the expression cassettes (derived from pRTL2) that the candidate 

VSRs were cloned into. RB  and LB – right and left borders, respectively; P35S and T35S - 
35S promoter and terminator, respectively; TE – Tobacco etch virus translational enhancer.  
C. Images of infection foci 3 days post inoculation on Nicotiana benthamiana are presented 
in panels a-c. a) TCV-sGFP, no pre-infiltration. b) TCV-sGFP pre-infiltrated with pPZP212. 

c) TCV-sGFP pre-infiltrated with PZP-TCV CP. 
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Figure 2 – TCV-sGFP complementation assay and co-infiltration assay.  A. A workflow 
schematic is presented of the TCV-sGFP complementation assay.  B. A workflow schematic 

of the TCV-sGFP co-infiltration assay. 
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Figure 3 – TCV CP does not complement movement of p8/p9 deletion mutant. Images of 
infection foci 3 days post inoculation on Nicotiana benthamiana. A) TCV∆92-sGFP no pre-

infiltration. B) TCV∆92-sGFP pre-infiltrated with pPZP212. C) TCV∆92-sGFP pre-
infiltrated with PZP-TCV CP. 
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Figure 4 – Complementation of TCV-sGFP movement by TCV CP is not due to virion 
packaging. The CPm1 mutant contains a point mutation in the TCV CP (G3105A) that has 

been previously characterized (Deleris et al., 2006) as positive for virion formation but 
incapable of suppressing RNA silencing in Arabidopsis thaliana.  Panels A-C represent 

Agrobacterium co-infiltration assays (5 days post inoculation) while panels D-F represent 
TCV-sGFP complementation assays (3 days post inoculation), all on Nicotiana benthamiana. 

A) PZP-GFP with PZP212 vector. B) PZP-GFP with PZP-TCV CP shows suppression of 
RNA silencing. C) PZP-TCV CPm1 mutant is unable to suppress RNA silencing. D) TCV-
sGFP with pre-infiltrated PZP212 vector. E) Pre-infiltrated PZP-TCV CP complements the 
movement of TCV-sGFP. F) Pre-infiltrated PZP-TCV CPm1 mutant does not complement 

the movement of TCV-sGFP. 
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Figure 5 – TCV-sGFP movement can be complemented by a wide range of VSRs. A. 
Representative images of TCV-sGFP foci of infection 3 days post inoculation on N. 

benthamiana leaves pre-infiltrated with the following: a) pPZP212; b) PZP-TCV CP; c) PZP-
TBSV p19; d) PZP-TEV HC-Pro; e) PZP-FHV B2; f) PZP-VACV E3L; g) PZP-FLUAV 

NS1; h) PZP-CMV 2b; i) PZP-PVX p25; j) PZP-TGMV AL2; k) PZP-CHV-1 p29. B. 
Quantification of TCV-sGFP movement complementation. The diameter of 30 foci of 

infection were measured 3 days post inoculation for each PZP-VSR construct utilized in the 
TCV-sGFP complementation assays. The averaged results are summarized in Table 1 and 

plotted onto the graph shown.  An asterisk (*) indicates VSRs that do not display a 
statistically significant difference in foci diameter from the pPZP212 vector. 
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Figure 6 – PZP-TCV-sGFP co-infiltration assay.  A. Images of Nicotiana benthamiana 
leaves 5 days post co-infiltration are presented in panels a-k.  Co-infiltration produces a more 

uniform infection of leaves allowing easier quantification of fluorescence levels. For a 
schematic, refer to Figure 2B.  PZP-TCV-sGFP was co-infiltrated with the following: a) 

pPZP212; b) PZP-TCV CP; c) PZP-TBSV p19; d) PZP-TEV HC-Pro; e) PZP-FHV B2; f) 
PZP-VACV E3L; g) PZP-FLUAV NS1; h) PZP-CMV 2b; i) PZP-TGMV AL2; j) PZP-PVX 

p25; k) PZP-CHV-1 p29.  B. sGFP fluorescence quantification of PZP-TCV-sGFP co-
infiltration assays.  Leaves were co-infiltrated with PZP-TCV-sGFP and various PZP-VSR 

constructs (or control pPZP212) and analyzed for sGFP fluorescence 5 days post infiltration.  
Fluorescence was measured in photons of sGFP emitted per second per cm2 (flux/cm2).  The 
averaged results are summarized in Table 1 and plotted onto the graph shown.  PVX p25 and 

CHV-1 p29, neither of which showed a statistically significant elevation of sGFP 
fluorescence are denoted with an asterisk (*). 
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Figure 7 – Northern blot of analysis of PZP-TCV-sGFP co-infiltration assays.  Total RNA 

was harvested from leaves co-infiltrated with PZP-TCV-sGFP and various PZP-VSR 
constructs (or control pPZP212) 5 days post infiltration.  1 µg of total RNA was loaded into 
each lane and probed with a TCV 3’ specific probe.  TCV or TCV-sGFP genomic RNA (*) 

and sgRNAs (**) are indicated with asterisks.  Lane 1 in both panels is from a wild-type 
TCV transcript inoculated control.  All other lanes are from co-infiltrations with PZP-TCV-
sGFP and PZP-VSR, as labeled.  A. Northern blot exposed for 24 hours.  B. Northern blot 

exposed for 96 hours.  Some variability from the sGFP fluorescence data (Fig 6B) was 
observed, but likely reflects sample variability and not a relevant biological phenomenon.  

For both groups, the upper panel represents the Northern blot while the lower panel 
represents the ethidium bromide stained gel indicating amounts of RNA loaded in each lane. 
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Chapter Summary 

 

 Chapter 3 builds upon the work of Chapter 2 by utilizing the TCV-sGFP assay to 

identify a previously unknown suppressor of RNA silencing for the plant-infecting virus 

RCNMV.  This work, originally published in the journal Virology, details the use of the 

TCV-sGFP assay to identify MP suppressor activity.  The MP of RCNMV has a variety of 

functions in virus infection, including cell-to-cell movement.  To clearly demonstrate that the 

MP activity in the TCV-sGFP assay was not a false positive, silencing suppression activity 

and cell-to-cell movement activity were uncoupled using alanine scanning mutants in the 

TCV-sGFP assay. 

 

Introduction 

 

Active plant host defense mechanisms against an invading virus can be divided into 

two main categories, innate and adaptive immunity.  Innate immunity in plants involves 

resistance (R) genes, specific plant-encoded proteins that recognize a viral infection.  

Sometimes referred to as gene-for-gene resistance, these proteins can either recognize viral 

proteins directly or recognize viral modifications to host proteins.  In either case this 

recognition leads to the inhibition of viral infection, often including cell death (van Ooijen et 

al., 2007).  Adaptive immunity in plants involves a defense mechanism known as RNA 

silencing that relies on the recognition of viral double-stranded RNA (dsRNA) leading to 

specific targeting of viral RNA for degradation (Ding and Voinnet, 2007; Voinnet, 2001).  
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This method of adaptive immunity has been studied extensively over the past decade and has 

led to the observation that viruses have evolved a specialized counter-defense repertoire that 

allows them to elude the host RNA silencing defense machinery long enough to cause a 

productive infection.  Commonly referred to as suppression of RNA silencing, it generally 

involves a component of the infecting virus directly interacting with one or more steps in the 

RNA silencing pathway to inhibit, or suppress, viral RNA degradation.  Most often this 

interaction is mediated by a discrete, virus encoded protein known as a viral suppressor of 

RNA silencing (VSR), or simply suppressor (Li and Ding, 2006).  Most plant viruses appear 

to encode at least one VSR, but Citrus tristeza virus (CTV) is one of a growing number of 

viruses that have been shown to encode multiple VSRs (Lu et al., 2004).  Furthermore, other 

well known VSRs including the potyvirus protein HC-Pro and Cucumber mosaic virus 

(CMV) 2b have been shown to engage the RNA silencing cascade at multiple steps, implying 

that a multi-pronged disruption of the cascade is necessary, at least for some viruses, to allow 

sufficient RNA silencing suppression for a productive infection (Anandalakshmi et al., 1998; 

Brigneti et al., 1998; Ebhardt et al., 2005; Yu et al., 2006; Zhang et al., 2006). 

Red clover necrotic mosaic virus (RCNMV) is a positive sense, single stranded RNA 

virus in the genus Dianthovirus.  The RCNMV genome consists of 2 RNAs, with RNA-1 

containing the genes encoding the two polymerase proteins p27 and p88 as well as the capsid 

protein (CP) while RNA-2 encodes the movement protein (MP; Fig 1A; Lommel et al., 1988; 

Osman and Buck, 1991; Xiong et al., 1993a; Xiong et al., 1993b; Xiong and Lommel, 1989).  

An earlier study investigating the suppression of RNA silencing by RCNMV identified not a 

single protein, but instead the viral replication complex as the source of RNA silencing 
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suppression (Takeda et al., 2005).  To come to this conclusion the authors primarily 

employed a widely accepted assay for silencing suppression (hereafter referred to as the GFP 

co-infiltration assay) where Agrobacterium tumefaciens transformed with a tumor-inducing 

plasmid (Ti-plasmid) containing the green fluorescent protein (GFP) reporter was co-

infiltrated with a variety of RCNMV constructs (also expressed from a Ti-plasmid in A. 

tumefaciens) into Nicotiana benthamiana.  Using these RCNMV constructs it was shown that 

RNA-1 alone, RNA-1 and RNA-2, or a combination of the replication proteins, p27 and p88, 

with a replication competent RNA-2 were all sufficient to suppress RNA silencing in N. 

benthamiana.  Takeda et al. (2005) concluded that the suppression of RNA silencing by 

RCNMV involves an active replication complex.  They further examined possible 

mechanisms by which active replication might suppress RNA silencing and discovered that 

in Arabidopsis thaliana, DCL1 (a component of the miRNA pathway) is required for viral 

replication.  This observation led to the hypothesis that the RCNMV replication complex 

somehow affects anti-viral RNA silencing by sequestering DCL1, perhaps hijacking its 

intrinsic helicase properties for use in virus replication.  This would lead to a secondary 

effect on the host miRNA pathway which in turn might have an effect on the RNA silencing 

machinery (Papp et al., 2003; Reinhart et al., 2002; Schauer et al., 2002; Takeda et al., 2005).   

To further investigate suppression of RNA silencing by RCNMV, the recently 

developed TCV-sGFP assay was employed (Powers et al., 2008).  The TCV-sGFP assay 

relies on viral RNA replication as opposed to the nuclear-based, non-replicating GFP co-

infiltration assay employed by Takeda et al. (2005).  This newer assay more closely mimics 

wild-type conditions produced by RNA viruses.  Using this assay, the RCNMV MP was 
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identified as an independent secondary suppressor of RNA silencing.  By assaying previously 

characterized MP alanine-scanning mutants critical residues were identified which are 

distinct from those required for cell-to-cell movement.  These findings further expand the 

multifunctional role of the RCNMV MP during the viral life cycle, and illustrate the intimate 

relationship between viral movement and silencing suppression.    

 

Results 

 

RCNMV replication suppresses RNA silencing 

Takeda et al. (2005) showed that actively replicating RCNMV launched from the Ti-

plasmid pBICP35 can suppress RNA silencing.  To reproduce these results, full length 

RCNMV RNA-1 and RNA-2 were cloned into the alternative Ti-plasmid pCASS4 and 

transformed into A. tumefaciens (pCASS-RNA1; pCASS-RNA2; Fig. 1B).  Each of these 

cultures alone or in combination were then subjected to the GFP co-infiltration assay by co-

infiltrating with A. tumefaciens transformed with the Ti-plasmid pPZP212 with a GFP insert 

(PZP-GFP; Fig. 1B; Qu et al., 2003).  pCASS-RNA1 alone or pCASS-RNA1 with pCASS-

RNA2 stabilized GFP expression, an indication of RNA silencing suppression, while 

pCASS-RNA2 alone had no effect, reaffirming the findings of Takeda et al. (2005; Fig. 2A-

E). 
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RCNMV RNA-2 complements TCV-sGFP 

 To further examine RCNMV suppression of RNA silencing, the recently reported 

TCV-sGFP complementation assay (Powers et al., 2008) was employed in an effort to 

identify specific viral proteins involved in the suppression of RNA silencing.  In the TCV-

sGFP complementation assay, a putative suppressor transiently expressed from A. 

tumefaciens is syringe-infiltrated onto N. benthamiana leaves followed 1 day later by 

mechanical inoculation of infectious TCV-sGFP transcripts.  In the absence of a VSR, TCV-

sGFP movement is confined to infection foci of approximately 5 cells.  In the presence of a 

VSR, TCV-sGFP movement can be complemented to well beyond these initially infected 

cells.  The observed complementation of TCV-sGFP movement has been shown to be due to 

the suppression of RNA silencing (Powers et al., 2008).  The size of the infection foci can be 

measured and an analysis of variance statistical test employed to determine whether 

movement of TCV-sGFP was complemented to a statistically significant level.  pCASS-

RNA1 and pCASS-RNA2, both individually and in combination were examined for their 

ability to complement the movement of TCV-sGFP.  The diameter of 30 infection foci were 

measured and analyzed using a Dunnett’s statistical test with p-value cutoff of 0.001.  

Surprisingly, both visual and statistical data showed that neither pCASS-RNA1 alone nor 

pCASS-RNA1 with pCASS-RNA2 were capable of complementing the movement of TCV-

sGFP.  Instead, only pCASS-RNA2 alone was found to complement TCV-sGFP, rivaling the 

complementation seen with the native TCV CP VSR (Fig. 3A-F).   
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The RCNMV RNA-2 encoded MP is responsible for TCV-sGFP complementation 

 The 1448 nt RCNMV RNA-2 possesses a single major open reading frame (ORF) 

encoding the MP. To further investigate the mechanism of TCV-sGFP complementation by 

RNA-2, three constructs were generated.  In the first construct, the start codon of the MP 

ORF was deleted in pCASS-RNA2 to generate pCASS-R2∆ATG.  For the second construct, 

an expression cassette for the MP ORF was cloned into the Ti-plasmid pPZP212 yielding 

PZP-MP, while in the third construct the start codon of PZP-MP was deleted to generate 

PZP-MP∆ATG.  All four constructs were examined in the TCV-sGFP complementation 

assay along with the appropriate empty Ti-plasmid controls (pCASS4 for the RNA-2 

constructs and pPZP212 for the MP constructs).  pCASS-R2∆ATG and PZP-MP∆ATG were 

unable to complement the movement of TCV-sGFP (Fig. 4C & F, respectively) while PZP-

MP (Fig. 4E) complemented TCV-sGFP movement to a level consistent with that of pCASS-

RNA2 (Fig. 4B).  This visual data was confirmed by measuring 30 foci of infection and 

applying the appropriate statistical tests, both of which clearly indicate that the RCNMV MP 

can complement movement of TCV-sGFP (Fig. 4G).   

 Transgenic N. benthamiana plants expressing RCNMV MP (MP+ plants) can 

complement movement deficient RCNMV (Vaewhongs and Lommel, 1995).  To further 

confirm the ability of MP to complement TCV-sGFP movement, infectious transcripts were 

inoculated onto both MP+ and wild-type N. benthamiana plants.  This side by side 

comparison showed the ability of MP+ plants to complement the movement of suppressor 

deficient TCV-sGFP to levels even higher than when MP is delivered through Agrobacterium 
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infiltration, providing further evidence of RCNMV MP’s ability to complement TCV-sGFP 

movement (Fig. 4H and data not shown).    

 

RCNMV RNA-1 encoded proteins do not complement TCV-sGFP movement 

 Fig. 3C clearly shows that RNA-2 alone effectively complements movement of TCV-

sGFP.  Surprisingly, when RNA-1 is added this movement complementation is abolished.  

RNA-1 and RNA-2 delivered from the pCASS4 vector are replication competent, and based 

on the GFP co-infiltration assay results shown in Fig. 2D, RNA-1 with RNA-2 should 

suppress RNA silencing and complement TCV-sGFP.  While co-infections are most 

commonly thought of as being synergistic for two viruses, it is possible that the replication of 

RCNMV may have a dominant-negative effect on the infectivity of TCV-sGFP.  This 

dominant-negative effect may mask the ability of one of the three proteins expressed from 

RNA-1 to complement TCV-sGFP movement.  To examine this possibility, each of the three 

ORFs encoded on RNA-1 (p27, p88 and CP) were cloned into pPZP212 (PZP-p27, PZP-p88 

and PZP-CP) and examined in the TCV-sGFP complementation assay.  Fig. 5 shows that 

none of these proteins individually were capable of complementing TCV-sGFP movement to 

a statistically significant level.  In addition, all pair-wise combinations as well as all three 

proteins together did not complement TCV-sGFP movement (data not shown).           

 

RCNMV MP complements movement deficient TCV-sGFP 

 The TCV-sGFP complementation assay detects silencing suppression activity by 

monitoring the movement of the TCV-sGFP construct.  While previous work has shown that 
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this movement complementation is due to the suppression of RNA silencing some of the 

observed TCV-sGFP movement could actually be due to an intrinsic ability of RCNMV MP 

to facilitate viral cell-to-cell movement.  To explore this possibility, TCV-sGFP in the 

complementation assay was replaced with a previously described deletion mutant, TCV-∆92-

sGFP (Fig. 1A).  TCV-∆92-sGFP has a 92 nucleotide deletion abolishing the expression of 

the TCV movement proteins p8 and p9 (Li et al., 1998).  Earlier work has shown that this 

viral construct cannot move cell-to-cell even in the presence of a VSR (Powers et al., 2008).  

When TCV-∆92-sGFP was mechanically inoculated onto a leaf pre-infiltrated with PZP-MP, 

TCV-∆92-sGFP was capable of moving cell-to-cell (Fig. 6).  Thus RCNMV MP can 

functionally substitute for p8 and p9 of TCV-sGFP raising questions about the proposed VSR 

activity of the RCNMV MP. 

 

RCNMV MP alanine-scanning mutants resolve 2 distinct roles in viral infection 

 The fact that the RCNMV MP can facilitate TCV-∆92-sGFP movement does not rule 

out the possibility that it may also have a bona fide role as a VSR.  It instead raises the 

possibility that the MP has 2 distinct roles in viral infection:  a cell-to-cell movement 

function and a VSR function.  Much work has been done examining the cell-to-cell 

movement capabilities of MP, including the generation of a series of alanine-scanning 

mutants (Giesman-Cookmeyer and Lommel, 1993).  Some of these alanine-scanning mutants 

abolish the cell-to-cell movement function of RCNMV, serving as ideal candidates for the 

potential uncoupling of VSR activity from cell-to-cell movement activity (Giesman-

Cookmeyer and Lommel, 1993; Tremblay et al., 2005).   
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Six previously described alanine-scanning mutants were examined in the TCV-sGFP 

complementation assay (see Table 1 for summary of mutant phenotypes).  Of these, three had 

been shown to retain cell-to-cell movement activity (MPAla27, MPAla144, and MPAla277), 

while the other three mutants were shown to have lost their cell-to-cell movement function 

(MPAla122, MPAla128, and MPAla161; Tremblay et al., 2005).  Each mutant was cloned 

into pPZP212 and transformed into A. tumeafaciens (PZP-MPAlaXXX). 

The alanine-scanning mutants were first examined in the complementation assay 

using TCV-∆92-sGFP as a reporter to confirm their previously reported movement 

capabilities.  PZP-MPAla27, PZP-MPAla144, and PZP-MPAla277 all facilitated the 

movement of TCV-∆92-sGFP to levels consistent with wild-type PZP-MP (Fig. 7, compare 

panel B with D, E, F), confirming previously reported work.  PZP-MPAla128 and PZP-

MPAla161 could not facilitate the movement of TCV-∆92-sGFP beyond the initially infected 

cell (Fig. 7, panels H & I), confirming that these mutants were incapable of supporting cell-

to-cell movement.  PZP-MPAla122, previously reported to be movement null, was found to 

facilitate the movement of TCV-∆92-sGFP approximately 10% of the time, but in all of these 

cases TCV-∆92-sGFP moved only to a single adjoining cell, never spreading beyond 2 

infected cells (Fig. 7G) and never reaching the level of movement seen with PZP-MP, PZP-

MPAla27, PZP-MPAla144, or PZP-MPAla277, indicating that movement function of PZP-

MPAla122 was highly compromised.   

In an effort to uncouple the movement and suppression of RNA silencing domains, 

the alanine-scanning mutants were then employed in the complementation assay using TCV-

sGFP as the reporter.  Alanine-scanning mutants 27, 122, and 277 all complemented TCV-
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sGFP movement to varying levels while mutants 128, 144, and 161 residues could not 

complement TCV-sGFP movement.  It is noteworthy that mutants 122 and 144 displayed 

different and opposing movement phenotypes depending on the particular TCV-sGFP 

construct employed.  In the complementation assay with TCV-∆92-sGFP, mutant 122 was 

severely disabled in facilitating cell-to-cell movement but was capable of strongly 

complementing the movement of TCV-sGFP.  The opposite phenotype was observed for 

mutant 144 which was capable of facilitating cell-to-cell movement of TCV-∆92-sGFP but 

unable to complement TCV-sGFP to a statistically significant level.  These results point to 

the importance of the residues at 122 for cell-to-cell movement and for the importance of the 

residues at 144 in VSR activity.  Taken together, these two alanine-scanning mutants 

strongly suggest an uncoupling of the movement and VSR functional domains of the 

RCNMV MP (Fig. 7J-S).   

 

Discussion 

 

Suppression of RNA silencing by RCNMV  

 Using a new, viral-based assay for VSR identification we have identified the presence 

of a second distinct RNA silencing suppression function for RCNMV.  The initial 

characterization of RCNMV RNA silencing suppression revealed a requirement for active 

viral replication hypothesized to sequester host factors normally required for the proper 

activity of the anti-viral RNA silencing cascade (Takeda et al., 2005).  DCL1 was identified 

as potentially being one such host factor but its involvement in miRNA processing with no 
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known role in virus-induced RNA silencing leaves doubts about this hypothesized role (Papp 

et al., 2003; Reinhart et al., 2002).  A newly identified method of RNA silencing suppression 

by RCNMV involves the MP in an as yet undetermined mechanism of disrupting the host 

silencing cascade.  It is worth noting that in the earlier work involving the replication 

complex of RCNMV, the authors observed that while RNA-1 alone was sufficient for the 

suppression of RNA silencing, the addition of RNA-2 significantly enhanced suppression 

activity.  It is possible that at least some of this additional activity was derived from MP in 

the function described here, although a frameshift mutant in that study suggests that its role is 

likely small.  This viewpoint is also supported by the fact that MP alone had no obvious 

effect on the stability of GFP expression when GFP is expressed from a non-replicating Ti-

plasmid (Takeda et al., 2005).   

The fact that MP does not appear to have any silencing suppression activity when 

employed in the GFP co-infiltration assay indicates that the replication complex of RCNMV 

and MP act at different steps in the RNA silencing cascade and that the two assays employed 

can identify mechanistically distinct VSRs.  While GFP co-infiltration is a predominant 

method for identifying VSRs, it has a limitation in that it can only identify VSRs acting 

intracellularly.  RCNMV MP was not identified as a suppressor in this assay, suggesting its 

mode of action is such that it cannot be effective in suppression of RNA silencing in single 

cells.  MP might instead work intercellularly to disrupt the RNA silencing cascade by 

disrupting the spread of the silencing signal.  MP is known to target to the cell wall of plant 

cells, presumably the plasmodesmata, a logical location for the interception of the spreading 

signal adding support for this argument (Osman and Buck, 1991; Tremblay et al., 2005).  
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Indeed, earlier work in characterizing the MP alanine-scanning mutants used in these studies 

suggests that the intracellular location of MP directly correlates with the ability of MP to 

suppress RNA silencing.  It was found that the three mutants identified in this current study 

that suppress RNA silencing also localized to the cell wall.  Alanine substitutions around 

amino acids 27 and 277 both consistently localized to the cell wall in those studies while 122 

localized to the cell wall approximately 10% of the time (Tremblay et al., 2005).  Of the three 

MP alanine mutants that did not suppress silencing in this current study, mutants 128 and 161 

exhibited no localization to the cell wall in the previous study, while mutant 144 did.  This 

indicates that the suppression of RNA silencing by MP might require both localization to the 

cell wall as well as some other protein activity for which the residues in the region of mutant 

144 are critical (Tremblay et al., 2005).         

 The replication complex of RCNMV was previously identified as possessing VSR 

activity using the GFP co-infiltration assay (Takeda et al., 2005).  When the replication 

complex of RCNMV was investigated in the TCV-sGFP assay it was found to have no VSR 

activity.  These contradictory observations are difficult to reconcile as many VSRs that have 

been shown to perform well in the GFP co-infiltration assay also have strong activity in the 

TCV-sGFP assay (Powers et al., 2008; Qu et al., 2003).  An explanation for this lack of VSR 

activity in the TCV-sGFP assay by the RCNMV viral replication complex is the potential for 

a RCNMV dominant negative effect on TCV infectivity.  This dominant negative effect 

could be manifested in a number of different ways.  It’s possible that RCNMV sequesters 

host factors required for TCV replication, induces an R-gene response that TCV is 

particularly susceptible to, or in some other undefined manner negatively affects the ability 
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of TCV to survive and replicate.  Whatever this effect is, it appears to outweigh the combined 

silencing suppression activity of both the RCNMV replication complex and the MP, resulting 

in severely inhibited TCV replication.  This dominant negative hypothesis is supported by the 

observation that far fewer TCV-sGFP infection foci were observed per inoculated leaf when 

either RNA-1 or RNA-1 and RNA-2 served as the pre-infiltrate than when other non-

replicating constructs were infiltrated (data not shown).  Additional experiments will need to 

be conducted to fully characterize how RCNMV negatively effects the replication and 

survival of TCV.  

     

Multi-pronged approaches to suppression of RNA silencing  

The identification of a second RNA silencing suppression function in RCNMV lends 

further support to the concept that to infect and generate a productive infection many viruses 

must disrupt the RNA silencing pathway at more than one point.  One of the best known 

examples of this multi-pronged suppression approach is CTV, which encodes three distinct 

VSRs:  CP which disrupts intercellular silencing, p23 that disrupts intracellular silencing, and 

p20 that seems to do both (Lu et al., 2004).  Additionally, the geminiviruses African cassava 

mosaic virus and Sri Lankan cassava mosaic virus both encode two suppressors of RNA 

silencing, AC2 and AC4, although AC2 is significantly less effective for both (Vanitharani et 

al., 2004).  RCNMV could be considered unique in that it is the smallest RNA virus to date 

shown to encode multiple proteins involved in suppression of RNA silencing, although 

several RNA viruses with compact genomes have been shown to encode VSRs that have 

multiple VSR activities.  For example, while the CMV 2b protein has been shown to bind 
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directly to AGO1, the critical component of the RNA induced silencing complex, it also has 

a role in stemming the long distance spread of the silencing signal, thus disrupting the RNA 

silencing pathway at two points (Brigneti et al., 1998; Zhang et al., 2006).  Potyvirus HC-Pro 

binds to and induces the expression of an endogenous calmodulin-related protein whose 

expression suppresses RNA silencing.  Simultaneously, HC-Pro depresses the accumulation 

of many classes of small RNAs, possibly by blocking their 3’ terminal methylation, a 

requirement for effective incorporation into the silencing cascade (Anandalakshmi et al., 

2000; Ebhardt et al., 2005; Llave et al., 2000; Mallory et al., 2001; Yu et al., 2006).   

While there is no evidence to suggest that all viruses must undertake this multi-

pronged approach to suppression of RNA silencing, examples of this strategy will likely 

continue to grow as researchers continue to investigate the modes of action for a variety of 

already identified VSRs.  However, it is important to note that some balance in virus-host 

interactions is necessary for productive infections as illustrated by Tobacco mosaic virus 

(TMV).  TMV suppresses RNA silencing via one of its replication proteins, the 126-kDa 

protein (Ding et al., 2004).  However, the TMV MP ameliorates the suppression activity of 

the 126-kDa protein by promoting RNA silencing and attenuating viral infection to prevent 

host death (Vogler et al., 2008). 

    

Viral movement and suppression of RNA silencing 

 Previous work with TCV has already shown the direct relationship between RNA 

silencing suppression and viral movement in N. benthamiana (Powers et al., 2008) and A. 

thaliana (Deleris et al., 2006).  In the N. benthamiana study, TCV lacking a VSR was 
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incapable of spreading beyond approximately 5 cells. The addition of a VSR in trans allowed 

for complementation of movement but only when the native TCV movement proteins, p8 and 

p9, were present.  It is this finding that forms the basis of the TCV-sGFP complementation 

assay utilized in this study, and underscores how the relationship between movement and 

suppression of RNA silencing functions can often complicate investigations into either one.  

In the case of TCV, CP is the VSR, a protein with at least three functions: as a VSR, as the 

structural protein for virion formation and as an interactor with the endogenous protein TIP 

(Qu et al., 2003; Ren et al., 2000; Ren et al., 2005).  Until the investigations above it was 

thought that the cell-to-cell movement inhibition of TCV lacking CP in N. benthamiana 

might actually be due to a requirement for virion formation, which has since been shown not 

to be true (Hacker et al., 1992; Heaton et al., 1991; Powers et al., 2008).   

 Many of the proteins now identified as VSRs were associated with viral movement 

before ever being identified as a VSR.  The Tomato bushy stunt virus p19 protein was 

originally labeled primarily as a symptom determinant but was also thought to have a 

movement function when it was shown to be required for systemic spread in spinach and 

peppers (Scholthof et al., 1995).  The previously discussed CMV 2b protein was originally 

identified as a long distance movement factor, with a similar role ascribed to the potyviral 

HC-Pro (Cronin et al., 1995; Ding et al., 1995; Klein et al., 1994).  For these and other VSRs 

originally associated with viral movement, it is clear that these movement phenotypes were 

secondary manifestations of VSR activity.  However, the complex relationship between viral 

movement and suppression of RNA silencing can make it difficult to make any concrete 

conclusions about whether a VSR might ultimately play a direct role in viral movement.  
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These conclusions can only be reached by a thorough dissection of the protein in question, as 

has been done here for the RCNMV MP and previously for Potato virus X (PVX) p25 

(Bayne et al., 2005).  In the PVX study, randomly generated p25 mutants were screened for 

their ability to suppress silencing, complement cell-to-cell movement, or both.  The authors 

concluded that PVX p25 has direct roles in both cell-to-cell movement and RNA silencing 

suppression (Bayne et al., 2005).  This current study has come to similar conclusions about 

the RCNMV MP using alanine-scanning mutants that have revealed demonstrable and 

dissectible roles in viral cell-to-cell movement and RNA silencing suppression.       

 

Further defining the RCNMV MP functional domains 

 Previous reports have identified five functional domains for MP:  RNA-binding, cell-

to-cell movement, cell wall localization, increasing the size exclusion limit of plasmodesmata 

and cooperativity (Fujiwara et al., 1993; Giesman-Cookmeyer and Lommel, 1993; Osman et 

al., 1992; Osman et al., 1993; Tremblay et al., 2005).  The location and exact demarcation of 

each domain is still in question with some clear overlap between the domains.  A sixth 

functional domain has been defined in this study, overlapping with those found in previous 

reports and adding a second major role for the MP during viral infection, that of RNA 

silencing suppression.  Table 1 shows the results of this work combined with three earlier 

studies. While clear overlap between the functional domains exists there are some 

distinctions that can be made.  The region around amino acid 122 is quite interesting, as it is 

dispensable for VSR activity, but critical for nearly every other function of the MP.  

Similarly interesting are the residues around amino acid 144, which are critical for silencing 
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suppression and for the regulation of the plasmodesmata size exclusion limit, but largely 

dispensable for all other functions.  Nearly all of the amino acids examined seem to play 

some role in RNA binding, indicating a requirement for precise protein folding for binding to 

RNA.  It is also clear that those amino acids in the region of 128 and 161 play an enormous 

role in the function of MP, possibly through the influence of tertiary protein structure, as all 

or nearly all functionality is eliminated when alanines are substituted here.  Other mutations 

bring up further questions, for example mutant 277 cannot modify the size exclusion limit of 

the plasmodesmata, yet there is no effect on any other function of the MP.  It is clear that 

more work will be necessary to untangle the functions of this protein.  Complicating these 

future studies is the observation that the primary RNA sequence of the MP ORF also 

contains a key structural element that is critical to the life cycle of the virus.  A 34 nt hairpin 

structure found towards the 3’ end of the MP ORF has been implicated in three distinct 

phases of the virus life cycle:  i) the trans-activator of subgenomic RNA synthesis from 

RNA-1, ii) as the origin of assembly for virion formation, iii) and as a key cis-acting factor 

for the replication of RNA-2 (Basnayake, 2005; Basnayake et al., 2006; Sit et al., 1998; 

Tatsuta et al., 2005).    

 The suppression of RNA silencing by plant viruses has been shown to be critical to 

the viability of the virus infection.  Here evidence is presented for a secondary suppressor of 

RNA silencing for the (+)-sense RNA virus, RCNMV, adding to a growing body of data that 

suggests that a multi-pronged approach of RNA silencing suppression is sometimes required 

for efficient viral infection.  The protein domains necessary for RNA silencing suppression 
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have been delimited, allowing for functional separation of the cell-to-cell movement function 

of RCNMV MP and its role in silencing suppression. 

 

Materials and Methods 

 

Plasmid Constructs – pCASS4 and pPZP212 have been previously described, as has PZP-

TCV CP, TCV-sGFP, pRTL2 and TCV-∆92-sGFP (Annamalai and Rao, 2005; Carrington 

and Freed, 1990; Powers et al., 2008; Qu et al., 2003).  To generate pCASS-RNA1, a 

Hepatitis delta virus (HDV) ribozyme sequence was amplified from Flock house virus (1,0) 

(Ball, 1994) using primers 5’ HepD and 3’ HepD-Kpn/Hd, and ligated into the previously 

described RCNMV RNA-1 RC169 (Sit et al., 1998) construct cleaved with SmaI and HindIII 

to generate the intermediate construct RC169-Ribo (Table 2).  The 5’ end of RC169-Ribo 

was subsequently amplified using primers R1 5’ P and p88 3’ Spe, digested with SacI and 

ligated into pCASS4 that had been double digested with StuI and SacI to generate pCASS R1 

5’ Sac (Table 2).  The 3’ end of RC169-Ribo was amplified with primers R1 1041(+) and 3’ 

HepD Sac/Hd (Table 2).  This fragment and pCASS R1 5’ Sac were digested with SacI and 

ligated to generate pCASS-RNA1.  pCASS-RNA2 was generated by ligating the PCR 

amplified HDV ribozyme sequence from FHV (1,0) into the full length RCNMV RNA2 

clone, RC2, digested with SmaI and HindIII to generate ribo/RC2 (Xiong and Lommel, 

1991).  ribo/RC2 was amplified using 5’ RC2 and 3’ HepD-Kpn/Hd and the resultant 

fragment was digested with KpnI and ligated into pCASS4 digested with StuI and KpnI to 

generate pCASS-RNA2 (Table 2).  pCASS-RNA2∆ATG was generated by using the 
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QuikChange® II Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) with primers 

R2MPdelATG(+) and R2MPdelATG(-).   

 Each of the RCNMV ORFs were cloned into pPZP212 by first inserting into pRTL2 

followed by subcloning into pPZP212.  PZP-p27 was generated by amplifying RC169 with 

the primers P275 C/N and P27 3’ Spe to generate a p27 fragment that was subsequently 

digested with NcoI and SpeI (Table 2).  This fragment was ligated into pRTL2 digested with 

NcoI and XbaI to generate pRTL2-p27.  pRTL2-p27 was digested with HindIII and ligated 

into pPZP212 also digested with HindIII to generate PZP-p27.  PZP-CP was generated by 

amplifying RC169 with primers 5’ CP-BspHI and 3’ CP- SacI/XbaI (Table 2).  This 

fragment was initially ligated into the pGEM-T Easy vector (Promega, Madison, WI) to 

generate pGEM-CP.  pGEM-CP was digested with BspHI and XbaI and cloned into pRTL2 

digested with NcoI and XbaI to generate pRTL2-CP.  pRTL2-CP was digested with HindIII 

and ligated into pPZP212 also digested with HindIII to generate PZP-CP.  PZP-MP was 

generated by amplifying RC2 with primers MP 5’ Bam/Nco and RC2 MP(-) X/M (Table 2).  

This amplified fragment and pRTL2 were digested with NcoI and XbaI and ligated to 

generate pRTL2-MP.  pRTL2-MP and pPZP212 were digested with PstI and ligated to 

generate PZP-MP.  PZP-MP∆ATG was generated using the QuikChange® II Site-Directed 

Mutagenesis Kit with primers PZPMPdATG(+) and PZPMPdATG(-) (Table 2).  PZP-

MPAla27, 122, 128, 144, 161, and 277 alanine-scanning mutants were cloned exactly as was 

PZP-MP but utilizing templates pRC2-Ala27-31, 122, 128, 144, 161, and 278, respectively 

(Giesman-Cookmeyer and Lommel, 1993).    
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In a natural viral infection p88 is expressed at low levels as a ribosomal frameshift 

from RNA-1(Xiong et al., 1993b).  To over express exclusively p88 from a PZP-p88 

construct an RNA1 clone derived from RC169 was generated which eliminates the need for 

the frameshift, translating a full-length p88.  This clone, termed RC169-p88fs, was generated 

using the QuikChange® II Site-Directed Mutagenesis Kit with primers p88fs (+) and p88fs (-) 

(Table 2).  p88 was amplified from RC169-p88fs using primers P275 C/N and p88 3’ Spe 

(Table 2).  This PCR fragment was subsequently cloned into pGEM-T Easy vector to 

generate pGEM-p88.  pGEM-p88 was digested with NcoI and SpeI and ligated into pRTL2 

digested with NcoI and XbaI to generate pRTL2-p88.  pRTL2-p88 was digested with HindIII 

and ligated into pPZP212 digested with the same to generate PZP-p88. 

Agrobacterium preparation for infiltration – Agrobacterium was grown and infiltrated as 

described previously (Powers et al., 2008). 

TCV-sGFP complementation assay – The TCV-sGFP complementation assay was 

completed as described previously, with one exception (Powers et al., 2008).  In these 

experiments infectious TCV-sGFP transcripts were mechanically inoculated on the axial 

surface of each leaf as opposed to the abaxial surface.  

Statistical analysis – All statistical analysis was done using JMP Genomics 3 software (SAS, 

Cary, NC).  An analysis of variance was performed for each set of data including appropriate 

controls.  Following the analysis of variance a Dunnett’s test was employed to identify which 

samples were statistically significant as compared to the control group.  Dunnett’s tests are 

used specifically for situations in which many groups are to be compared against one control 

group.  The test is designed to identify groups whose means are significantly different from 
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the mean of the control group, making it an ideal statistical test for these examinations.  All 

analyses were done using a p-value cutoff of 0.001.   
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Table 1 – The Functional Domains of RCNMV MP 
 RCNMV MP Alanine mutants 

Functional Domains 27 122 128 144 161 277 

Cell-to-Cell Movementa + - - + - + 

Cooperativityb - - - + + + 

Cell Wall localizationa +/- +/- - + - + 

Size Exclusion Limit 

Modulationc 
+ - - - - + 

RNA Silencing Suppression + + - - - + 

RNA bindingb 20% 10% 11% 32% 28% 109% 

aThis data was taken from previous reports for the purposes of comparisons (Tremblay et al., 2005) 
bThis data was previously reported in (Giesman-Cookmeyer and Lommel, 1993) 
cData taken from previous reports (Fujiwara et al., 1993) 
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Table 2 – Oligonucleotides used in Cloning and Site-directed Mutagenesis 
Name Sequence Restriction 

Site(s) added
5’ HepD GGGTCGGCATGGCATCTCC  

3’ HepD – 
Kpn/Hd 

TTAAAGCTTGGTACCGAGCTCTCCCTTAGCC KpnI, HindIII

R1 5’P GACAAACGTTTTACCGGTTTGTAAATAGGAG  
p88 3’ Spe GCGCCACTAGTTATCGGGCTTT SpeI 

R1 1041 (+) GTGTGAAGAGCTCTGCAGGAGAG  
3’ HepD Sac/Hd TTAGAGCTCGGTACCGAGCTCTCCCTTAGC SacI, HindIII
R2MPdelATG(+) CAAAGAGGTTTGAGGCTGTTCATGTGG  
R2MPdelATG(-) CCACATGAACAGCCTCAAACCTCTTTG  

5’ RC2 GACAAACCTCGCTCTATAAAC  
P275 C/N CTATCGATGGCCATGGGTTTTATAAATCTTTC

GC 
ClaI, NcoI 

p27 3’ Spe ATATAACTAGTCTAAAAATCCTCAAGGGATT
TG 

SpeI 

5’ CP – BspHI TTATCATGAGTTCAAAAGCTCCC BspHI 
3’ CP – 

SacI/XbaI 
TTATCTAGAGCTCTTAACCAAGTATGAAAGT

G 
SacI, XbaI 

MP 5’ Bam/Nco TTAGGATCCATGGCTGTTCATGTGGAAAATTT
AAG 

BamHI, NcoI

RC2 MP(-) X/M GTACGCGTCTAGAGTCTTTCCGGATTTGG MluI, XbaI 
PZPMPdATG(+) CGAACGATAGCCGCTGTTCATGTGG  
PZPMPdATG(-) CCACATGAACAGCGGCTATCGTTCG  

P88fs (+) CCCTTGAGGATTTTCTAGGCGGCCCACTCAG
C 

 

P88fs (-) GCTGAGTGGGCCGCCTAGAAAATCCTCAAGG
G 
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Figure 1 – Schematics of viral and Ti-plasmid constructs used.  A. Viral RNA transcripts.  
Red clover necrotic mosaic virus (RCNMV) RNA-1 encodes for 3 proteins:  p27 and p88 are 
the viral polymerase subunits while CP represents the viral capsid protein.  p88 is expressed 
as a ribosomal frameshift (FS) of p27.  RCNMV RNA-2 encodes for the movement protein 
(MP).  Turnip crinkle virus (TCV) encodes for 5 proteins:  the p28 and p88 ORFs code for 
the replication proteins, with p88 expressed as an amber codon translational readthrough 

(RT).  p8 and p9 encode for the cell-to-cell movement proteins. CP - capsid protein; TCV-
sGFP: the CP open reading frame (ORF) of wild type TCV was replaced with the sGFP 

ORF; TCV∆92-sGFP: movement deficient mutant that contains a deletion from nucleotides 
2423-2516. B. Agrobacterium Ti-plasmid constructs.  Constructs utilized pCASS4 or 

pPZP212 as the base plasmids. All pCASS constructs are under the control of dual 35S 
promoters (P35S), as well as a 35S terminator sequence (T35S) and contain a Hepatitis delta 
virus ribozyme (Rz) sequence to ensure the 3’ terminus of the infectious transcript ends with 
the proper residue.  RB and LB – right and left borders, respectively.  pPZP212 constructs 

contain expression cassettes derived from pRTL2 and contain a P35S, T35S, the RB and LB, 
and a Tobacco etch virus translational enhancer (TE).  Note:  Constructs are not to scale. 
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Figure 2 – RCNMV viral replication suppresses the RNA silencing of a Ti-plasmid driven 
reporter.  Agrobacterium transformed with the Ti-plasmid pPZP212 with GFP insert (PZP-

GFP) was mixed at a 1:1 ratio with Agrobacterium transformed with A. empty pCASS4 
vector, B. pCASS-RNA1, C. pCASS-RNA2, D. pCASS-RNA1 + pCASS-RNA2 (ratio of 

PZP-GFP to pCASS-RNA1 to pCASS-RNA2 was 2:1:1), E. PZP-TCV CP (positive control).  
Leaf images taken 5 days post infiltration show stabilization of GFP expression in those 

leaves infiltrated with pCASS-RNA1 alone and pCASS-RNA1 with pCASS-RNA2. 
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Figure 3 – TCV-sGFP complementation assay with full length RCNMV viral RNA 
Agrobacterium constructs.  Leaves were infiltrated with Agrobacterium transformed with A. 
empty pCASS4 vector, B. pCASS-RNA1, C. pCASS-RNA2, D. pCASS-RNA1 + pCASS-

RNA2, E. PZP-TCV CP (positive control).  1 day post infiltration, leaves were mechanically 
inoculated with TCV-sGFP infectious transcripts.  Foci of infection images taken 3 days post 
TCV-sGFP inoculation.  F. Average TCV-sGFP foci sizes.  30 foci measurements were taken 

and the averages with standard errors are plotted.  Bars denoted with an asterisk show 
constructs that exhibit a statistically significant difference in foci size as compared to the 

empty vector.  pCASS-RNA2 clearly complements the movement of TCV-sGFP. 



 163

 

Figure 4 – The RCNMV RNA-2 movement protein is responsible for TCV-sGFP 
complementation.  TCV-sGFP complementation assay performed on leaves pre-infiltrated 
with A. pCASS4 B. pCASS-RNA2 C. pCASS-R2∆ATG D. pPZP212 E. PZP-MP F. PZP-

MP∆ATG. G. Bar graph representation of average and standard error for 30 foci 
measurements illustrate that MP expression is required for TCV-sGFP complementation.  

Bars denoted with an asterisk show constructs that exhibit a statistically significant difference 
in foci size as compared to the empty vector (pCASS4 for the pCASS constructs and 

pPZP212 for the PZP constructs).  H. TCV-sGFP infectious transcripts inoculated onto MP+ 
transgenic N. benthamiana can complement TCV-sGFP movement.  Leaves were inoculated 
with infectious TCV-sGFP transcripts and foci of infection imaged 3 d.p.i.  Left panel – MP+ 

plants, Right panel – Wild-type plants. 
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Figure 5 – MP is the only RCNMV protein that can complement TCV-sGFP movement.  
TCV-sGFP complementation assay performed on leaves infiltrated with A. pPZP212 B. PZP-

p27 C. PZP-p88 D. PZP-CP E. PZP-MP F. PZP-TCV CP G. Graphic representation of the 
average and standard error from 30 foci diameter measurements.  Bars denoted with an 
asterisk show constructs that exhibit a statistically significant difference in foci size as 

compared to the empty vector. 
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Figure 6 – RCNMV MP facilitates movement of TCV-sGFP p8/p9 deletion mutant. TCV-
sGFP complementation assay with TCV-∆92-sGFP inoculated in place of TCV-sGFP.  
Images of infection foci 3 days post inoculation on N. benthamiana infiltrated with A. 

pPZP212 B. PZP-MP C. PZP-TCV CP. 
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Figure 7 – TCV-sGFP movement complementation by RCNMV MP Alanine-scanning 
mutants.  The TCV-sGFP complementation assay using either TCV-∆92-sGFP (A-I) or 

TCV-sGFP (J-R) as inoculum on N. benthamiana leaves infiltrated with the indicated Ti-
plasmid.  Foci were imaged 3 dpi.  S. Graphic representation of average size with standard 
errors for 30 TCV-sGFP infection foci.  Bars denoted with an asterisk show constructs that 

exhibit a statistically significant difference in foci size as compared to the empty vector. 
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Chapter Summary 

 

 While Chapter 3 of this dissertation identified the RCNMV MP as having activity that 

disrupts the RNA silencing pathway, the actual mode of action was not elucidated.  One of 

the more common ways that VSRs disrupt the RNA silencing cascade is by binding to 

siRNAs and sequestering them away from the pathway.  Since the MP has been previously 

shown to bind to long single stranded RNAs, it seemed reasonable that investigations into the 

MP’s mode of action should begin there.  In the following chapter MP was expressed in E. 

coli and examined for its ability to bind to siRNAs.  The MP was shown to have no siRNA 

binding capabilities.  The chapter concludes with a discussion of possible modes of MP 

action and suggestions for future experiments involving the RNA silencing pathway and 

RCNMV. 

 

Introduction 

 

 When faced with an invading pathogen, a host – whether it be human, fly, or plant – 

must confront and neutralize the pathogen or risk death.  For plants this confrontation is two-

fold with an innate and an adaptive immune response that can recognize invading pathogens 

and target them for destruction.  The pathogen, in turn, must respond with a defense 

mechanism of its own or face annihilation in the face of the immune response.  This struggle 

between the pathogen and host has been called by some a “molecular arms race” and reflects 

untold millions of years of evolution.   
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 In plants the adaptive immune response involves RNA silencing, a broad term that 

refers to the utilization of small RNAs for the regulation of both exogenous and endogenous 

gene expression.  When targeting invading viruses the RNA silencing pathway is a 

particularly effective method of viral defense.  Derived from a number of potential sources, 

viral double-stranded (ds)RNA is recognized by the host DICER-LIKE (DCL) proteins, 

mainly DCL4, and cleaved into small interfering (si)RNAs (Deleris et al., 2006).  One strand 

of these double-stranded siRNAs is then incorporated into the RNA induced silencing 

complex (RISC), where it can target complementary viral RNAs for cleavage (Baumberger 

and Baulcombe, 2005; Hammond et al., 2000).  In response, plant viruses encode proteins 

that disrupt the silencing cascade which disables the pathway and allows for the invading 

pathogen to cause a productive infection.  These proteins are known as anti-silencers, or viral 

suppressors of RNA silencing, and can disrupt the RNA silencing cascade either by binding 

directly to the siRNAs produced by the pathway or by inhibiting the host proteins involved 

(Li and Ding, 2006).   

 Red clover necrotic mosaic virus (RCNMV) is a positive sense RNA virus in the 

plant-infecting viral genus Dianthovirus.  RCNMV’s genome consists of two single-stranded 

(ss)RNAs, referred to simply as RNA-1 and RNA-2 (Gould et al., 1981; Lommel et al., 1988; 

Xiong and Lommel, 1989).  RNA-1 encodes for 3 proteins, p27 and p88, which are both 

involved in viral replication, and the coat protein (CP), which forms the virion (Bates et al., 

1995; Morris-Krsinich et al., 1983; Xiong et al., 1993; Xiong and Lommel, 1989).  The 

RNA-2 strand encodes for a single protein, which has been implicated in viral movement and 

is known as the movement protein (MP; Figure 1; Lommel et al., 1988; Osman and Buck, 
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1987; Paje-Manalo and Lommel, 1989).  Previous research has shown that RCNMV disrupts 

the RNA silencing pathway in two independent manners (Powers et al., 2008a; Takeda et al., 

2005).  The first study of RCNMV suppression of RNA silencing indicated that an active 

viral replication complex disrupts the RNA silencing pathway.  To prove this the authors co-

expressed p27, p88, and a replication-competent RNA-2 with a green fluorescent protein 

(GFP) reporter susceptible to RNA silencing.  In the presence of the three RCNMV 

constructs GFP expression was stabilized, while in their absence GFP was targeted by the 

host RNA silencing machinery resulting in reduced levels of GFP accumulation.  No clear 

mechanism was demonstrated for this activity, but the authors suggested that an active viral 

replication complex may sequester host factors required for RNA silencing, such as DCL1 

(Takeda et al., 2005).    

 More recently the MP of RCNMV has been linked to the suppression of RNA 

silencing, providing a second method of plant immune system disruption (Powers et al., 

2008a).  This secondary suppression of RNA silencing was determined by observing a viral-

based reporter devoid of its innate silencing suppressor.  In the absence of a viral suppressor, 

this viral construct cannot survive and replicate beyond a few cells, but in the presence of a 

suppressor it can replicate and survive (Powers et al., 2008b).  When MP was provided in 

trans the viral reporter regained cell-to-cell movement capabilities, indicating that the MP of 

RCNMV has suppression of RNA silencing activity (Powers et al., 2008a).  In this work we 

aim to define the method by which the MP suppresses RNA silencing.  MP is known to bind 

to long RNAs, suggesting that MP might act by sequestering siRNAs (Osman et al., 1992).  

Sequestering of siRNAs is a mechanism of suppression shared by several classes of viral 
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suppressors (Chapman et al., 2004; Lakatos et al., 2006; Merai et al., 2006; Reed et al., 2003; 

Silhavy et al., 2002).  The first and most prominent suppressor of RNA silencing to be shown 

to have this activity was p19 from Tomato bushy stunt virus (TBSV), which we use as a 

control in our experiments (Silhavy et al., 2002).  We find that the RCNMV MP has no 

ability to bind to siRNAs, indicating that it likely suppresses RNA silencing by interacting 

with host proteins involved in the RNA silencing cascade.  Potential future experiments are 

discussed.        

 

Results 

 

Expression of p19 and MP 

 To examine for siRNA binding of RCNMV MP, constructs were synthesized that 

allowed for MP and TBSV p19 protein to be expressed and isolated.  MP and TBSV p19 

sequences were inserted into the expression vector pMAL-c2x (New England Biolabs, 

Ipswich, MA, U.S.A.), yielding pMAL-MP and pMAL-p19.  The pMAL-c2x vector contains 

a maltose binding protein (MBP) sequence and with proper cloning this sequence is fused, in 

frame, to the 5’ end of the inserted sequence.  Upon induction this nucleotide fusion results in 

the expression of a fusion protein, with the MBP attached at the N-terminus of the expressed 

protein.  After cloning, E.coli was transformed with pMAL-MP and pMAL-p19, grown and 

induced with Isopropyl β-D-1-thiogalactopyranoside (IPTG).  Following induction cells were 

lysed and proteins were purified through affinity chromatography with the use of amylose 

resin beads.   
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 To confirm proper expression, the purified proteins MBP-MP and MBP-p19 were 

electrophoresed in a polyacrylamide gel to confirm that their molecular weights 

corresponded to expected sizes.  The molecular weight of MBP is 42.5 kDa, while the MP 

has a molecular weight of 35 kDa and p19 has a molecular weight of 19 kDa.  This should 

yield fusions of 77.5 and 61.5 kDa for MBP-MP and MBP-p19, respectively (di Guana et al., 

1988; Hearne et al., 1990; Lommel et al., 1988; Osman et al., 1991).  Figure 2A shows that 

both the purified MBP-p19 and MBP-MP correspond to the predicted protein molecular 

weights.  Coomassie blue staining demonstrated that the protein purifications were not 

completely clean as samples clearly showed minor bands below primary bands.  The MBP-

MP isolation in particular appeared to consist of 2 primary bands, one slightly smaller than 

the other.  To determine whether both of the primary MP protein bands were in fact the 

MBP-MP fusion protein a western blot was performed with a primary antibody targeting the 

MP.  In an effort to better resolve the two bands an 8% SDS-PAGE was performed (Figure 

2B).  Both bands strongly reacted with the antibody indicating both contained the MP.  Based 

on the protein molecular weight ladder, the top band represents the full length MBP-MP 

protein, while the bottom band is smaller, approximately 70 kDa in size.   

 Efforts were made to more fully characterize the 70 kDa MBP-MP product.  First to 

confirm the product was fully denatured differing reducing agents were used.  Previous 

acrylamide gels had used β-mercaptoethanol as a reducing agent, and so an alternative, 

Dithiothreitol (DTT), was used for one sample.  Another sample was treated with a 

phosphatase to determine whether phosphorylation may have influenced MBP-MP mobility.  

As seen in Figure 2C, the differing reducing agents and phosphatase-treated lanes all look 
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similar, indicating that proteins are fully denatured and that phosphorylation cannot explain 

the different band mobilities. 

Dephosphorylation reactions required limited amounts of protein, making 

visualization of the second band difficult on the coomassie stained polyacrylamide gel (Fig. 

2C Lane 4).  This was complicated by the presence of the phosphatase.  To confirm that the 

phosphatase had no effect on the presence of the second band, phosphatase-treated MBP-MP 

was included as part of the western blot in Fig. 2B (Lane 4).  Phosphatase treatment resulted 

in no discernable difference in protein mobility.  

 

MBP-MP binds to ssRNAs 

 The secondary MBP-MP band or the attachment of MBP to the N-terminus of MP 

could conceivably act to hinder the normal biological activity of MP.  It has been previously 

reported that MP can bind to ssRNAs, and so to confirm that fusing MP with the MBP does 

not result in a loss of this binding, an electrophoretic mobility shift assay (EMSA) was 

performed.  A 215nt RNA consisting of nucleotides 705 to 920 on RCNMV RNA-2 was 

transcribed in the presence of 32P labeled CTP nucleotides.  This radiolabeled RNA transcript 

was incubated with the MBP-MP protein and subsequently electrophoresed on a non-

denaturing polyacrylamide gel.  As Figure 3A shows, MBP-MP is capable of binding to the 

labeled RNA while MBP alone is not, demonstrating that MP bound to MBP is still active for 

long ssRNA binding. 
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MBP-MP cannot bind 21nt siRNAs  

 After confirming that MBP-MP is active for ssRNA binding, we sought to determine 

whether MBP-MP could bind to 21nt siRNAs.  RNA oligonucleotides (oligos) were designed 

based on the plus and minus sense RCNMV RNA-2 sequence beginning at nucleotide 255 

and were named R2 21bp 255 (+) and R2 21bp 255 (-).  siRNAs were generated by annealing 

these two 21mer RNA oligos, which had 19 nt of complementarity and 2 nt 3’ overhangs.  

siRNAs were end-labeled using a 5’ polynucleotide kinase and γ-32P ATP.  Labeled siRNAs 

were incubated with proteins and subjected to a non-denaturing PAGE.  The positive control, 

MBP-p19, showed strong binding capabilities indicating that conditions were sufficient to 

allow for protein-RNA interactions.  MBP-MP showed no ability to bind to the 21nt siRNAs 

suggesting that MP does not suppress RNA silencing by sequestering 21nt siRNAs (Figure 

3B). 

 

MBP-MP cannot bind 24nt siRNAs  

 Virus infected plant cells contain viral siRNAs of three distinct lengths – 21nt, 22nt, 

and 24nt.  21nt siRNAs are thought to be the primary siRNA species involved in viral 

defense, 22nt siRNAs are involved in transitive silencing, while 24nt siRNAs have been 

implicated in the long distance spread of the RNA silencing signal (Blevins et al., 2006; 

Brosnan et al., 2007; Hamilton et al., 2002; Mlotshwa et al., 2008; Moissiard et al., 2007).  

The long distance spread of the RNA silencing signal prepares distal uninfected systemic 

tissues for the incoming virus.  MP has been previously shown to accumulate at the cell wall, 

likely at the plasmodesmata, and previous work has suggested that this localization may play 
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a role in suppression of RNA silencing (Powers et al., 2008a; Tremblay et al., 2005).  If 24nt 

siRNAs are required for the long distance spread of the silencing signal, this species of 

siRNA must pass through the plasmodesmata.  The localization of the MP to the 

plasmodesmata may position it perfectly to intercept this long distance signal.  While the 

exact composition of the silencing signal has not been elucidated it is likely that this signal 

has both an RNA and protein component.  To test whether MP has the ability to bind to the 

putative 24nt siRNA component, 24nt siRNAs were generated by annealing two 

complementary oligos as was done for the 21nt species.  Again these oligos were based on 

the RCNMV RNA-2 sequence beginning at nucleotide 255.  In this case, oligos were 24nt in 

length with 22nt of complementarity, 2nt 3’ overhangs, and were designated R2 24bp 255 (+) 

and R2 24bp 255 (-).  After annealing, 24nt siRNAs were labeled with 32P and subjected to 

an EMSA.  Once again MBP-p19 bound strongly to the siRNA while MBP-MP showed no 

binding capabilities (Figure 3B).   

 

siRNA methylation does not assist in binding 

 In cells most siRNAs have a methyl group attached to their 3’ ribose sugar due to the 

activity of the methyltransferase HEN1 (Li et al., 2005; Yu et al., 2005).  To determine 

whether this methylation could potentiate the binding of MP to either the 21 or 24 nt siRNAs, 

both species of siRNAs were methylated using HEN1 and labeled as described previously.  

Following incubation with proteins, samples were electrophoresed on a non-denaturing 

polyacrylamide gel to determine binding capabilities.  While the methylation of siRNA did 
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not have a negative effect on the ability of MBP-p19 to bind siRNAs, it also did not 

potentiate binding of MBP-MP to the siRNAs (Figure 3C). 

 

MBP-MP cannot bind to 21 or 24nt RNA oligos 

 During the response to viral infection, DCL proteins cleave viral dsRNAs into 

siRNAs (Bouche et al., 2006; Deleris et al., 2006).  These siRNAs are then recruited to the 

RISC complex, where one strand is bound by the ARGONAUTE protein.  The strand not 

bound directly to ARGONAUTE is either unwound from its complementary strand, or 

cleaved (Matranga et al., 2005; Rand et al., 2005).  The resulting RNA-protein complex 

consists of a ssRNA oligo bound to the ARGONAUTE protein.  To determine whether MP 

might specifically bind to single-stranded siRNAs, the oligos R2 21bp 255 (+) and R2 24bp 

255 (+) were end labeled as described previously and incubated with proteins.  Figure 4 

shows that MBP-MP shows no ability to bind to the short RNAs.  Additionally, and as 

expected, MBP-p19 loses its ability to bind these labeled RNAs when single-stranded. 

 

Discussion 

 

 Previous reports have implicated the RCNMV MP in the suppression of RNA 

silencing (Powers et al., 2008a).  The RNA silencing cascade has both RNA and protein 

components.  The RNA component of the RNA silencing cascade targeting RNA viruses 

consists of short RNAs 21-24nt in length.  Initially these short RNAs are found in duplexes 

with 2nt 3’ overhangs, and are referred to as siRNAs (Elbashir et al., 2001; Hamilton and 
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Baulcombe, 1999).  Eventually these siRNA duplexes are unwound with one strand 

incorporated into RISC, where it can guide sequence specific cleavage of viral RNAs 

(Matranga et al., 2005; Morel et al., 2002; Rand et al., 2005).  Protein components of the 

silencing pathway consist of a variety of DCLs, ARGONAUTES (AGO), and RNA 

dependent RNA polymerases (RDR) among others.  In order to suppress the RNA silencing 

pathway, MP must either disrupt the activity of the siRNAs or one of these proteins by either 

inhibition or sequestration of the molecule.  Previous reports of MP binding to long ssRNAs 

suggested that characterization of MP activity in the context of silencing suppression should 

begin with an investigation into siRNA binding capabilities (Giesman-Cookmeyer and 

Lommel, 1993; Osman et al., 1992).  Those investigations were undertaken here and 

demonstrated that MP cannot bind to siRNAs in vitro. 

 

MBP-MP expression 

 MBP-MP expression in E. coli yielded an unexpected doublet when electrophoresed 

on a polyacrylamide gel.  Protein size standards indicated that the top band corresponded to 

the full length fusion protein while the bottom band was some other product, about 7 kDa 

smaller.  The bottom band reacted with the MP antibody, indicating that it contains at least a 

portion of the MP.  Differing reducing agents confirmed that the MBP-MP was fully 

denatured, and dephosphorylation reactions had no effect on the presence or mobility of the 

second band.  While we cannot rule out some other covalent modifications, it appears likely 

that the 70 kDa species is a truncated fusion product.  The cause of this truncation is unclear 
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but has four potential sources:  internal ribosome translation initiation, premature 

transcription termination, premature translation termination, or full length product cleavage.   

 Our MBP-MP fusion product is purified by using amylose resin that is specific for 

maltose binding protein which in our fusion protein is found at the N-terminus.  For this 

reason an internal ribosome initiation site seems unlikely, as it would result in a fusion 

protein with a significant portion of the MBP lost and thus would likely not bind to amylose 

resin and be purified.  For this reason it would appear as though the 70 kDa product is a 

result of a C-terminal truncation, although it is difficult to pinpoint the exact cause.  One 

possibility revolves around the fact that some species use certain codons more frequently 

than other species, and when expressing proteins in E. coli this is known to occasionally 

decrease overall protein yield, possibly resulting from premature translation termination.  To 

overcome this, investigators will occasionally mutate the nucleotide sequence in an effort to 

minimize use of these codons (while simultaneously maintaining amino acid sequence).  This 

is a process called codon optimization (Kane, 1995; Pikaart and Felsenfeld, 1996).  An 

alternative to codon optimization is to use an E. coli strain that has been developed to use 

other codons more efficiently by expressing more tRNAs complementary to the poorly 

utilized codons.  To investigate whether a deficiency in amino acids caused premature 

translation termination, a strain of E. coli (Rosetta cells, Novagen, Gibbstown, NJ) that 

express an excess of tRNAs for 6 poorly utilized codons was used to express the MP.  MP 

expression in Rosetta cells had no effect on the presence of the doublet shown in Figure 2 

(data not shown), suggesting that codon deficiencies could not account for the 70 kDa band.  

However, these studies cannot rule out codon usage entirely.  MP was expressed in the first 
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generation version of Rosetta cells.  The next generation of Rosetta cells supplements tRNAs 

for an addition rare codon, CGG, which is coded for by the MP twice.  We cannot rule out 

that the presence of this codon may cause premature termination of the MBP-MP fusion.  

More work will have to be undertaken to fully characterize this second band, although as 

shown in Figure 3A the MBP-MP fusion protein is fully active in the presence of this second, 

truncated protein rendering full characterization unnecessary for the work detailed here.          

 

Silencing suppression by MP 

 Studies here show that MP can bind to long ssRNAs but is incapable of binding to 21 

and 24 nt siRNA duplexes, nor can the MP bind to 21 and 24 nt ssRNAs in our assays.  

While the positive control, TBSV p19, bound efficiently to both classes of siRNAs, it is 

possible that for MP the conditions for binding were not ideal.  This seems unlikely, as MP 

was capable of binding to long ssRNAs under the experimental conditions, but we cannot 

rule out MP binding to siRNAs in vivo.  MP may require a host cofactor to potentiate siRNA 

binding, and these assays cannot account for that possibility.  In addition, although the 

presence of the MBP fusion had no effect on MP binding to long ssRNAs, it might have an 

effect on binding to siRNAs.  Probably the most definitive way to test for siRNA activity 

would be to immunoprecipitate MP from cell culture or plant tissue and look for the presence 

of siRNAs in the coprecipiate.  Unfortunately in our hands MP does not efficiently 

immunoprecipitate as it is strongly hydrophobic and insoluble (data not shown).  

Additionally, we cannot confirm whether the siRNAs in Fig. 3C were efficiently methylated, 

as there is currently no convenient assay for this modification.  Therefore we cannot rule out 
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the possibility that MP binds to methylated siRNAs and that the siRNAs in Fig. 3C were 

simply not methylated.  Despite all these caveats, the data presented here strongly suggest 

that MP does not utilize siRNA binding as its method of RNA silencing suppression.   

When considering other possible ways in which MP can suppress silencing, one 

possibility that emerges that is not typically considered is binding of RNAs upstream of DCL 

activity.  It is possible that the MP may suppress RNA silencing by binding to viral RNAs 

prior to DCL activity, preventing initial cleavage.  Binding of MP to RNA is known to be 

complementary, and it is believed that after one molecule of MP binds to the RNA it leads to 

the binding of more molecules, until the RNA is coated with MP (Osman et al., 1992).  In 

this way the MP might be capable of blocking DCL targeting by physically preventing access 

to the RNA by the DCL.  To address this question it would be helpful to examine the origins 

of RCNMV viral siRNAs.  DCLs can target viral RNAs either through RNA secondary 

structure or through double-stranded regions composed of both positive and negative sense 

RNAs (Ho et al., 2006; Molnar et al., 2005; Pantaleo et al., 2007; Zhang et al., 2008).  If 

siRNAs are composed of predominately positive sense RNAs it would indicate that DCL 

targets RCNMV secondary structure and would suggest that MP coating of positive sense 

RNA might be an effective method of blocking DCL activity.  If siRNAs are predominately 

of the minus and positive sense polarities then DCL must target either RCNMV replicative 

intermediates or RDR-generated dsRNA, in which case coating of ssRNA by the MP would 

have no effect.  Other preexisting evidence should also be considered, including previous 

work that suggests MP binding of RNA is not critical for silencing suppression.  This 

evidence is based on alanine scanning mutants that have been used to dissect the protein 
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domains of the MP and which can be found summarized in Table 1 of Chapter 3.  If the MP 

were suppressing RNA silencing by cooperatively coating the viral RNAs with MP, the 

domains required for suppression of RNA silencing should correspond exactly with the 

domains required for cooperativity.  This is not the case.  MPs with alanine residues at amino 

acids 144 and 161 are capable of binding to each other but cannot suppress silencing, while 

mutations at residues 27 and 122 that disrupt cooperativity have no effect on silencing 

suppression.  Similarly, mutations at 27 and 122 results in RNA binding at 20% and 10% of 

wildtype levels, respectively, but again have little effect on the suppression of RNA silencing.  

This would suggest that long ssRNA binding is not critical to suppression (Giesman-

Cookmeyer and Lommel, 1993). 

 It is more likely that the MP suppresses RNA silencing by binding to one of the 

proteins involved in the silencing cascade.  The MP may modify the host protein in a manner 

that knocks out its activity similar to the activity of P0 from the Poleroviruses Beet western 

yellows virus and Cucurbit aphid-borne yellows virus which blocks AGO1 activity by 

ubiquitination leading to AGO1 degradation (Baumberger et al., 2007; Bortolamiol et al., 

2007).  However, the MP has no known role in protein modifications and thus likely acts in a 

manner similar to that of CMV 2b, which simply binds to the active site of AGO1, blocking 

its activity.  Testing for this protein-protein interaction will be challenging as the MP is 

hydrophobic and insoluble.  Initial attempts at coimmunoprecipitations from infected tissue 

failed (data not shown), and previous work into yeast 2 hybrid screens also suggested that 

protein-protein interaction work with the MP will be challenging (Lin, B and Lommel, SA 

unpublished observations).  To work around these challenges, future experiments should take 
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distinct approaches.  First, work outlined in Chapter 3 of this thesis has narrowed down the 

critical domain of the MP silencing suppression to no more than 155 amino acids (See Table 

1, Chpt. 3).  Amino acids 122 and 277 were not found to be critical for suppression of RNA 

silencing, while the only three mutants found to be critical were between these two residues.  

It would be worth making deletion mutants of the MP that included only these 155 amino 

acids to determine if this improves the solubility of the MP.  If solubility is improved, yeast 2 

hybrids can be used to screen potential binding partners as well as coimmunoprecipitations 

from plant tissue, which may prove to be a faster and cleaner method for detection of protein-

protein interactions. 

 If solubility is not obtainable by mutants, in vivo techniques should be considered to 

detect protein-protein interactions.  One such technique that should be utilized is bimolecular 

fluorescence complementation (BiFC; Kerppola, 2008).  This technique makes the 

examination of protein-protein interactions within living cells possible, rendering the 

solubility of the MP moot.  In this method the N-terminus of a fluorescent protein (for 

example GFP) is attached to the MP, while the C-terminus is attached to the putative 

interacting partner.  An interaction between the MP and the putative interacting partner 

results in GFP fluorescence.  Probably the biggest issue with this technique is that it requires 

the investigator to make educated guesses as to what the interacting partners might be.  When 

considering the MP’s role in silencing suppression, many potential binding partners emerge.  

The first two to be tested would be DCL4 and AGO1, the primary DCL and AGO proteins 

involved in anti-viral signaling (Deleris et al., 2006; Morel et al., 2002; Qu et al., 2008).  

Unfortunately if neither of these two proteins are found to bind to the MP there is no other 
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obvious candidates.  All 10 AGOs, 4 DCLs, and 6 RDRs would have to be screened, and 

again these screenings might be fruitless as there are still likely to be unknown proteins with 

roles in anti-viral RNA silencing.   

 When one considers the cellular location of the MP, it becomes clear that it is one of 

these unknown proteins that is more likely than any of the AGOs or DCLs to be the protein 

target for the MP.  The MP targets and accumulates at the cell wall, most likely the 

plasmodesmata in particular (Tremblay et al., 2005).  This cellular location suggests that the 

MP could be involved in the cell-to-cell movement of the silencing signal.  The MP would be 

in an ideal position to intercept the signal as it moves from the initially infected cell and into 

the neighboring cells.  Unfortunately other than the RDRs the host factors involved in this 

trafficking are largely unknown, rendering a BiFC analysis useless (Brosnan et al., 2007; 

Schwach et al., 2005).  Furthermore this cellular location of MP could lead to false positives.  

Many proteins move through the plasmodesmata, and if the MP is located on the periphery, 

the chances of these proteins coming in close proximity to the MP are relatively high.  

However in general these random co-localizations will likely be transient, which should 

allow for the investigator to distinguish between actual binding partners and simple 

temporary co-localizations.    

 Probably the last method to investigate MP-host protein interactions would involve 

purely in vitro techniques.  By expressing the MP as a fusion protein in E. coli and attaching 

it to an affinity column, the investigator could simply wash the column with cell extracts.  

This would be followed by an elution step and characterization of the binding partners.  This 

method would be subject to false positives, and since it is purely in vitro would have to be 
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complemented with some sort of in vivo tests.  Nonetheless it should be considered as a 

potential starting point.   

 

Silencing suppression by the RCNMV replication complex 

 Takeda and colleagues (2005) published an article in The EMBO Journal implicating 

an active RCNMV replication complex in the suppression of RNA silencing.  Those results 

have been largely confirmed by our lab (see Chpt. 3 Fig. 2 and unpublished results).  What 

remains unclear is how this active replication complex acts to suppress silencing.  Takeda et 

al. suggested that the replication complex may sequester host factors and presented data 

suggesting that DCL1 may be such a host factor.  This data involved Arabidopsis thaliana 

DCL1 knockout mutants and demonstrated that RCNMV was incapable of replicating in 

plants lacking this DCL.  The authors concluded that RCNMV replication required DCL1, 

that this requirement led to the sequestering of DCL1 from its normal cellular functions, and 

that this sequestration resulted in suppression (Takeda et al., 2005).  At the time this 

suggestion and the presented data were somewhat confusing as DCL1 was thought to have no 

role in viral infection.  Newer data now shows that DCL1 is a negative regulator of DCL4, 

the presumed DCL required for viral RNA targeting.  This would suggest that the lack of 

RCNMV replication in DCL1 knockout mutants observed by Takeda et al. was due to 

increased activity of DCL4, not because DCL1 is required for RCNMV replication directly 

(Qu et al., 2008).     

 And so the question remains.  How does the RCNMV replication complex suppress 

RNA silencing?  This is a problem not easily solved as to date no in vitro replication system 
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has been developed for RCNMV.  Expressing the polymerase proteins p27 and p88 in E. coli 

does not lead to wildtype polymerase activity.  Because of this, isolating an active replication 

complex from infected plant tissue as has been done with RCNMV-infected Nicotiana 

clevelandii, may be necessary for these studies (Bates et al., 1995).  These replication 

complex isolations would be key to the investigation of replication complex activity.  In the 

original study the investigators report that isolation of the replication complex resulted in 

purification of p27, p88 and “several minor proteins possibly of host origin” (Bates et al., 

1995).  What are these proteins of host origin?  A simple tandem mass spectrometry 

examination could be used to identify the proteins present in this protein extract and perhaps 

identify RNA silencing proteins that are associated with the replication complex.  

Additionally, these replication complex isolations could also be used in EMSA experiments 

as were done here to investigate the potential binding of siRNAs to the replication complex. 

 Silencing suppression by RCNMV is clearly a complicated process.  No other virus is 

known to have an active replication complex associated with suppression, and relatively few 

have multiple distinct proteins involved in the suppression process.  Much work lies ahead 

for the investigator who wishes to tackle this problem, but the results promise to be unique.        

 

Materials and Methods 

 

Constructs – pMAL-MP was generated by PCR amplification of the RCNMV MP open 

reading frame from the full length RCNMV RNA-2 clone RC2 using primers MP EcoRI (+) 

(5’GGAATTCATGGCTGTACATGTGGAAAATTTAAG3’) and FL MP(-) BamHI 
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(5'CGGATCCTAGAGTCTTTCCGGATTTGGG3'; Xiong and Lommel, 1991).  These 

primers added EcoRI and BamHI restriction sites to the 5’ and 3’ ends, respectively.  Both 

the PCR product and the pMAL-c2x backbone (New England Biolabs) were digested with 

these enzymes.  The two digested products were ligated together to produce pMAL-MP.  

Similarly, pMAL-p19 was PCR amplified from the full length TBSV clone TBSV-100 using 

primers TBSV 3887 SalI (+) (5’CGGTCGACATGGAACGAGCTATACAAGGAAACG3’) 

and TBSV 4406 PstI (-) (5'GCCTGCAGTTACTCGCTTTCTTTTTCGAAGG3'; Hearne et 

al., 1990).  These primers added SalI and PstI restriction sites to the 5’ and 3’ ends, 

respectively.  The PCR product and pMAL c2x were doubly digested with these enzymes 

and ligated together to produce pMAL-p19.  

Protein expression – Proteins were expressed and purified following protocol for Affinity 

Chromatography provided by New England Biolabs “pMAL Protein Fusion and Purification 

System” (Catalog # E8000S).  Briefly, BL-21 E.coli cells were transformed with pMAL 

constructs and grown on Luria-Bertani broth and ampicillin plates.  250 ml of Rich broth 

media (see NEB protocol) was inoculated with 2.5 ml of overnight culture and grown to an 

OD600 of 0.5.  Cells were induced, lysed, and purified through an amylose resin-containing 

column according to the protocol.  A peristaltic pump was used to efficiently pass cell lysates 

through the column.  Purified protein was concentrated under a vacuum centrifuge to a 

volume of approximately 2.5 ml.  Purified protein was then desalted using PD-10 desalting 

columns and provided protocol from GE Healthcare (Piscataway, NJ, USA).  Following 

desalting, protein volume was again concentrated to a volume of less than 1 ml.  Protein 

concentrations were determined using a protein standard curve.       
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Protein gels – 12% Ready gels® were ordered from Bio-Rad Laboratories (Hercules, CA, 

USA).  The proteins in Fig. 2A were electrophoresed for 90 minutes at 100 volts in Laemmli 

buffer, stained for 1 hour with coomaisse blue (40% MeOH, 10% glacial acetic acid, 0.1% 

coomaisse brilliant blue R-250) and destained overnight (40% MeOH, 10% glacial acetic 

acid).  8% polyacrylamide gels were poured manually using the Bio-Rad Mini PROTEAN® 3 

System.  First the separating polyacrylamide gel (375mM TrisHCl pH 8.6, 0.1% SDS, 8% 

Acrylimide, 0.05% Ammonium Persulfate, 0.05% TEMED) was poured leaving 

approximately 2 cm to the top of the plates unfilled.  Tert-Amyl Alcohol was added to fill the 

solution to the top, and the polymerization was allowed to proceed for 20 minutes.  After 20 

minutes the alcohol was rinsed off and the stacking polyacrylamide gel mixture (125mM 

TrisHCl pH 6.8, 0.1% SDS, 4% Acrylimide, 0.05% Ammonium Persulfate, 0.05% TEMED) 

was added to the top of the polymerized separating polyacrylamide gel, filling the plates to 

the top.  A comb was inserted and the polyacrylamide gel was allowed to further harden for 

40 minutes.  The proteins in Fig. 2B + C were electrophoresed at 100 Volts for 100 min.  

Sample loading buffer consisted of 2% SDS, 10% Glycerol, 0.02% Bromophenol Blue and 

either 200mM DTT or 10% β-mercaptoethanol (as indicated).  All samples were boiled for 

10 minutes then chilled on ice for 5 minutes before loading.  The protein ladder in Fig. 2A 

was Prestained Protein Maker, Broad Range (New England Biolabs).  Amersham ECL 

DualVue Western Blotting Markers were used for the Western (GE Healthcare). 

Western blot – Western blotting was performed as described previously (Basnayake et al., 

2009).  Primary antibody 1:4000 Rabbit α-p35 His (α-RCNMV-MP/HIS) targeted to the MP, 

while an S-protein-HRP conjugate (GE Healthcare) was added to enable visualization of the 
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Amersham ECL DualVue Western Blotting Markers (Giesman-Cookmeyer et al., 1995).  

Proteins were detected with Amersham ECL Plus Western Blotting Detection System (GE 

Healthcare) and exposed to Blue Ultra Autorad Film (ISC BioExpress, Kaysville, UT, USA).  

Film was developed on the SRX-101 Medical Film Processor (Konica Minolta Medical 

Imaging, U.S.A.). 

MP dephosphorylation – MBP-MP protein was dephosphorylated with Alkaline 

phosphatase, Calf intestinal from New England Biolabs following their preestablished 

protocol.   

RNA preparations – 4 ssRNA oligos were ordered from Invitrogen (Carlsbad, CA, USA).  

R2 21bp 255 (+) (5’AACAGUGUUGCGCUUAAUUAC3’), R2 21bp 255 (-) 

(5’AAUUAAGCGCAACACUGGUCG3’), R2 24bp 255 (+) 

(5’AAACAGUGUUGCGCUUAAUUACAC3’), R2 24bp 255 (-) 

(5’GUAAUUAAGCGCAACACUGUUUCC3’).  R2 21bp 255 (+) and R2 21bp 255 (-) were 

annealed following Invitrogen protocols generating a 21 bp synthetic siRNA, while R2 24bp 

255 (+) and R2 24bp 255 (-) were annealed to generate a 24 bp synthetic siRNA.  R2 21bp 

255 (+), R2 24bp 255 (+), the 21 bp synthetic siRNA, and 24 bp synthetic siRNA were end-

labeled using T4 Polynucleotide Kinase (New England Biolabs) and [γ-32P] ATP 6000 

Ci/mmol.  After labeling, RNAs were spun through a Sephadex 25 column.  Following 

column purification radioactivity was measured in a scintillation counter and 50,000 CPM of 

each labeled RNA was used in EMSA.  The ssRNA used in Fig. 2A was transcribed using 

MEGAshortscript™ from an RC2 PCR product.  The RC2 PCR product was synthesized 

using primers R2-706/T7ECO 
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(5’TTAAGAATTCTAATACGACTCACTATAGCTGTGCACCAAATCCAATGTG3’) and 

R2-919(-) (5’GAGATCTTCGGCTCATACTC3’).  The transcripts were labeled with [α-32P] 

CTP 800 Ci/mmol and purified using NucAway Spin Columns (Ambion, Inc, Austin, TX, 

USA) following manufacturer’s protocol.  HEN1 methyltransferase was used to methylate 

siRNAs in Fig. 3A.  Both HEN1 methyltransferase enzyme and protocol were obtained from 

New England Biolabs.  

EMSA – EMSAs were performed by incubating 3µg of protein with labeled RNA equivalent 

to 50,000 CPM for 20 minutes on ice with Binding buffer (12mM HEPES pH 7.9, 2.7mM 

MgCl2, 21mM KCl, 0.3mM DTT, 10% Glycerol, 0.2% PMSF, 0.2 mg/ml tRNA).  Samples 

were electrophoresed for 90 minutes at 100 volts on ice, 5% non-denaturing polyacrylamide 

gel (0.5X TBE, 5% Acrylamide, 5% Glycerol, 0.075% Ammonium Persulfate, 0.075% 

TEMED), running buffer 0.5X TBE.  Following electrophoresis, polyacrylamide gels were 

dried on whattman paper using Drygel, Sr. Slab gel dryer (Hoefer Scientific Instruments, San 

Francisco, CA, USA) and exposed to a Bio-Rad Phospho-Imaging Screen K.  After 15 min. 

of exposure the screen was developed on Bio-Rad Molecular Imager FX.         
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Figure 1 – Genome organization of RCNMV.  Both genomic RNAs are depicted as well as 
the CP subgenomic.  p88 is expressed as a -1 ribosomal frameshift (FS).  Arrow indicates 

start site of CP sgRNA. 
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Figure 2 – Expression and purification of pMAL-MP and p19 constructs.  A. Coomaisse 

stained polyacrylamide gel with ~ 2.5 micrograms of MBP (includes polylinker which 
increases expected size to 50.9), MBP-p19, and MBP-MP.  B. Western blot with samples 

treated as indicated.  ~ 0.4 micrograms of MBP-MP loaded.  C. Coomaisse stained 
polyacrylamide gel with various MBP-MP treatments (as indicated).  ~ 1.25 micrograms of 

protein loaded per lane.  Asterisk (*) indicates MBP-MP doublet.  BME - β-mercaptoethanol, 
DTT - Dithiothreitol 
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Figure 3 – Electrophoretic Mobility Shift Assays (EMSA).  A. MBP-MP can bind to long 

ssRNAs.  Labeled probe, 215 nt in length, was incubated with indicated proteins and 
subjected to non-denaturing PAGE.  As shown, MBP-MP was capable of binding to the 

ssRNA.  B. MBP-MP cannot bind to 21 or 24 nt siRNAs.  Labeled siRNAs were incubated 
with indicated proteins and subjected to non-denaturing PAGE.  As shown the p19 fusion 

was capable of binding to the siRNAs, demonstrating conditions were competent for siRNA 
binding.  C. Methylation of siRNAs has no effect on protein binding.  siRNAs were 

methylated, then labeled and subjected to an EMSA as described previously.  Methylation 
had no effect on MBP-MP binding. 
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Figure 4 - MBP-MP cannot bind short ssRNAs.  RNA oligos, 21 or 24 nt in length were end-

labeled and incubated with indicated proteins.  Following incubation RNA/protein mixture 

was electrophoresed on a non-denaturing polyacrylamide gel.  None of the tested proteins, 

including MBP-MP, could bind to the small RNAs.
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Chapter Summary 

 

 Chapters 2, 3, and 4 all deal with RNA silencing targeting invading viruses, but to 

survive in a host an infecting virus must do more than simply evade the plant immune system.  

The virus must precisely regulate its own gene expression and replication events.  Chapter 5 

is a preliminary study into the temporal regulation of RCNMV replication using qRT-PCR 

verified with northern blots.  Various RCNMV infections were examined for their replication 

capabilities, but no significant observations were made when looking at the positive strand 

accumulation profiles of the two RCNMV RNAs.  Interestingly, northern blots probing for 

negative sense RCNMV RNAs revealed several uncharacterized bands whose existence was 

unknown and whose makeup and function remain a mystery despite the data presented in this 

chapter.    

 

Introduction 

 

 Upon entry into a cell a virus must undertake a series of interconnected tasks to 

effectively infect its host.  These actions include virion disassembly, translation, virus 

genome replication, and ultimately virus genome encapsidation, all of which must be 

precisely regulated temporally to ensure a proper virus life cycle.  Encapsidation of the viral 

genome before maximizing viral replication would be detrimental to the overall fitness of the 

infecting virus, as would improper timing of protein expression, since some viral proteins are 

required early in the virus life cycle (i.e. viral polymerases), while others are not required 



 202

until later in the infection.  The molecular switches underlying the transition from one aspect 

of viral infection to the next is critical to understanding the life cycle of a virus. 

 Red clover necrotic mosaic virus (RCNMV) is a bipartite positive sense plant-

infecting RNA virus.  RCNMV RNA-1 encodes the two polymerase proteins, p27 and p88, 

as well as the capsid protein (CP; Bates et al., 1995; Morris-Krsinich et al., 1983; Xiong et al., 

1993; Xiong and Lommel, 1989).  p27 is expressed directly from RNA-1, while expression 

of p88 arises from a ribosomal frameshifting event that occurs approximately 10% percent of 

the time during p27 translation.  This frameshifting, reliant on a shift-promoting 

heptanucleotide sequence directly upstream of the p27 stop codon, leads to the translation of 

full length p88 (Kim and Lommel, 1994; Kim and Lommel, 1998).  The CP, also encoded on 

RNA-1, is expressed via a sub-genomic viral (sg)RNA.  RNA-2 is monocistronic, encoding 

the movement protein (MP) translated directly from full length RNA-2 (Figure 1A; Lommel 

et al., 1988; Osman and Buck, 1987; Paje-Manalo and Lommel, 1989). 

RCNMV is a single-stranded RNA virus, and as such must go through a two step 

replication process.  The first step of RCNMV replication involves the binding of the viral 

polymerase to the 3’ end of the viral genomic RNA.  Upon binding the viral polymerase 

synthesizes a full length negative sense copy of the viral genome.  This negative sense strand 

subsequently serves as a template for the synthesis of positive sense viral genomic RNAs.  In 

this case, the viral polymerase binds to the 3’ end of the negative strand and synthesizes 

positive strand copies (Fig. 1B).  Viral RNA secondary structures serve to recruit the 

polymerase to the 3’ ends of both the negative and positive strands.  For RCNMV not all of 

the secondary structure elements have been identified, but two stem loops in the 3’ terminal 
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72 nt of RNA-1 are critical to negative sense RNA-1 synthesis (Iwakawa et al., 2007).  

Similar and novel cis-elements that help direct RNA-2 replication have also been found in 

RNA-2, but there are certain to be more elements yet to be identified (Tatsuta et al., 2005; 

Turner and Buck, 1999).    

The synthesis of the sgRNA that is used for CP expression relies on an RNA-1:RNA-

2 interaction that occurs just upstream of the CP start codon.  When the viral polymerase is 

synthesizing negative sense viral RNA this RNA:RNA interaction is thought to dislodge the 

polymerase from the template strand, resulting in a negative sense viral RNA template that 

encompasses RNA-1 from the site of the RNA:RNA interaction through to the 3’ end of the 

positive sense RNA-1 (Fig 1C).  According to the premature termination model this 

shortened negative sense viral RNA can then serve as a template for positive sense sgRNA 

synthesis, which in turn serves as the template for the translation of the coat protein (Sit et al., 

1998).  In addition to the two full length genomic RNAs and the sgRNA, a fourth RNA has 

been reported for RCNMV known as SR1f.  This RNA encompasses the final 431nt of RNA-

1 and is unique in its generation (Iwakawa et al., 2008).  SR1f is not a viral transcript but is 

instead a viral degradation intermediate.  A core 58 nt sequence known as Seq1f58 at the 5’ 

end of SR1f is sufficient and necessary for the generation of SR1f.  Through unknown 

mechanisms Seq1f58 protects the sequence 3’ to itself from 5’  3’ decay, which allows for 

the accumulation of SR1f.  The role of SR1f in viral infection is also currently unknown, 

although it appears to have a regulatory role in translation and is also packaged into virions 

(Iwakawa et al., 2008).  
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Although the fundamentals are worked out, several questions remain regarding 

RCNMV replication, especially the temporal regulation thereof.  The simplest of these 

questions is how long after cellular entry before viral RNA accumulates to a detectable level.  

Another question to be investigated is the relationship between negative and positive sense 

RNA accumulation.  Previously-published northern blots have demonstrated that positive 

sense genomic RNA accumulates to a significantly higher level than negative sense, but 

negative sense synthesis is required before positive sense synthesis can occur (Mizumoto et 

al., 2006).  Is there a defined switch between negative and positive sense accumulation?  Or 

is there continuous synthesis of both RNA strands, with positive sense strands simply 

accumulating to a higher titer due to a stronger viral polymerase promoter on the 3’ end of 

the minus strand?  What of the relationship between RNA-1 and RNA-2 replication?  

RCNMV exists as two distinct virion subtypes in a wildtype infection – one virion subtype 

contains both RNA-1 and RNA-2 while the second contains four strands of RNA-2.  Based 

on the stoichiometry of purified virion RNAs, these virions have been predicted to exist in a 

2:1 ratio, so that for every two strands of RNA-1 packaged, there should be six strands of 

RNA-2 (a 1:3 ratio of RNA-1 to RNA-2; Basnayake et al., 2006).  Is this packaging disparity 

related to RNA strand accumulation in an infected cell or RNA packaging efficiencies?  

Additionally, what effect does sgRNA synthesis and subsequent translation of CP have on 

the replication of RCNMV?  Does the synthesis of CP and virion formation sequester RNA 

strands away from potential use as replication templates, thus depressing the potential 

accumulation of viral RNA strands?  Or does replication reach a saturation point such that 

packaging has no real effect on RNA accumulation?  
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 In an effort to better understand temporal regulation of RCNMV replication and to 

begin the process of answering some of these questions, time course accumulation studies 

were undertaken using quantitative real time (qRT-)PCR to assess viral strand accumulation 

during viral infection.  To undertake these studies infectious viral transcripts were 

electroporated into a cell line known as NT1, derived from Nicotiana tabacum.  Preliminary 

studies determined that positive sense viral genome accumulation beyond levels found at 

timepoint 0 began 6-9 hours post infection, indicating that viral replication was undetectable 

by qRT-PCR prior to 6 hours post inoculation.  These same preliminary studies demonstrated 

that sgRNA was detectable by northern blot by 12 hours.  These preliminary studies led us to 

choose the 8 time points of 0, 2, 4, 6, 8, 10, 12, and 24 hours post inoculation for in depth 

analysis.  Despite the fact that the preliminary studies indicated positive sense viral 

replication did not begin until 6 hours post inoculation or later, earlier time points were 

included to ensure adequate coverage of possible negative sense replication.  Results 

obtained with qRT-PCR data were extended and validated with northern blots that allowed 

for both confirmation of qRT-PCR data and new observations regarding the accumulation 

profiles of the sgRNA and SR1f. 

 

Results 

 

RNA-1 and RNA-2 accumulation during a wildtype infection 

 Before addressing the consequences of various infection permutations, a baseline of 

wildtype RNA strand accumulation was first established at the 8 time points.  NT1 
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protoplasts were inoculated with RNA-1 and RNA-2 infectious transcripts.  An equal amount 

of cells were aliquoted into 8 petri dishes along with NT1 growth media complemented with 

mannitol, as has been described (Kim and Hemenway, 1997).  RNA was extracted from cells 

isolated at 0, 2, 4, 6, 8, 10, 12, and 24 hours post inoculation.  qRT-PCR was performed on 

the total RNAs to measure RNA-1 and RNA-2 strand accumulation.  Figure 2A shows the 

profile of RNA accumulation for both RNA-1 and RNA-2.  Actual strand copy numbers 

present at each time point are summarized in Table 1.  Positive sense RNA-1 accumulation is 

relatively flat until 6 hours post inoculation, after which accumulation increases almost a full 

log every 2 hours before slowing down sometime between 12 and 24 hours.  Meanwhile 

RNA-2 accumulation stays relatively flat for approximately 2 hours longer, showing no 

appreciable increase until 8 hours post inoculation.  Similar to RNA-1, RNA-2 accumulation 

slows down post 12 hours.  In terms of copy number after 24 hours RNA-1 accumulated to 

8.79E+10 strands per 2µg of total RNA while RNA-2 accumulated to 4.54E+11 strands, an 

approximate ratio of 1 strand of RNA-1 for every 5 strands of RNA-2.  It is important to note 

that while RNA-2 strand accumulations appears higher at 24 hours as compared to RNA-1 

strands, RNA-2 strands also showed significantly higher levels at time 0, making 

interpretation of these results difficult. 

 Northern blots were used to confirm the accumulation profiles of RNA-1 and RNA-2 

during the selected time points (for probe locations see Fig. 1A).  RNA-1 was readily 

detectable by 10 hours, a point at which approximately 1.06E+09 strands of RNA-1 would be 

present.  Interestingly, by this time point the sgRNA and SR1f were also detected (Fig. 2B).  

The sgRNA band in particular was just as bright as the significantly larger RNA-1 band, 
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indicating that many more copies of the sgRNA were present than full length RNA-1.  This 

was true both at 10 hours as well as 12 and 24 hours, indicating that sgRNA synthesis is very 

efficient and does not take as long to accumulate as might be expected.  Northern blots 

appeared to confirm the qRT-PCR results that indicated RNA-2 was present in higher 

concentrations than RNA-1 as it was clearly visible by 8 hours post inoculation (Figure 2C).     

 

RNA-1 minus strand accumulation during a wildtype infection 

 Total RNA samples analyzed for positive sense RNA-1 and RNA-2 accumulation 

levels were also analyzed for the accumulation of negative sense RNA-1.  Negative sense 

RNA is synthesized from the genomic viral RNA and is used as a template for positive strand 

synthesis.  Since negative sense strands are not packaged and are used solely as a template 

for RNA-1 synthesis, it is expected that negative sense RNAs would accumulate to a 

significantly lower level than positive sense strands.  qRT-PCR results bore these 

expectations out as negative sense RNA-1 levels never accumulated to levels comparable to 

that of the positive sense genomic RNA-1 (Fig. 3A, Table 1).  Somewhat unexpected was the 

time course accumulation profile, which shows no appreciable accumulation of negative 

sense RNA-1 until 6 hours post inoculation, after which a sharp increase is seen at 8 hours, 

followed by a leveling off that includes continual accumulation all the way through 24 hours.  

Comparing negative strand accumulation to positive strand accumulation reveals that both 

strands begin to accumulate 6-8 hours post inoculation, and that this initial accumulation is 

very comparable between the two strands (Fig. 3A).  However, within 2 hours of this initial 

accumulation the positive sense RNA-1 continues to accumulate logarithmically, while only 
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low level accumulation of negative sense strands continues.  This may be due to promoter 

competition but could have other explanations such as RNA stability.   

 Northern blots were again used to confirm the accumulation profiles seen with the 

qRT-PCR data (Fig. 3B).  Total RNA from a wildtype RNA-1 + RNA-2 infection were 

electrophoresed on a 1% agarose gel, transferred to a nylon membrane and probed with a 32P-

labeled positive-sense sgRNA transcript (Probe 2; Fig. 1A).  As expected, Probe 2 hybridized 

to an RNA that appears to be a negative sense RNA-1 strand as well as to an RNA that 

appears to be a negative sense sgRNA.  Surprisingly, the Probe 2 also hybridized efficiently 

with at least 3 other bands.  At time 10 and 12 hours there appears to be an RNA species that 

is slightly larger than genomic RNA-1, however this extra species seems to disappears by 24 

hours.  Additionally, an RNA species slightly larger than the sgRNA appears in high 

concentration, and a third RNA species that may be a negative sense version of SR1f is also 

present (Fig. 3B).  Currently it is unclear what these bands represent.    

 

The presence of the CP has no effect on RNA-1 accumulation levels 

 During the course of a viral infection, copies of the viral genome are packaged into 

virions for transmission between hosts and movement within an infected host.  This 

packaging, which occurs later in the virus life cycle, could conceivably sequester viral RNA 

strands that might otherwise serve as templates for viral infection.  If this is true, knocking 

out the expression of the CP should result in increased levels of RNA-1.  To test this 

possibility, an RNA-1 mutant with no CP start codon, R1CP∆ATG, was generated.  NT1 

protoplasts were inoculated with R1CP∆ATG + RNA-2 transcripts and were once again 
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analyzed at 8 time points for RNA-1 accumulation.  R1CP∆ATG showed an almost identical 

accumulation profile as that of RNA-1, with no discernable difference between the two in 

accumulation profile or in absolute strand accumulations (Fig. 4A, Table 1). 

 To confirm observed qRT-PCR data, northern blots were performed on the total 

RNAs extracted from R1CP∆ATG and RNA-2 infected cells.  In confirmation of the qRT-

PCR data, the northern blots were almost indistinguishable from those of wildtype RNA-1 + 

RNA-2 infections (compare Fig. 2B with Fig. 4B).  Full length RNA-1, sgRNA, and SR1f 

accumulation profiles were unaffected by the lack of CP production. 

 

RNA-1 accumulates to a slightly higher titer during an RNA-1 only infection 

 The RNA-1 strand of RCNMV contains all the necessary elements for replication of 

its genome.  RNA-2 is required for the expression of the MP and sgRNA synthesis.  Without 

RNA-2 RCNMV can neither move cell-to-cell on infected plants nor form virions, but RNA-

1 still retains its ability to replicate inside individually infected plant cells.  The system used 

here, infection of individual plant cells in culture, does not require cell-to-cell movement and 

work with R1CP∆ATG has shown that CP synthesis has no effect on RNA-1 accumulation.  

To test what role RNA-2 plays in the accumulation of RNA-1, NT1 protoplasts were 

inoculated with either RNA-1 or R1CP∆ATG transcripts in the absence of RNA-2, harvested, 

and analyzed exactly as was done for the previous infections.  Accumulation levels of RNA-

1 and R1CP∆ATG strands during an RNA-1/R1CP∆ATG only infection closely mimicked 

the accumulation levels found during a wildtype infection except at 24 hours, at which point 

RNA-1/R1CP∆ATG strand accumulation in the absence of RNA-2 was found to be slightly 
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higher (Fig. 5A, Table 1).  This was true for both wildtype RNA-1 and the CP mutant.  

However, a T-test statistical analysis found no significant difference between the levels of 

RNA-1 or R1CP∆ATG accumulation, with both p-values significantly above the typical 0.05 

p-value threshold, indicating these numbers may not be represent a real biological difference. 

 Northern blot examination for positive sense RNA-1 and R1CP∆ATG accumulation 

again yielded northern blots that were virtually identical (Fig. 5B + C).  Both species had 

clear genomic strand accumulation by 10 hours as well as accumulation of the degradation 

intermediate, SR1f.  The blots also clearly demonstrate that sgRNA is not present in the 

absence of RNA-2, supporting a key tenet of the premature termination model (see Fig. 1C; 

Sit et al, 1998).  The absence of the sgRNA appears to have also revealed the presence of 4 

or more minor bands in the size vicinity of the sgRNA control (~1.5 kb).  It’s unclear 

whether these bands are present in the northern blots for wildtype infections (see Fig 2B).  If 

they are present, the sgRNA likely masks their signal.   

 

Negative sense northern blots 

The northern blot in Fig. 3B prompted us to more thoroughly test the negative sense 

strands associated with an RCNMV infection.  A northern blot on the total RNA extracted 

from RNA-1 only infected cells was performed.  This northern blot, shown in Fig. 6A, does 

not exhibit any of the unknown bands found in the RNA-1 + RNA-2 infected samples.  Other 

than band intensity, the negative sense northern blot for RNA-1 only infected cells is 

indistinguishable from the positive sense blots, indicating that the extra bands found in Fig. 

3B are in some way related to RNA-2 and/or sgRNA synthesis. 
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To test what negative sense bands are associated with RNA-2 replication total RNAs 

from a wildtype infection were subjected to a northern blot probed with a full-length RNA-2 

(Probe 5, see Fig. 1A) specific for negative sense RNA-2.  As with the RNA-1 negative sense 

probe, Probe 5 hybridized to more than one band, with one species slightly larger than the 

predicted size of full length RNA-2 (Fig. 6B). 

SR1f has been reported to not exist in the negative sense (Iwakawa et al. 2008).  

However, our negative sense northern blot of a wildtype infection clearly showed a fastly 

migrating RNA that appeared to be the size of SR1f (Fig. 3B).  Probe 2, used in that blot, is 

complementary to the entire sgRNA, which includes the CP ORF as well as the SR1f 

sequence.  To test whether the fastly migrating species in Fig. 3B is a negative sense SR1f, 

Probe 4 was synthesized which corresponds only to the CP ORF (Fig. 1A).  When total RNA 

from a wildtype infection was subjected to a northern blot and probed with Probe 4, the 

fastest migrating band disappeared, indicating that this band contains sequences found on 

Probe 2, but not Probe 4.  These sequences include approximately 63 nt upstream of the CP 

ORF and the 3’ UTR of RNA-1 which is 447 nt in length, including the 431 nt SR1f.       

 

Discussion  

 

          The experiments laid out here begin to answer some of the questions regarding the 

temporal regulation of RCNMV replication.  The data presented demonstrates that viral 

replication takes approximately 6-8 hours post cellular entry to reach levels consistently 

detectable by qRT-PCR, although low levels of replication are almost certainly occurring at 
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times prior to qRT-PCR detection.  The time delay from cellular entry to appreciable 

accumulation of viral strands could be due to a number of factors.  First, NT1 protoplasts are 

infected via electroporation, a method of inoculation that may significantly affect the overall 

health of the cell.  It may take the cells a number of hours to fully recover from this treatment, 

and this delay in cellular recovery may affect RCNMV’s ability to replicate due to the overall 

availability and health of cellular ribosomes or other host factors that might be required for 

RCNMV replication.  Secondly, NT1 cells have been derived from N. tabacum, a host which 

RCNMV does not efficiently infect (Ragetli and Elder, 1977).  This was done partly out of 

necessity as the cell lines derived from the host we typically use, Nicotiana benthamiana, are 

not as well established at NT1 cells.  Still, it would be interesting to see if infection of an N. 

benthamiana cell line would result in higher virus titer and an earlier accumulation profile.  

Also important to note is that inoculations were performed with T7 transcript RNA, and not 

virions.  A wildtype infection in which RCNMV virions invade the cell may delay the 

accumulation profile of RNA strands, as it adds the additional step of genome uncoating.  

Testing this possibility would be relatively straightforward and could be undertaken by 

electroporating virions instead of naked RNA and performing side-by-side accumulation 

profile studies. 

 

RNA-1 vs. RNA-2 accumulation 

 The qRT-PCR data reported here suggests that it takes longer for RNA-2 replication 

to begin than RNA-1 replication.  This seems logical, as the proteins encoded for on RNA-1, 

the polymerase subunits, are needed early in infection.  The more RNA-1 replicated initially 
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the more polymerase that will be translated, and thus the more viral replication that can occur.  

What is less clear is how the viral polymerase might select for RNA-1 replication versus 

RNA-2 replication.  It could be as straightforward as simple viral polymerase promoter 

strength, with RNA-1 promoters stronger than RNA-2 promoters.  After a certain period of 

RNA-1 replication and translation of polymerase subunits from RNA-1, an excess of viral 

polymerase may be present, compensating for the weaker promoter found on RNA-2.  Other 

possible explanations include the polymerase requirements of the two strands.  RNA-1 strand 

replication requires the polymerase subunit p88 to be present in cis, while replication of 

RNA-2 strands would involve p88 acting in trans (Okamoto et al., 2008).  Could this 

requirement confer an early replicative advantage to RNA-1?  At this point it is unknown.     

Absolute comparisons between RNA-1 and RNA-2 strand levels does not appear 

possible with the data presented here, as RNA-2 levels appear to be a full 10-fold higher than 

RNA-1 from the very beginning.  Why absolute levels of RNA-2 strands appear to be so 

much higher than levels of RNA-1 at time point 0 is unclear.  An equal mass of each 

transcript (3µg) was added to each infection, but since RNA-2 is smaller than RNA-1 this 

resulted in approximately 2.7 times as many strands of RNA-2 initially inoculated versus 

RNA-1.  This difference in initial inoculation levels cannot account for the ~60-fold 

difference seen in the qRT-PCR results at time 0.  The same RNA samples were used to 

examine RNA-1 positive sense, negative sense, and RNA-2 positive sense RNAs, which 

eliminates the possibility of experimental error at this point in the procedure but leaves a few 

potential explanations for the higher abundance of RNA-2 vs. RNA-1.  First, errors may have 

been made when adding RNA-2 to the inoculum, and while 3µg were intended to be added, 
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perhaps much more was instead added to each inoculum.  This possible experimental error 

would seem unlikely, as all RNA transcripts were quantified side by side on a NanoDrop 

1000 Spectrophotometer (Thermo Scientific, Wilmington, DE, USA) before inoculation.  A 

second possibility is the efficiency of 1° strand cDNA synthesis.  1° strand cDNA synthesis 

protocols were largely standard among all the samples, however different primers were used.  

It is possible that different primer binding efficiencies may have affected 1° strand cDNA 

synthesis, which in turn might have resulted in significantly higher levels of cDNA generated 

with an RNA-2 specific primer as opposed to those used for the RNA-1 samples.  The third 

possible source for this discrepancy in absolute strand levels is related to the qRT-PCR 

primer set and probe, collectively called an assay.  The same assay was used to examine 

accumulations of all RNA-1 wildtype and mutant strands, however a different assay was used 

to examine for the accumulation of the RNA-2 strands.  It’s possible that the source of the 

discrepancy in strands at time 0 is due to the quality of the two different qRT-PCR assay.  

The assay for RNA-2 may simply bind more effectively than that of RNA-1.  Unfortunately, 

this possibility also seems unlikely for a variety of reasons.  All assays were designed for us 

by Applied Biosystems (Branchburg, NJ, USA).  This company specializes in developing 

assays that are predicted to be highly consistent by controlling the size of PCR products and 

the binding efficiencies of the primers and probes.  Indeed, all PCR reactions were performed 

using the same parameters.  Personal communication with technical assistance from Applied 

Biosystems indicated that PCR reaction efficiencies were comparable between RNA-1 and 

RNA-2, and shed no light on why RNA-2 levels are so much higher than RNA-1 levels.    
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RNA-1 negative and positive sense RNA accumulations 

 Interestingly both negative and positive sense viral RNAs are approximately equal up 

until 8 hours post infection.  This equivalency includes an increase in strand presence 

between 6 and 8 hours, but falls off following this increase.  After 8 hours RNA-1 positive 

strands continue to accumulate approximately 10-fold every 2 hours while the negative 

strand accumulation slows down.  It’s not clear why or how the negative strand accumulation 

shows a sharp increase at 6 to 8 hours but then slows down significantly following this 

accumulation.  As suggested earlier this might reflect the relative strengths of the positive 

and negative strand promoters.  Early in infection there might be few available negative 

sense template strands for the polymerase to bind and this could dampen the effect that a 

stronger promoter would play.  However as more negative strands accumulate, the effect of 

preferential binding of the polymerase to the 3’ end of negative sense templates would 

become amplified, leading to a more uneven accumulation of positive sense genomic strands 

to negative sense strands.  

 

RCNMV coat protein has no effect on viral strand accumulation 

 For maximum replication of viral RNA to occur, enough template strands must be 

available for polymerase binding.  Anything that limits this supply of template strands, 

whether it be degradation, localization, or sequestration, should have adverse effects on the 

accumulation of viral genomic RNAs.  One of the most obvious possible modes of 

sequestration of RNA strands involves encapsidation of the genome into virions.  As part of 

the normal viral life cycle, this process is critical to the survival of the virus, however in 
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theory it could have detrimental effects on the virus’s ability to maximize replication.  To 

establish whether encapsidation did indeed have an adverse effect on viral strand 

accumulation, an RNA-1 mutant with the CP start codon deleted was examined for its ability 

to replicate.  Surprisingly, R1CP∆ATG was not found to accumulate to any higher degree 

than wildtype RNA-1.  This data suggests that packaging of the genome does not diminish 

available templates to an appreciable degree in this system, and that template strands persist 

outside of virions at saturation level.  In other words, there is likely a limit as to how much 

viral replication a cell can support at any given time due to any number of cellular limiting 

factors.  The level of viral strands may be so high that even if a sizable portion are packaged 

into virions, the free viral template strands still present exceeds the capacity of the cell to 

produce new viral strands.   

 An alternative explanation would involve a novel role for CP in RCNMV infection.  

CP may have a role in viral infection beyond simple packaging of the genome.  Another virus 

in the same family, Turnip crinkle virus, encodes for a CP that has at least three roles in viral 

infection: as the structural protein for virion formation; as an interactor with the endogenous 

TIP protein, a transcription factor involved in the defense response (Ren et al., 2000; Ren et 

al., 2005); and as a suppressor of RNA silencing (Qu et al., 2003). In addition to its role in 

packaging, the RCNMV CP may have a role in promoting viral replication, perhaps binding 

to an important host factor.  In this scenario, eliminating packaging would indeed free up 

more templates for replication, but enhanced level of template availability is counteracted by 

the loss of a pro-replication role played by CP.  More work will be required to address this 

hypothesis.      
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 Northern blots reveal unexpected RNA bands 

 Initial northern blots probed for the presence of negative sense RNA-1 and sgRNA 

molecules revealed 3 additional RNA bands that were wholly unexpected (Fig. 3B).  The 

lower molecular weight band appeared to be the size of a negative sense SR1f product and is 

labeled as such, however previous reports have indicated that SR1f is not made into a 

negative sense strand (Iwakawa et al., 2008).  It should be noted that the report on SR1f used 

a negative sense probe that encompassed all of RNA-1 and yet failed to identify any negative 

sense bands other than genomic and sgRNA, indicating that our blots are significantly more 

sensitive than those that have been previously published.  Probe 2 in Fig. 3B used for 

detection of negative sense RNA accumulation encompassed the entire sgRNA, essentially 

the 3’UTR and the CP open reading frame.  Probe 4 was generated which is complementary 

to only the CP ORF, eliminating the SR1f sequence found in Probe 2 (see Fig. 1A).  When 

Probe 4 was used for the detection of viral RNAs, the presumed SR1f band disappeared.  

This absence suggests that the fastest migrating band is indeed SR1f, however we cannot rule 

out that the band includes other sequences found in Probe 2 but not Probe 4 (~ 60 nt).  It will 

not be possible to conclusively determine whether this band is indeed a negative sense 

version of SR1f until the probe is reduced to encompass only those sequences found on SR1f.  

A potential for SR1f to be used as a replication template makes sense on two levels.  First, 

SR1f contains all the necessary promoter elements to be a suitable template for viral 

polymerase binding to RNA-1 (Iwakawa et al., 2007).  Second, in the reports that originally 

identified SR1f, it was shown that SR1f could inhibit translation of the viral polymerase 

genes.  In one experiment p27 expression was knocked down 30% in the presence of SR1f 
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delivered in trans.  However, levels of negative sense genomic RNA accumulation were 

knocked down 60% and 80% for RNA-1 and RNA-2, respectively (Iwakawa et al., 2008).  

The disparity between polymerase protein knockdown and viral replication inhibition could 

partially be explained by competition for viral polymerase binding between SR1f and full 

length viral RNA.  The results of this competition, i.e. negative sense SR1f accumulation, 

might explain the presence of the lower, unidentified band on the negative sense northern 

blot. 

While the presumed SR1f negative sense band appears on negative sense northern 

blots for both RNA-1 only infections (Fig. 6A) and RNA-1 + RNA-2 infections (Fig. 3B and 

6C), the other two unexpected bands are found only in RNA-1 + RNA-2 infections (compare 

Fig. 3B and 6C with 6A).  Before electrophoresis, RNAs were heated at 65°C in a loading 

buffer that contains formamide, suggesting that the additional bands are not double-stranded 

intermediates.  Additionally, RNAs were originally extracted with TRIzol® Reagent, 

eliminating the possibility that these bands might represent some sort of packaging effect 

related to CP production.  Perhaps most intriguing is the band found just above the presumed 

negative sense sgRNA.  The intensity of this band is greater than either the presumed sgRNA 

or the full length genomic, indicating that it is highly significant to viral replication, as some 

sort of intermediate.  As these extra bands appear only in the presence of RNA-2, they seem 

to be somehow related to either RNA-2 or sgRNA replication.  To test what negative sense 

RNAs are associated with RNA-2 replication, Probe 5 was used in a wildtype infection 

northern blot.  As with probes for negative sense RNA-1, RNA-2 probes for negative sense 

RNA bound to a full length RNA-2 as well as to a higher molecular weight species (Fig. 6B).  
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As of now it is unclear what these extra bands represent, or their role in viral infection.  They 

may be circularized viral replication intermediates, but more studies will be required to 

identify them. 

 Protoplasts infected with only RNA-1 or R1CP∆ATG had several unknown northern 

blot bands that accumulated (Fig. 5B + C), but in contrast to those in Fig. 3B, these bands 

were in relatively low abundance.  They likely represent replication intermediates, although it 

is interesting that they appear as distinct bands and not simply smears.  These distinct bands 

suggest that a low percentage of viral replication aborts before completion at well defined 

regions in the viral genome.  This premature termination of genome synthesis may occur due 

to secondary RNA structures that destabilize the viral polymerase, causing it to fall off, 

although characterization of these bands will be required before this can be known for certain.       

 

Future studies 

 The data presented here represent some of the first steps in understanding the 

temporal regulation of RCNMV replication and the role that each aspect of the virus plays in 

that regulation.  Several more studies must be carried out before a truly comprehensive 

knowledge set will be available for RCNMV replication.  qRT-PCR data suggest that in the 

absence of RNA-2, RNA-1 accumulates to a higher level, however statistical analyses 

showed that this observed difference is not at a statistically significant level (p-value cutoff 

of 0.05).  All experiments reported here were done in triplicate, if these experiments are 

repeated several more times the statistical analysis will be more powerful and might confirm 

that RNA-1 does replicate to a higher level in the absence of RNA-2.  If these further 
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replicates do prove that RNA-1 accumulates to a higher titer in the absence of RNA-2, it will 

be necessary to examine RCNMV mutants that knockout sgRNA synthesis in the presence of 

RNA-1 and RNA-2.  This would help to distinguish whether the observed higher levels of 

RNA-1 in the absence of RNA-2 is related to the lack of sgRNA synthesis or the lack of 

RNA-2.  

It would also be useful to extend the time points analyzed to include 36 and 48 hours.  

Looking at the cells this far into infection may reveal replication characteristics not observed 

here.  For example, it is conceivable that the lack of strand accumulation differences between 

RNA-1 and R1CP∆ATG observed at 24 hours could change by 36 or 48 hours as more and 

more virions are produced.  In addition, despite the technical challenges involved, protoplasts 

derived from N. benthamiana need to be examined to determine whether there is any change 

in the replication profile of RCNMV in these cells.  While it seems unlikely that RCNMV 

accumulation would follow a different profile, RCNMV might replicate earlier and to a 

higher titer in these cells.  Finally, efforts should be made to assess sgRNA accumulation 

levels using qRT-PCR.  Northern blots indicate that the sgRNA accumulation profile is very 

similar to that of RNA-1, and if possible, qRT-PCR should be used to confirm that. 

Temporal regulation of a viral infection in host cells is critical to the survival of the 

virus.  The data here suggest that for RCNMV the replication of RNA-1 occurs early in the 

viral life cycle, followed very closely by the replication of RNA-2.  Negative strand 

accumulation also occurs very early in the life cycle, but tapers off within 2 hours following 

an initial sharp increase, after which a low level of synthesis occurs.  More work will be 
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required to illuminate all the viral factors involved in the temporal regulation of RCNMV 

replication. 

 

Materials and Methods 

 

Constructs – RNA-1 and RNA-2 constructs were described previously as RC169 and RC2, 

respectively (Sit et al., 1998; Xiong and Lommel, 1991).  R1CP∆ATG, also known as 

JPCPCla, was generated by using the QuikChange® II Site-Directed Mutagenesis Kit 

(Stratagene, La Jolla, CA) with primers CPCla mut(+) 

(5’CAAAGCCCGATAAAATCGATCTTCAAAAGCTCCC3’) and CPCla mut(-) 

(5’GGGAGCTTTTGAAGATCGATTTTATCGGGCTTTG3’).  The generation of pGEM 

p88 has been described previously (Powers et al., 2008a).  pGEM p88.12 is a particular 

isolate in which the T7 promoter is found at the 3’ end of the sequence, leading to the 

synthesis of a minus sense p88 during transcription.  pGEM R2 A/N was generated as 

follows:  RC2 was PCR amplified using the universal M13 -40 forward universal primer and 

the M13 -24 reverse universal primer.  The PCR product was digested with NcoI and AseI, 

and the resulting 1210 bp fragment was isolated using QIAquick® Gel Extraction Kit 

(QIAGEN Sciences, Maryland, USA).  Following isolation, the fragment was ligated into 

pGEM 5Zf(+) (Promega, Madison, WI) and doubly digested with NdeI and NcoI to produce 

pGEM R2 A/N.  sg9 was generated by PCR amplification of RC169 with primers sgT7-

EcoRI/NdeI 

(CTAGAATTCATATGTAATACGACTCACTATAGACAAACGTATTACCTACACACT
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AC) and M13 -40 forward universal primer.  The resulting fragment was digested with 

EcoRI and HindIII and ligated into similarly digested pUC18.  pBSR1 3’(-) was generated by 

digesting both pBS+ and RC169 with SmaI and XbaI.  1500 bp fragment from RC169 digest 

was isolated using QIAquick® Gel Extraction Kit and ligated into the pBS+ backbone to 

generate pBSR1 3’(-).   

Transcriptions – Inoculated transcripts were synthesized using MEGAscript® T7 

transcription kit and treated with TURBO DNase® (Ambion, Inc, Austin, TX, USA) 

according to manufacturer’s protocol.  Following treatment with DNase, transcripts were 

purified using Phenol:Chloroform/Octanol pH 4.3 and precipitated overnight with 3M NaAc 

pH 4.8 and 70% EtOH.    

Protoplast preparation and inoculation – Protoplasts were prepared from NT1 cells for 

inoculation as described previously (Kim and Hemenway, 1997).  Following preparation 

approximately 2 x 106 protoplasts were inoculated with 3µg of each transcript by 

electroporation (350 Volts, 500 µF).  Following electroporation cells were put on ice for 20 

minutes.  Eight different electroporation replicates were pooled then aliquoted into 8 small 

petri dishes.  10ml of NT1 medium supplemented with 0.4M Mannitol was added to each 

petri dish.  Petri dishes were placed in a sealed tupperware container with a moist paper 

towel and incubated at 17°C in the dark.  At 0, 2, 4, 6, 8, 10, 12, and 24 hours cells were 

harvested by placing liquid cell suspension in 14 ml tubes and spinning cells at 600 rpm for 5 

minutes.  All but 1ml of supernatant was removed, and 4µg of RNase A was added to remove 

any transcripts not inside the cells.  Cells with RNase A were incubated for 15 minutes at 
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room temperature after which 2.5ml RNAlater® (Ambion, Inc.) was added.  Cells were 

placed at 4°C until the isolation of RNA. 

RNA isolation – To isolate RNA from infected protoplasts, cells were again spun at 600 rpm 

for 5 minutes to remove supernatant.  Cells were transferred to a 1.5ml tube, centrifuged as 

above to remove remaining supernatant and resuspended in TRIzol® Reagent (Invitrogen, 

Carlsbad, CA, USA).  RNA was extracted from resuspended cells following manufacturer’s 

protocol and resuspended in 100µl dH2O. 

qRT-PCR – TaqMan® assays by Applied Biosystems was used in a two step, absolute 

quantification qRT-PCR to assess accumulation levels of viral RNA strands.  2µg of total 

RNA were subjected to a 1° Strand cDNA synthesis reaction using either StrataScript™ or 

AffinityScript™ (Stratagene, La Jolla, CA, USA).  qPCR was performed on 4 cDNA 

samples based on this original 1° Strand cDNA synthesis, with three replicates per sample.  

The first reaction was 1µl of the original cDNA reaction, the second was a 10-1 dilution of the 

original cDNA reaction, the third was a 10-2 dilution, while the fourth was a negative control 

with no reverse transcriptase added to the cDNA reaction.  The average of the first three 

samples was used to define the amount of viral RNA strands per 2µg of total RNA at that 

particular time point.  Three distinct infections and qRT-PCR reactions were performed for 

each inoculum variation and time point.  The standard curve for positive sense RNA-1 

studies was generated from RC169 transcripts, the standard curve for negative sense RNA-1 

studies was generated from pGEM p88.12 transcripts, while the standard curve for positive 

sense RNA-2 studies was generated from RC2 transcripts.  Each qRT-PCR reaction 

contained 12.5µl of 2X TaqMan® Universal PCR Master Mix, No AmpErase® UNG 
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(Applied Biosystems) and TaqMan® custom probe designed by Applied Biosystems.  For 

RNA-1 studies the forward primer was TCACAAGGGTCAAATTCTCAAATCCT, the 

reverse primer was TGCTGCTTTTTGGTATAACTTCCTCTT, and the probe sequence was 

ACACGCCACAACATC.  For RNA-2 studies the forward primer was 

CGCGTCTGATTGAGTTGGAAGTA, the reverse primer 

CTGCCTTGATGCTCGACAGTA, and the probe ACGTCCGCTGATAACC.   

Northern blots – Northerns were carried out essentially as described previously (Powers et 

al., 2008b).  1µg total RNA was run on a 1% TBE agarose gel, transferred to Brightstar® -

Plus Nylon Membrane (Ambion), and probed as indicated.  Probes were synthesized using 

MAXIscript® T7 transcription kit (Ambion) supplemented with α-32P CTP (800 Ci/mmol).  

Probe 1 was pBSR1 3’(-), Probe 2 was sg9 and the positive sense RNA-2 probe, called Probe 

3 was pGEM R2 A/N.  Transcription reactants were incubated for 15 minutes at 37°C for 15 

minutes, heated at 100°C for 3 minutes then chilled on ice for 3 minutes, and then added to 

the membrane.  Membranes were exposed to Bio-Rad Phospho-Imaging Screen K for 3 hours 

(Negative sense northerns) or 20 minutes (all other northerns) and developed on Bio-Rad 

Molecular Imager FX.                              
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Table 1 – Summary of RNA Strand Accumulation Profilesa 

aAll measurements were performed on 2μg of total RNA, each experiment was performed in triplicate 

Infection Strand  Time points
   0 2 4 6 8 10 12 24 
RNA-1 + RNA-2 
 Strands 1.30E

+07 
5.28E
+06 

2.02E
+07 

2.12E
+07 

2.25E
+08 

1.06E
+09 

1.71E
+10 

8.79E
+10 

 RNA-1 (+) Std. 
Error 

7.38E
+06 

2.01E
+06 

9.02E
+06 

6.28E
+06 

1.78E
+08 

7.55E
+08 

1.45E
+10 

6.99E
+10 

 Strands 8.05E
+08 

1.07E
+09 

1.61E
+09 

1.27E
+09 

2.89E
+09 

1.95E
+10 

5.78E
+10 

4.54E
+11 

 RNA-2 (+) Std. 
Error 

3.03E
+08 

4.67E
+08 

5.60E
+08 

3.59E
+08 

1.28E
+09 

1.47E
+10 

4.18E
+10 

1.11E
+11 

 Strands 6.33E
+06 

1.33E
+07 

1.32E
+07 

9.58E
+06 

1.07E
+08 

2.09E
+08 

5.28E
+08 

6.85E
+09 

 RNA-1 (-) Std. 
Error 

1.95E
+06 

7.16E
+06 

3.15E
+06 

2.16E
+06 

8.31E
+07 

1.67E
+08 

2.11E
+08 

2.19E
+09 

RNA-1 
 Strands 1.46E

+07 
1.50E
+07 

1.92E
+07 

2.83E
+07 

2.40E
+08 

2.63E
+09 

1.49E
+10 

1.35E
+11 

 RNA-1 (+) Std. 
Error 

6.55E
+06 

7.25E
+06 

9.79E
+06 

2.16E
+07 

2.27E
+08 

1.61E
+09 

8.97E
+09 

3.18E
+10 

R1CP∆ATG + RNA-2 
 Strands 1.16E

+07 
1.32E
+07 

1.21E
+07 

2.14E
+07 

2.48E
+08 

1.28E
+09 

8.07E
+09 

7.42E
+10 

 
R1CP∆ATG 

(+) Std. 
Error 

3.97E
+06 

6.99E
+06 

3.69E
+06 

8.62E
+06 

1.28E
+08 

6.83E
+08 

4.32E
+09 

1.10E
+10 

R1CP∆ATG 
 Strands 5.53E

+07 
3.39E
+07 

3.56E
+07 

4.01E
+07 

6.12E
+08 

7.03E
+09 

2.25E
+10 

1.19E
+11 

 
R1CP∆ATG 

(+) Std. 
Error 

3.21E
+07 

1.37E
+07 

2.09E
+07 

1.57E
+07 

3.46E
+08 

3.52E
+09 

1.38E
+10 

3.58E
+10 
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Figure 1 – Genome Organization and Replication Strategy of RCNMV.  A. Both genomic 

RNAs are depicted as well as the CP subgenomic (sg)RNA and SR1f.  p88 is expressed as a -
1 ribosomal frameshift (FS).  Arrow indicates start site of CP sgRNA.  Site of RNA-1:RNA-

2 interaction labeled as TABS and TA, respectively.  Location of Northern blot probes 
indicated.  B. Genomic strand replication strategy for RCNMV.  Polymerase proteins p27 
and p88 form a replication complex that binds to the 3’ end of the positive sense genomic 

strands and synthesizes negative sense viral RNA templates.  Replication complex then binds 
to 3’ end of the negative sense RNA to synthesize new genomic viral RNAs.  C. sgRNA 
synthesis is believed to occur through premature termination of negative sense RNA-1 
replication.  Replication complex binds to 3’ end of positive sense RNA-1 and begins 

synthesis of negative sense RNA-1.  Upon encountering an RNA-1:RNA-2 interaction the 
replication complex falls off releasing negative sense CP sgRNA which can be used as a 

template for positive sense CP sgRNA synthesis. 
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Figure 2 – Viral RNA strand accumulation of RNA-1 and RNA-2 during wildtype infection.  
Protoplasts were infected and RNA was isolated from cells at indicated time points.  A. 2µg 
of total RNA was subjected a qRT-PCR reaction probing for indicated viral genomic RNA 

strand accumulation.  B. 1µg of total RNA was electrophoresed, transferred to a nylon 
membrane and probed with Probe 1 (See Fig. 1A), Control lane (C) loaded with RC169 and 

sg9 transcripts.  C. Northern blot as in B probed with Probe 3 (See Fig 1A).  Control lane (C) 
loaded with RC2 transcripts. 
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Figure 3 – Negative sense RNA-1 accumulation during wildtype infection.  Protoplasts were 
infected and RNA was isolated from cells at indicated time points.  A. 2µg of total RNA was 
subjected to a qRT-PCR reaction probing for indicated viral genomic or negative sense RNA 

strand accumulation.  B. 1µg of total RNA was electrophoresed, transferred to a nylon 
membrane and probed with Probe 2 (See Fig. 1A).  Control lane (C) loaded with pBSR1 3’(-) 

transcripts (~1500nt).  Presumed RNA-1, sgRNA, and SR1f negative sense labeled.  * - 
bands of unknown origin. 
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Figure 4 – CP effect on RNA-1 accumulation.  Protoplasts were infected with R1CP∆ATG + 
RNA-2 or RNA-1 + RNA-2.  RNA was isolated from cells at indicated time points.  A. 2µg 

of total RNA was subjected to a qRT-PCR reaction probing for indicated viral genomic RNA 
strand accumulation.  B. 1µg of total RNA from R1CP∆ATG + RNA-2 infection was 

electrophoresed, transferred to a nylon membrane and probed with Probe 1 (See Fig. 1A).  
Control lane (C) loaded with RC169 and sg9 transcripts.   
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Figure 5 – RNA-1 accumulation in the absence of RNA-2.  A. 2µg of total RNA extracted 
from indicated infections were subjected to a qRT-PCR reaction probing for RNA-1, and 

results were plotted on the graph as indicated.  B. 1µg of total RNA from RNA-1 only 
infection was electrophoresed, transferred to a nylon membrane and probed with Probe 1 (see 

Fig. 1A).  Control lane (C) loaded with RC169 and sg9 transcripts.  C. 1µg of total RNA 
from R1CP∆ATG only infection was electrophoresed, transferred and probed as in B.  D. 

1µg of total RNA from RNA-1 only infection was electrophoresed and transferred exactly as 
in B but was probed with Probe 2 (see Fig. 1A) for negative sense viral RNA accumulation.  

Presumed full length negative sense RNA-1 and SR1f are labeled as well as sgRNA size 
marker.  
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Figure 6 – Negative sense northern blots.  A. 1µg of total RNA from RNA-1 only infection 
was electrophoresed, transferred to a nylon membrane and probed with Probe 2 (see Fig. 1A).  
Control lane (C) loaded with sg9 transcripts. Presumed full length negative sense RNA-1 and 
SR1f are labeled as well as sgRNA size marker.  B. 1µg of total RNA from RNA-1 + RNA-2 

infection was electrophoresed, transferred and probed with Probe 5 (see Fig. 1A).  The 
control lane was loaded with pGEM R2 A/N transcripts.  Presumed location of RNA-2 is 

labeled.  C. 1µg of total RNA from RNA-1 + RNA-2 infection was electrophoresed, 
transferred, and probed with Probe 4.  Full length negative sense RNA-1 and sgRNA size 

markers are labelled.  
 


