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ABSTRACT 

In this study. Red clover necrotic mosaic vims (RCNMV) was used to better 

understand the functions of replication proteins and to identify the terminal promoter 

element involved in viral replication. RCNMV genome contains two positive-sense, 

single-stranded RNAs. RNA-l encodes two proteins essential for viral replication: p27 

and p88. p88 is a fusion protein containing p27 at its N terminus and RNA dependent 

RNA polymerase motifs at its C-terminal domain. The function of p27 is not known. In 

this work, studies of RNA-l chimerical clones between a highly infectious clone and a 

poorly infectious clone and subsequent mutagenesis demonstrated that the N-terminal 14 

amino acids of p27 and p88 were required for efficient RNA replication. Sequence 

analysis indicated that it is possibly involved in membrane interaction. 

Another important aspect of viral replication is template recognition by the replicase 

at the 3' promoter. The 3'-29 nucleotides of both RCNMV RNA-l and RNA-2 can be 

predicted to form an identical stem-loop structure (SLS). Mutational analysis of the SLS 

indicated that both the structure and the loop sequence were required for viral replication. 

Within the 5-nt loop region, three discontinuous nucleotides were identified as critical 

nucleotides for RNA-replicase interaction. The functional groups in these key nucleotides 

involved in replicase recognition are predicted. 

The 3' promoter element of RCNMV not only affects viral RNA replication but also 

influences transgenic recombination. RCNMV RNA-2 encodes a movement protein (MP) 

that is required for viral cell-to-cell movement and systemic infection. Transgenic 

Nicotiana benthamiana plants expressing different versions of MP mRNA neither 
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resisted RCNMV nor complemented RNA-l infection. However, systemic infection was 

observed in transgenic lines expressing 5' truncated MP mRNA when only RNA-l was 

inoculated. Further analysis showed that the infection was resulted from nonhomologous 

RNA recombination events between infecting RNA-l and MP transgene mRNA. A 

replicase-mediated template switch model of the transgenic recombination was proposed. 

The presence of the 3' promoter element in the transgene mRNA thus was a major factor 

determining transgenic recombination frequencies. As predicted from the model, 

transgene mRNA lacking the 3' promoter element would not be a good donor RNA for 

transgenic recombination. Consequently, no transgenic recombination was detected in 

transgenic plants expressing the 3' truncated MP mRNA upon inoculation with RCNMV 

RNA-l. 
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CHAPTER 1. 

Current Research Status of the Molecular Biology of Red Clover 

Necrotic Mosaic Virus and Other Related Viruses 

Red clover necrotic mosaic virus (RCNMV) is a member of Dianthovinis genus 

(Murphy et al., 1995). It is characterized by a bipartite genome composed of positive-

sense, single-stranded RNA-1 of 4 kb and RNA-2 of 1.5 kb. Most physical and biological 

properties of this virus were studied during the 70's and 80's (reviewed by Hiruki, 1987). 

Since the elucidation of the complete nucleotide sequence and genome organization of 

RNA-1 and RNA-2 in late 80's (Lommel el al., 1988; Xiong and Lommel, 1989), and the 

availability of infectious full-length cDNA clones (Xiong and Lommel, 1991), RCNMV 

has been developed as a model system to study at a molecular level viral movement and 

replication in the last decade. A review of the current knowledge about RCNMV as well 

as viral RNA replication and recombination is presented. 

1.1. RED CLOVER NECROTIC MOSAIC VIRUS 

/ . / . / .  Phys ica l  and  b io log ica l  charac ters  

RCNMV has a 28-32 ran icosahedral virion composed of 180 copies of the 37 kd 

capsid protein. Each virion contains both genomic RNA-1 and -2 (Murphy et al., 1995). 

Since the first report that RCTNMV infected red clover {Trifolium pratense) in 
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Czechoslovakia in 1969, different isolates have been reported from Czechoslovakia, 

Canada, England, Australia, Sweden, New Zealand, Ireland, and Poland (Hiruki, 1987). 

In nature, it was found in red clover, sweet clover, white clover, and alfalfa. Although it 

is not known how the virus is transmitted naturally, RCNMV can be transmitted 

mechanically by sap inoculation in laboratories. The host range of RCNMV includes 

Nicotiana benthamiana, N. clevelandii, cowpea, and red kidney bean. The infection 

typically causes chlorotic and necrotic spots on the infected leaves, necrotic mosaics and 

deformation on the young systemic leaves, and plant stunting (Hiruki, 1987). 

1.1.2. Viurs infection cycle (Figure 1.1) 

Plant virus can infect host plant and single cell infection can result in systemic 

infection of whole plant. As shown in figure 1.1, after entering into plant cell, virus 

disassemblies to remove the coat protein. Early genes such as genes encoding for 

replication proteins are expressed from the exposed viral RNA. These viral replication 

proteins and host proteins form a replicase complex that recognizes and catalyze the viral 

genomic RNA replication. A single genomic RNA can be amplified to millions in a 

single infected cell by genome replication. The progeny viral RNA can be either directly 

moved to neighboring cells by the function of viral movement protein expressed from 

viral genomic RNA as late gene product, or encapsidated by coat protein into virions that 

are moved to adjacent cells. Eventually, the virus can move long distantly to whole plant 

and cause systemic infection. 
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Figure 1.1 Diagram of virus infection cycle. In order to infect plant, virus must be able 
to enter into host cell and remove the coat protein. The exposed viral genomic RNA is 
replicated by the repHcase complex composed of host proteins and viral replication 
proteins. The amplified viral progeny RNA is either directly moved to neighboring 
cells or encapsidated by coat proteins and then moved to neighboring cells via 
plasmodesmata. Eventually, the virus is moved systemically to whole plant via 
vascular system. 
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1.1.2. Genome organization (Figure 1.2) 

RCNMV contains two positive-sense, single-stranded genomic RNAs with 5' m-

^GpppA cap (Xiong and Lonmiel, 1989; Xiong et ai, 1993a). RNA-l of 3889 nucleotides 

in length contains three large open reading frames (ORFs) encoding for a 27 kd 

polypeptide (p27), a 57 kd polypeptide (p57), and a 37 kd capsid protein (CP) from the 5' 

end to the 3' end (Figure 1.2). In addition, a p27-p57 fusion protein, p88 RNA dependent 

RNA polymerase (RdRp), is produced (Xiong et ai, 1993b). RNA-2 contains a single 

ORF encoding for a 35 kd movement protein (MP) (Lommel et ai, 1988). 

RCNMV is most closely related to other two dianthoviruses. Sweet clover necrotic 

mosaic virus (SCNMV) (Ge et ai, 1993) and Carnation ringspot virus (CRSV) (Ryabov 

et al., 1994). In addition to dianthoviruses, p88 RNA RdRp of RCNMV shows significant 

amino acid similarity to homologues from Carmovirus (Guilley et ai. 1985; Weng and 

Xiong, 1997; Carrington et ai. 1989), Tombusvirus, Luteovirus (Miller et ai, 1988), 

Necrovirus, and Maize chlorotic mottle virus (MCMV) (Nutter et al., 1989). Phylogeny 

of RdRp of positive-stranded RNA viruses reveals three supergroups (Koonin, 1991). 

RCNMV RdRp was placed in supergroup 11 composed of Carmovirus, Tombusvirus, 

Dianthovinis, Pestivirus, Flavirus, a subset of Luteovirus (BYDV), and single-stranded 

RNA bacteriophages. The amino acid sequence of 37 kD CP of RCNMV also shares high 

similarity to those of other small icosahedral RNA viruses. Multiple alignments of the 

shell (S) domains of the CP of small icosahedral RNA plant viruses generated three 

groups (Dolja and Koonin, 1991). RCNMV CP is among the group I containing 
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RCNMV Genome Organization 
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Figure 1.2 Schematic representation of RCNMV genome organization. RNA-l and 
RNA-2 are depicted as solid lines with ORFs identified as open boxes. Numbers above or 
below ORFs identify the positions of ORF initiation and termination codons. The 
ribosomal frameshifting region in the RNA-1 is marked as a hatched box. Predicted and 
observed protein products are represented by black boxes. Known functions of RCNMV 
proteins are described below each protein. 
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Carmovirus, Tombusvirus, and Dianthovirus. Amino acid sequence of 35 kD MP is 

highly conserved within Dianthovirus, but is less homologous to other viruses. 

Interestingly, RCNMV MP exhibited a considerable degree of homology with the MP 

from Furovints, a group of rod shaped, fungus-transmitted viruses. Phylogenic analysis 

of plant RNA and DNA viruses identify two families of MP (Koonin el al., 1991). 

RCNMV MP belongs to family II consisting of Bromovirus, Cucumovirus, Alfamovinis, 

Dianthoviruses, and Tobacco streak virus (TSV). 

In addition to the coding region, RNA-1 and -2 contain two terminal noncoding 

regions (Xiong and Lommel, 1989; Lommel et ai. 1988). The 5' terminal noncoding 

regions of RNA-1 (122 bases) and RNA-2 (79 bases) form no potential secondary 

structure, and share no homology with each other except the first six nucleotides 

(ACAAAC) at the 5' termini. Secondary structure analysis of the 3' noncoding region of 

RNA-1 (445-nucleotide) and RNA-2 (417 nucleotide) revealed non-tRNA like secondary 

structures. Alignment of this region identified a homologous region composed of the 3' 

terminal 29 nucleotides which is predicted to form nearly identical, highly stable stem-

loops and is required for minus strand RNA synthesis (Turner and Buck, 1999) (details 

see 1.1.5 section). 

1.1.3. Gene expression strategies 

Multigenic RNA plant viruses have developed several different mechanisms to 

translate their polycistronic genome. These mechanisms include: (1) genome 

segmentation, (2) terminator readthrough, (3) ribosomal firameshifling, (4) subgenomic 
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RNA synthesis, (5) proteolytic processing, and (6) overlapping open reading frames 

(Xiong, 1988). RCNMV employs genome segmentation strategy to express the MP from 

the monocistronic RNA-2, ribosomal frameshifting to control the production of p88 

fusion protein of RNA polymerase from polycistronic RNA-l, and subgenomic RNA 

synthesis to translate the CP gene located at the 3' terminus of RNA-l. 

Ribosomal frameshifting 

This mechanism was first reported to express the gag-pol fusion protein in 

retroviruses (Jacks and Varmus, 1985; Varmus, 1988). It is also involved in the 

expression of viral RNA polymerase in plant viruses, such as Barley yellow dwarf virus 

(BYDV) (Brault and Miller, 1992) and Potato leaf roll virus (PLRV) (Prufer et ai, 

1992). Two RNA sequence elements are required for the -1 ribosomal frameshifting to 

occur (Jack et al., 1988a). One element is the specific 7-nucleotide sequence 

(heptanucleotide) where the ribosomal shifting occurs. Different heptanucleotides can be 

generalized as sequences X XXY YYZ (triplets represent codons from the original frame; 

X = A, G, or U; Y = A or U; Z = A, C, or U). The second element is an RNA stem-loop 

structure downstream of the heptanucleotide. A slippage model was proposed in which 

the stable downstream secondary structure slows or stalls ribosome migration, resulting 

in increased probability of tRNA slippage at the shifty hepatanucleotide (Jacks et ai. 

1988a). 

In RCNMV, the existence of p88 as a p27-p57 fusion protein was suggested by its 

immunoprecipitation with antibodies against either p27 or p57 (Xiong et ai. 1993b). In 
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vitro and in vivo studies of mutant clones confirmed that this p88 RNA polymerase was 

indeed expressed through a -1 ribosomal frameshifting event (Xiong et al., 1993b; Kim 

and Lommel, 1994). In accordance with the -1 slippage model (Jacks et ai., 1988a), a 

shifty heptanucleotide (G GAU UUU) was identified in RNA-1 immediately 5' to the 

amber termination codon of the p27 ORP (Xiong et ai, 1993b). Replacing RCNMV 

shifty heptanucleotide with those from a number of animal retroviruses and RNA plant 

viruses was able to support RC!NMV frameshifting in vitro (Kim and Lonunel, 1994). 

However, only a limited number of the heterologous shifty heptanucleotides were 

functional in plant cells. It was suggested that specific shifty tRNA populations in the cell 

facilitate viral -1 ribosomal frameshifting. In addition to the heptanucleotide, a stable 

stem-loop secondary structure downstream the heptanucleotide sequence was predicted 

(Xiong et ai. 1993b). Further mutation analysis of other sequence features adjacent to the 

heptanucleotide indicated that p27 stop codon and p57 start codon are not required for 

frameshifting (Kim and Lonunel, 1994). 

Subgenomic RNA (sgRNA) synthesis 

Although accumulated to a very low level, the 1.5 kb sgRNA was detected in cowpea 

protoplasts inoculated with RNA-1 only (Osman and Buck, 1987). A 1.5 kb double-

stranded (ds) RNA homologous to the 3' terminus of RNA-1, in addition to 4 kb and 1.5 

kb dsRNAs of genomic RNA-1 and RNA-2, was detected consistently from RCNMV 

infected plant tissue (Osman and Buck, 1990). The 5' terminus of the sgRNA was 

mapped by RNA sequencing of the purified dsRNA to an adenosine residue 
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corresponding to RNA-1 nucleotide 2365 (Zavriev et aL. 1996). The CP sgRNA was 

1525 nucleotides in length with a 62-nucleotide 5' leader sequence upstream of the CP 

OEIF (Zavriev et ai, 1996). The 62-nucleotide 5' leader sequence contains a 14-

nucleotide promoter sequence homologous to the RNA-1 5' terminus and sequences 

highly similar to the 5' leader translational enhancer element Q identified in Tobacco 

mosaic virus (TMV) (Gallie et ai, 1997, 1998; Zavriev et ai, 1996). 

The synthesis of CP sgRNA from RNA-1 required RNA-2 sequence (Vaewhongs and 

Lommel, 1995). RNA-1 alone can produce local lesion in the inoculated leaves of 

transgenic N. benthamiana plants expressing RCNMV MP. However, CP synthesis is 

observed only when RNA-I is co-inoculated with wild-type RNA-2 or mutant RNA-2 

that is incapable of MP synthesis. A 34-nucleotide trans-activator in RNA-2 MP coding 

region at nucleotide positions 756-789 is required to transactivate the synthesis of CP 

SgRNA. This trans-activator is predicted to form a stem-loop structure and functions via 

base-pairing between its 8-nt loop sequence with the promoter of CP subgenomic RNA 

(Sit et aL 1998). 

LI .4 .  V ira l  movement  

There are two types of viral movement in host plants. While the cell-to-cell 

movement through plasmodesmata (plasma membrane-lined cylindrical pores that 

traverse the cell wall) allows viruses to migrate from originally infected cell to the 

adjacent cells, long-distance movement through vascular system permits viruses to move 
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rapidly from inoculated leaves to uninoculated leaves and eventually throughout the 

entire plant. 

The role of RCNMV CP in viral cell-to-cell and systemic movement has been studied 

by mutational analysis (Xiong et ai. 1993a). All CP mutants including the deletion of the 

entire CP gene do not affect RNA replication and symptom production in the inoculated 

leaves, suggesting that it is not required for cell-to-cell movement. Mutations deleting up 

to 16 amino acids of CP N-terminus affect neither CP production, virion assembly nor 

wild-type infection, whereas internal and C-terminal deletions prevent CP expression, 

virion formation and wild-type systemic infection, suggesting a positive relation between 

CP expression, virion formation and long distance movement. Moreover, when 

inoculated onto the MP-expressing transgenic plants, RNA-1 is able to move from cell-

to-cell at a rate similar to wild-type virus, but cannot move from leaf-to-leaf (Vaewhongs 

and Lommel, 1995). Neither CP nor virions was detected in the inoculated leaves. 

However, when RNA-1 was coinoculated with RNA-2 mutants, which do not express a 

functional MP but still contains the 34-nucleotide trans-activator for CP sgRNA synthesis 

(Sit and Lommel, 1998), CP and virions were detected and a systemic infection were 

resulted (Vaewhongs and Lommel, 1995). Taken together, these data demonstrated that 

CP production and virion formation are not required for cell-to-cell movement but 

required for long-distance movement of RCNMV. It was hypothesized that virions 

protect the viral genome from nuclease activity present in the vascular fluid or/and that 

interaction between virion-forming CP and a host factor is required for RCNMV to enter 

the vascular system (Cookmeyer et al., 1994). 
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RCNMV RNA-1 alone is able to replicate in single plant cells, but is restricted to the 

originally infected cell, indicating that p35 MP expressed from RNA-2 is required for 

cell-to-cell movement. Wild-type MP of RCNMV is able to bind to single-stranded 

nucleic acids (RNA or DNA) in vitro in a cooperative and sequence non-specific manner 

(Osman et ai, 1992). To identify the functions that are associated with RCNMV MP, 12 

MP mutants were generated by alanine-scanning site-directed mutagenesis, in which 

clusters of two or three charged residues dispersed throughout the protein were changed 

to alanines (Giesman-Cookmeyer and Lommel, 1993). All 12 mutants were asssayed for 

RNA binding in vitro by gel shift assay and for their ability to potentiate RCNMV cell-

to-cell movement in vivo by infectivity analysis. Mutant proteins 204, 242, and 280 

bound RNA in vitro less efficiently than wild type but still facilitated cell-to-cell 

movement and systemic infection. Mutants 27-31 and 305 bound RNA at only 20% of 

the wild-type level and lost cooperative binding, but still were able to move from cell-to-

cell and leaf-to-leaf. Mutant 278 has wild-type level and cooperative in vitro RNA 

binding properties, but was incapable of potentiating in vivo cell-to-cell movement and 

systemic infection. These results suggested three functional domains associated with 

RCNMV MP: an RNA binding domain, a cooperative RNA binding domain, and a third 

domain required for cell-to-cell movement in vivo. These data also indicated that only 

limited RNA binding is necessary and that cooperative binding is not required for cell-to-

cell movement. 

By using the combination of fluorescently labeled macromolecules and electron 

microscopy, Wang et aL (1998) provided direct evidences to show that RCNMV MP can 
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potentiate the ceil-to-cell trafficking of RCNMV RNAs through plasmodesmata in plants. 

Plasmodesmata normally have a size exclusion limit (SEL) of 0.8 to I kd (2.5 nm in 

diameter), which restricts the transport to only small molecules such as metabolites, 

irons, and hormones (Fujiwara et ai, 1993). The fluorescently labeled 35 kd RCNMV 

MP, when directly microinjected into mesophyll cells of a cowpea leaf, moved rapidly 

from cell-to-cell (Fujiwara et aL, 1993). When this MP was coinjected into mesophyll 

cells of a cowpea leaf, a 9.4 kd fluorescein-conjugated dextran (F-dextran) spread into the 

neighboring and more distant cells (Fujiwara et ai, 1993). The data suggested that 

RCNMV MP interacts with plasmodesmata to increase the SEL to 10-fold higher than the 

normal size in a manner analogous to that of TMV MP expressed in transgenic tobacco 

plants (Wolf et ai. 1989). This MP was able to potentiate the cell-to-cell trafficking of 

fluorescently labeled RCNMV RNAs, but not the single-stranded or double-stranded 

DNA derived from infectious cDNA clones of RCNMV. The ability to differentially 

traffic RNA and DNA indicated that trafficking of nucleic acids through plasmadesmata 

mediated by RCNMV MP is a selective process. Twelve alanine-scanning mutants were 

tested for the capability of inducing the plasmodesmatal SEL increase and potentiating 

cell-to-cell trafficking of RCNMV RNAs. All of the mutants that failed to increase SEL 

did not support cell-to-cell trafficking of RCNMV RNAs in vitro and virus infection in 

host plant, whereas all of the mutants that elicited an increase in SEL also potentiated 

RCNMV cell-to-cell movement except mutant 280. Mutant 280, which did not potentiate 

RNA cell-to-cell trafficking and viral infection, did potentiate an increase of 

plasmodesmal SEL. These data demonstrated that an increase in the plasmodesmal SEL 



is necessary, but not sufficient, for RNA cell-to-cell trafficking and that RCNMV moves 

from cell to cell as ribonucleoprotein complex (RNA-MP). Interestingly, electron 

microscopic studies showed that although the RCNMV MP bound to and potentiated 

trafficking of RCNMV RNAs, it did not unfold and extend these molecules in vitro, a 

phenotype observed for TMV MP. Unfolding of RCNMV RNAs is perhaps not necessary 

for their cell-to-cell movement via plasmodesmata. Alternatively, if unfolding of 

RCNMV RNAs is a prerequisite for plasmodesmal trafficking, it may involve the 

participation of host factors. 

Because cell-to-cell movement is a prerequisite for systemic infection, it has been 

difficult to determine what role(s), if any, viral MPs may play in long-distance transport 

that are distinct firom those associated with cell-to-cell movement. Plasmodesmata 

connections between different types of plant cells (tissues) are not necessary equivalent 

and, consequently, the requirements for cell-to-cell movement may not be common 

across all cell types (Ding et ai, 1992; Ghoshroy et al.. 1997; Gilbertson and Lucas, 

1996). Wang et al. (1998) hypothesized that viral MPs possessed separate functional 

motifs essential for cell-to-cell movement of the viral genome across specific tissue 

barriers. In N. benthamiana, all 6 alanine scanning mutants (27-31, 204, 242, 301, 305, 

and double mutant 27-31/305), which were capable of potentiating cell-to-cell trafficking 

of RCNMV RNAs and inducing viral infection in the inoculated leaves, can also cause 

systemic infection (Giesman-Cookmeyer and Lonmiel, 1993; Fujiwara et ai. 1993). 

However, these same mutants produced more interesting phenotypes in N. edwardsonii 

and cowpea. In N. edwardsonii, all 6 MP mutants can move cell-to-cell and cause 
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infections on inoculated leaves, but mutants 27-31, 204, and 27-31/305 did not induce 

systemic mfection and mutant 305 induced systemic infections of only 25% of the 

inoculated plants. In cowpea plants mutants 27-31, 305, and 27-31/305 did not induce 

systemic infection and mutant 204 caused systemic infection of only 13% of the 

inoculated plants. These data demonstrated that mutations in the RCNMV MP could 

restrict viral movement to the inoculated leaves in two systemic hosts, N. edwardsonii 

and cowpea. Cellular distribution of RCNMV within the inoculated leaves and the upper 

leaves of the inoculated N. edwardsonii and cowpea were examined under the light and 

electron microscope. Immunolocalization using a polyclonal antibody against the 

RCNMV CP revealed one cellular boundary at which the RCNMV MP functions to 

facilitate entry into the phloem long-distance transport system. This boundary is located 

at the interfaces between the bimdle sheath and phloem parenchyma cells and the 

companion cell-sieve element (CC-SE) complex (Wang et al.. 1998). Interestingly, in a 

local infection host plant of RCNMV, N. tabacitm, the cell-to-cell movement of RCNMV 

was blocked at this same intercellular boundary. Together, these data demonstrated that 

RCNMV MP played a role in long-distance transport in a host-specific manner, which 

was distinct from its role in cell-to-cell movement. Since RCNMV CP was also required 

for systemic infection (Xiong et al., 1993a), Wang et al. (1998) speculated that RCNMV 

CP might act at the same cellular location to facilitate long-distance transport. They 

fiirther hypothesized that RCNMV MP and CP function in a host-specific manner to 

potentiate the trafficking of the infectious agent from either the bundle sheath or phloem 



parenchyma cells into the CC-SE complex, and that further entry of RCNMV into the 

phloem translocation stream may require additional host and /or viral factors. 

1.1.5. Viral replication 

RCNMV RNA-1 encodes three functional proteins of p27 and p88 polymerase 

subumts, and p37 CP. RNA-2 encodes a single p35 MP. Genetic evidence suggested that 

p27 and p88 are the only two viral proteins needed for RNA replication, although 

expression of all four proteins is required for wild type infection in systemic host plants 

(Cookmeyer et ai, 1994). RNA-1 alone is able to replicate in protoplasts, indicating that 

MP encoded in RNA-2 is dispensable for RNA replication (Osman and Buck, 1987; Paje-

Manalo and Lommel, 1989). A CP deletion mutant can cause infection in the inoculated 

leaves of N. benthamiana when co-inoculated with wild type RNA-2, suggesting that CP 

is also not required for RNA replication (Xiong et ai, 1993a). Changing the initiation 

codon of p57 ORF to an aspartate codon precluded p57 synthesis in vitro, but did not 

affect the infectivity (Kim and Lommel, 1994), suggesting that p57 was not required for 

wild type virus infection and that p57 ORF might only be needed for the production of 

p88. Although the mutations that abolish the p27 termination codon did not affect the 

synthesis of p88 fusion protein, their infectivity were lost (Kim and Lommel, 1994), 

demonstrating that p27 protein, in addition to p88, is required for RNA synthesis. 

An RNA-dependent RNA polymerase (RdRp) complex was isolated firom RCNMV 

infected N. clevelandii plants and characterized (Bates et ai, 1995). It was membrane-

associated and template-bound. RdRp preparations contained viral p27 and p88 proteins 



along with several minor proteins of possible host origin. The polymerase became 

template-dependent and template-specific after endogenous EINA was removed by 

micrococcal nuclease treatment. It was able to utilize RCNMV RNAs as templates, but 

not RNAs of three viruses in different taxonomic groups. Cucumber mosaic cuciimovirus 

(CMV), Tomato bushy stunt tombusvirus (TBSV), and Tomato mosaic tobamovirus 

(TMV). The products of the in vitro RNA polymerase reactions were full-length double-

stranded RNAs corresponding to RNA-1 and -2, indicating that the RNA polymerase 

preparation lacks a factor(s), possibly a helicase that is required for the synthesis of the 

single-stranded, positive-sense, progeny RNA. A helicase domain was absent in the 

RdRP of RCNMV and other viruses in the supergroup II (Koonin, 1991; Koonin and 

Dolja, 1993). Alternatively, the purified RNA polymerase might contain an inhibitor (s) 

for the synthesis of positive-stranded RNA. Moreover, RNA synthesis by RdRp in vitro 

was completely inhibited by antibodies to a peptide containing the GDD motif that is 

conserved in all RdRps, whereas the activity of the template-bound polymerase was not 

affected by these antibodies. It was hypothesized that binding of these antibodies to the 

GDD region may interfere with the binding of the template to the catalytically active site 

of the polymerase (Bates et al., 1995). 

The roles of the 3' and 5' untranslated region (UTR) in RNA replication were 

recently reported (Turner and Buck, 1999). Since all the proteins required for RNA 

replication are encoded in RNA-1, mutations were incorporated in RNA-2 without 

affecting the production of replication proteins. The mutant RNA-2 was co-inoculated 

with wild type RNA-1 into N. clevelandii protoplasts. The replication and accumulation 



of RNA-2 were detected by northern blot or by reveres transcription PGR (RT-PCR). 

Like many other positive RNA viruses, the 3' noncoding regions of RCNMV RNA-l and 

-2 are predicted to form a cluster of stem-loop secondary structures. The 3' 29 nucleotide 

of both RNA-l and -2 is predicted to form a stable and nearly identical 3'-terminal stem-

loop structure (SLS). Deletion analysis showed that most of the 3' UTR including this 3'-

SLS was needed for the efficient synthesis of negative-strand RNA-2. The roles of the 

sequence and structure of the 3'-SLS was investigated further. Mutants that disrupted 

stem base-pairing or altered the 3 nt. loop sequence were unable to support RNA-2 

replication and accumulation to a detectable level, whereas stem compensatory mutant 

that reconstituted stem base-pairing restored the production of RNA-2 to the wild type 

level. These results suggested that the secondary stem-loop structure as well as the three-

nucleotide loop sequence was important for the synthesis of minus strand RNA-2, but the 

primary sequence at the stem was not critical. The 5' UTR of RNA-l and RNA-2 is not 

predicted to form any secondary structure and does not share any significant homology 

except the 5' ACAAAC. Deletions in the 5' noncoding region of RNA-2 showed that 

5'ACAAAC sequences as well as sequences across the whole region were required for 

synthesis of the positive strand but not for production of the negative strand. 

1.2 REPLICATION OF POSITIVE-STRANDED RNA VIRUSES 

Over 90% of plant viruses and many important animal viruses have positive RNA 

genomes (Murphy et al., 1995). Viral genome replication is the most fundamental and 

critical step in the virus infection. The enzyme catalyzing virus replication is replicase 
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complex composed of viral proteins and host proteins. Genome replication has two 

stages: 1) the replicase complex recognizes the template elements of genomic positive-

stranded RNA and initiates the synthesis of minus-stranded RNA from the 3' end of the 

template; and 2) replicase complex synthesizes the progeny positive-stranded RNA (and 

subgenomic RNA if applicable) using minus-stranded RNA as template. (Buck, 1996). 

1.2.1 Replication proteins 

RNA-dependent RNA polymerases (RdRp) 

RdRp is the catalytic subunit of the replication complex. All sequenced positive-

stranded RNA viruses encode a putative RdRp that is required for viral RNA replication 

and has been biochemically shown to have the RNA polymerase activity (Buck, 1996). 

Phylogenetic alignments of the amino acid sequences of RdRps of all groups of positive-

stranded RNA viruses revealed eight conserved motifs with the most conserved Gly-Asp-

Asp (ODD) domain located at motif VI (Koonin, 1991; Koonin and Dolja, 1993). The 

alignment delineates RdRps into three supergroups: Group I contains RdRps in 

picomaviruses, nodavirses, comoviruses, nepoviruses, potyviruses, bromoviruses. 

sobemoviruses, and a subset of luteoviruses; group n is composed of RdRps in 

carmoviruses, tombusviruses, dianthoviruses, another subset of luteoviruse (BYDV), 

pestiviruses. Hepatitis C virus (HCV), flaviviruses, and single-stranded RNA 

bacteriophages; group III includes RdRps in tobamoviruses, bobraviruses, hordeiviruses. 

tricomaviruses. Beet yellows virus, alphaviruses, rubiviruses, fiiroviruses. Hepatitis E 

virus, potexviruses, carlaviruses, bymoviruses, and Apple chlorotic leaf spot virus 



(Koonin, 1991). The importance of the GDD motif and some other conserved motifs was 

confirmed by mutagenesis in different viral RdRps (Buck, 1996). Amino acid sequence 

alignments of RdRps to other three types of polymerases, RNA-dependent DMA 

polymerases (RdDps) or reverse transcriptases (RTs), DNA-dependent RNA polymerases 

(DdRps), and DNA-dependent DNA polymerase (DdDps), suggested the presence of the 

motifs rv and VI counterparts in all type of polymerases, which led to the speculation of 

similar protein folding (Heringa and Argos, 1994). 

Crystallographic studies of the three-dimensional structures of the Klenow fragment 

of Escherichaia coli DNA polymerase 1 (a DdDp) (Ollis et ai, 1985), Human 

immunodeficiency virus (HIV) type 1 RT (a RdDp) (Koehlstaedt et al., 1992), phage T7 

RNA polymerase (a DdRp) (Sousa et al., 1993), and RNA polymerases (RdRp) of 

Poliovints, HCV, and bacteriophage <1)6 (Bressanelli et al., 1999; Butcher et al., 2001; 

Hansen et ai. 1997; Hong et al., 2001; Lesburg et al., 1999) further demonstrated that all 

types of polymerases have a similar right hand configuration composed of three 

subdomains, "fingers", "thumb", and "palm" (Figure 1.3). Although the structure of the 

fingers and thumb subdomains of Poliovirus polymerase differed firom those of other 

types of polymerases, the palm subdomain was very similar to that of other polymerases. 

The palm domain contained a core catalytic site consisting of four amino acid sequence 

motifs described for RNA dependent polymerase (Poch et ai, 1989; Xiong and Eickbush, 

1990). In addition to the three subdomains, Poliovirus RdRp contained a unique structure 

element composed of N-terminal residues that interacted with the thumb subdomain and 

extended to the catalytic site in the palm subdomain. 
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Figure 1.3 Three-dimensional structure of poliovirus 30*^' protein. It composed of three 
subdomains of "fingers", "thumb", and "pahn". The palm subdomain contains four 
motifs of "A" in red, "B" in green, "C" in yellow, and "E" in blue (From Hansen et ai. 
1997). 
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By using the structure of Poliovirus polymerase as a guide, the secondary structures 

of the RdRps from six different viral families of Bromoviridae, Tobamovihdae, 

Tombusviridae, Leviviridae, Flaviridae, and Picomaviridae were predicted (O'Reilly and 

Kao, 1998). The RdRp of all six families shared a similar order of secondary structure 

elements. All except the leviviruses contained a similar unique N-terminal region as 

observed in the Poliovirus polymerase. Based on the phenotypes of mutations in several 

RNA polymerases, the functions of the motifs and subdomains were predicted: motif A 

for magnesium binding, motif B for the discrimination of ribose versus deoxyribose, 

motif C for magnesium binding, motif D completed palm core structure with unknown 

function, motif E for hydrophobic interaction with thumb, the fingers subdomain 

determined RNA templates, the thumb subdomain may be involved in template binding, 

the N-terminal unique region for catalytic activity and oligomerization of polymerase 

(O'Reilly and FCao, 1998). 

In addition to the polymerization activity, Poliovirus polymerase carries other 

activities, including RNA binding (Pata et al, 1995; Beckman and iCirkegaard, 1998), 

NTP binding (Richards et al, 1995; Richards and Ehrenfeld, 1997), and RNA duplexes 

unwinding (Cho e/a/., 1993). 

RNA Helicases 

Most positive-stranded RNA viruses, including alpha-like, picoma-like, sobemo-like, 

corona-like and flavi-like supergroups, contain putative helicases (Buck, 1996). The 

ORFs encoding the helicases are required for virus replication, such as in BMV (Kroner 

et al.. 1990). Several flmctions are proposed for helicases: unwinding dsRNA replication 



intermediate to make the strands available for further replication; removing template 

RNA secondary structure to facilitate the initiation of minus-stranded RNA synthesis 

from the 3' end of positive-stranded RNA template and to facilitate the process of RNA 

polymerase through internal secondary structure. Based on amino acid sequence 

aligrunent, RNA helicases of positive-stranded RNA viruses were placed into three 

superfamilies (Koonin and Dolja, 1993). Two ATP-binding motifs are highly conserved 

among all three superfamilies (Buck, 1996). The motif II in superfamily 2 contains 

sequence DEXH, a variant of DEAD. Some of the DEAD box proteins, such as the 

cellular RNA helicase eIF-4A (Buck, 1996), have been shown to have activities of RNA-

dependent ATPase, RNA binding, and RNA helicase. These activities have also been 

shown for a number of DEXH-containing helicases in superfamily 2, such as the CI 

protein of Plum pox virus (PPV) (Fernandez et aL. 1995). While no helicase activity has 

been demonstrated for the putative helicases in superfamilies 1 and 3, mutation studies of 

the conserved amino acids in the motif I (A) or motif II (B) demonstrated the essential 

role of the putative helicases in virus replication, such as the helicase-Uke domain of the 

Turnip yellow mosaic virus 140 kd protein (Weiland and Dreher, 1993), 58 kd protein of 

Cowpea mosaic virus (Peters et aL, 1994), and 2C protein of Poliovirus (Mirzayan and 

Wimmer, 1992; Teterina et ai.. 1992). Interestingly, some viruses with genomes smaller 

than 6 kb, including Carmo-like and Sobemo-like superfamilies, lack the putative 

helicase (Buck, 1996). Several possibilities have been proposed to explain the helicase-

lacking phenomenon (Buck, 1996): (I) the NTP-binding motifs may be present, but have 

diverged too much to be easily recognized by primary sequence alignment, such as the 
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variants of motif A (I) and motif B (II) in a cellular NTP-binding protein actin; (2) the 

RdRp may have the duplex unwinding activity, as shown for poliovirus RdRp; (3) 

unwinding may be accomplished by a helix-destabilizing protein which utilizes the 

energy by stoichiometric binding to single-stranded nucleic acid in the absence of NTP 

hydrolysis, such as the cooperatively binding of poliovirus 30"^' protein to single-

stranded RNA; (4) a cellular helicase may be recruited by the virus to unwind the duplex. 

Capping and methylation enzymes 

The presence of a 5' cap structure is characteristic of most eukaryotic mRNAs and 

mRNAs of DNA viruses, retro- and pararetroviruses, negative-stranded RNA viruses, 

some double-stranded RNA viruses, and some positive-stranded RNA viruses. The 5' cap 

structure is M^GpppN, where N is usually A or G. Capping of the cellular mRNAs and 

those of most DNA viruses, retro, and pararetroviruses occurs in the nucleus using 

cellular capping enzymes. Capping of the genomic RNAs of positive- and negative-

stranded RNA viruses occurs in the cytoplasm using virus-encoded enzymes (Murphy et 

ai, 199S). The capping reaction consists of several reactions: 

(1) pppNpN' ppNpN' + Pi by an RNA triphosphatase; 

(2) guanylytransferase + OTP —> guanylyltransferase-GMP + ppi; 

(3) guanylyltransferase-GMP + ppNpN' -> GpppNpN' + guanylyltransferase; 

(4) GpppNpN' + S-adenosylmethionine -> M^GpppNpN' + S-

adenosylhomocysteine 



Transgenic tobacco plants expressing antisense RNA for S-adenosylhomocysteine 

hydrolase, which controls the cellular S-adenosylhomocysteine / S-adenosylmethionine 

ratio, were resistant to infection by viruses with 5' capped genomic RNAs, such as 

tobacco mosaic virus, potato virus X, and cucumber mosaic virus, but much less resistant 

to infection by viruses containing 5'-VPg genome, such as potato virus Y (Masuta ei al., 

1995). BMV-encoded replication protein la, with capping domain in N-terminus and 

helicase-like domain in C-terminus, was biochemically shown to catalyze the capping 

reaction (Ahola and Ahlquist, 1999). Ahola et al. (2000) provided direct evidences for the 

important function of viral RNA capping. Single amino acid mutation at the predicted 

capping active site of BMV la caused very low levels of negative strand accumulation 

and no detectable subgenomic RNA in yeast expressing la and 2a. However, deletion of 

XRNl gene encoding the major exonuclease that degrades uncapped mRNAs suppressed 

the capping mutants, allowing synthesis and accumulation of large amounts of uncapped 

EINA 3 and subgenomic RNA. 

Genome-linked virus proteins (VPgs) 

The 5'-termini of genomic RNAs of positive-stranded RNA viruses in the picoma-

like and sobemo-Iike superfamilies are covalently linked by a phosphodiester linkage to 

VPg, a virus-encoded protein. Mutation analysis has indicated that the poUovirus VPg 

(3B) consisting of 22 amino acids is essential for RNA replication (Xiang et al.. 1995a). 

VPg was found covalently linked to the 5' ends of newly synthesized negative and 

positive strands of poliovirus (Wimmer et al., 1993). VPg-pUpU was present in infected 



cells and could be synthesized by purified replicase complex and elongated to longer 

VPg-RNA molecule (Buck, 1996). It was proposed that VPg-pUpU might function as a 

primer for poliovirus RNA synthesis. 

Host factors 

The replicase complex that catalyzes the positive-strand RNA replication is composed 

of virus-encoded protein(s) and host-encoded protein(s). The host proteins in the 

replicase complex of phage QP, a positive-stranded RNA virus infecting E. coli bacteria, 

was identified as 30S ribosomal protein SI, protein synthesis elongation factors EF-Tu 

and EF-Ts, and host factor I (HF-I) (Blumenthal and Carmichael, 1979). HF-I is required 

only for minus-strand RNA synthesis. 

The host proteins involved in eukaryotic positive-stranded viral RNA replication are 

not well known. Various approaches had been employed to study the host proteins. One 

of these approaches utilized partial purification of soluble and template-dependent 

replicase complex firom infected hosts to search for the co-purified host proteins. Purified 

BMV replicase preparations capable of minus-strand RNA synthesis contained two host 

proteins of 160 kd and 45 kd, in addition two BMV-encoded proteins, la (helicase) of 

115 kd and 2a (polymerase) of 100 kd, (Wuadt and Jaspars, 1990). The 45-kd host 

protein was identified as the barley analogue of the p4I subunit of the wheat germ 

eukaryotic translation initiation factor 3 (eIF-3), or a closely related protein (Quadt et ai. 

1993). It reacted specifically with antiserum against wheat germ eIF-3, was able to bind 

with high affinity and specificity to 2a in the way similar to p41 subunit of wheat germ 



eIF-3. eIF-3 as an integral part of the BMV replicase was further demonstrated by a 3-

fold stimulation of minus-strand RNA synthesis resulted from the addition of wheat germ 

eIF-3 or its p41 subunit. The purified replicase preparation of RCNMV from infected 

Nicotiana clevelandii contained virus-encoded proteins of p27 and p88 polymerase 

protein, and several host proteins (Bates et ai, 1995). One of the co-purified host proteins 

has a similar size (45 kD) to the p41 subunit of eIF-3 co-purified with BMV replicase 

preparation. 

Another approach to study host proteins was to search for those that bind specifically 

to termini of viral RNAs, which act as promoters for (-) and (+) RNA synthesis. Specific 

binding of host proteins to viral terminal sequences has been reported in diverse viruses 

including BMV (Duggal et ai, 1994; Duggal and Hall, 1995), RCNMV (Hayes et ai. 

1994b), and Poliovirus (Najita and Samow, 1990). A cellular poly(C)-binding protein 

(PCBP) and the poliovirus protein 3CD''"' were found to bind to and form the 

ribonucleoprotein complex (RNP) with the 5' cloverleaf structure (Andino et ai. 1990a, 

1993; Gamamik and Andino, 2000). PCBP was first found to bind to and greatly increase 

±e stability of human a-globin mRNA (Kiledjian et ai, 1995). Recent evidence 

suggested that PCBP was involved in controlling the expression of numerous cellular and 

viral RNAs (Ostareck-Lederer et ai, 1998). A poly(A) binding cellular protein (PABP) 

and 3CD''"' was also found to bind to the 3' end poly(A) and upstream stem-loop 

structure (Andino et ai. 1990a,b, 1993; Harris et ai, 1994). The formation of these 

ribonucleoprotein complexs in the poliovirus termini was essential for virus replication. 
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A new approach was to use the powerful yeast genetic system. BMV was 

demonstrated to replicate in yeast Saccharomyces cerevisiae, indicating that all cellular 

factors essential for BMV replication were present in yeast (Janda and Ahlquist, 1993). 

By mutating yeast cells followed by multi-step selection and screening process, Ishikawa 

et al. (1997) isolated a series of yeast mutants that inhibited BMV RNA replication and 

characterized them into multiple complementation groups. Noueiry et al. (2000) 

identified a mutation in yeast gene DEDl that inhibited BMV RNA replication but not 

yeast growth. DEDl encodes a DEAD (Asp-Glu-Ala-Asp)-box RNA helicase required 

for translational initiation of yeast mRNAs. Inhibition of BMV RNA replication by the 

mutant DEDl allele (ded 1-18) resulted from specific inhibition of BMV polymerase 2a 

expression. Lee et al. (2001) showed that BMV RNA replication was inhibited by a 

mutation in OLEl, a yeast gene encoding delta9 fatty acid desaturase, an integral ER 

membrane protein and the first enzyme in unsaturated fatty acid synthesis. OLEl deletion 

and medium supplementation revealed that BMV RNA replication required unsaturated 

fatty acids, not the Olel protein. 

1.2.2 Interaction between replicase proteins and assembly of replicase complex 

Replication proteins interact with each other and with RNA template to form a 

functional replication complex in association with different cellular membranes, such as 

endoplasmic reticulum membrane in BMV, vacuolar membrane in AIMV, chloroplast 

outer membrane in TYMV, and nuclear membrane in potyviruses (Buck, 1996). 
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The polymerase-polymerase interaction and oUgomerization were indicated for 

poliovirus polymerase from several lines of evidence. The RNA binding and template 

utilization by the purified polymerase exhibited a high degree of cooperativity (Pata et 

ai, 1995; Beckman and Kirkegaard, 1998), suggesting that direct polymerase-polymerase 

interaction might be important for polymerase function. The crystal structure of 

poliovirus polymerase revealed an extensive polymerase-polymerase interaction via two 

interfaces (Hansen et ai, 1997). Interface I mediated the interaction between the front of 

the thumb subdomain (C-terminal) of one molecule and the back of the palm subdomain 

of the adjacent molecule. Interface II involved in the interaction between the N-terminal 

residues 12-37 (the unique region) of one molecule and the thumb subdomain of another 

molecule. This polymerase-polymerase interaction was also demonstrated in vitro by 

chemical cross-linking study (Pata et ai, 1995) and in the yeast two-hybrid system (Hope 

et ai. 1997; Xiang et ai, 1998), and by mutagenesis of the specific amino acids at each 

of the two interfaces identified in the crystal structure (Hobson et ai. 2001). The results 

of these studies demonstrated that both interfaces of the polymerase-polymerase 

interaction observed in crystal structure were indeed fimctionally important. >Miile 

interface I was required for efficient substrate RNA binding, interface II was crucial for 

forming catalytic sites. 

In addition to polymerase-polymerase interaction, polymerase also interacted with 

other viral proteins. In poliovirus, 3D polymerase was able to bind 3AB, an intracellular 

membrane-associated protein, in vitro and in yeast two-hybrid system (Molla, et ai, 

1994; Debra et ai, 1997; Xiang et al., 1998). Detergent-solubilized 3AB had been shown 



to stimulate both the polymerase activity of purified 3D polymerase and the proteolytic 

activity of 3CD (Lama et al., 1994; Paul et al, 1994; Plotch and Palant, 1995; Richards 

and Ehrenfeld, 1998). 3D mutants that were specifically defective in interaction with 

3AB but not other viral and host proteins were defective in RNA synthesis (Debra et al., 

1997). Similarly, in BMV, 2a protein containing a polymerase-like domain was able to 

form a complex with la protein containing an N-terminal methyltransferase-like domain 

and a C-terminal helicase-like domain in vitro (Kao et al., 1992) and in vivo (O'Reilly et 

al.. 1995). The la-2a interaction observed in vitro was shown to be essential for BMV 

RNA replication in vivo. A three-amino-acid insertion in la that blocked BMV RNA 

replication in vivo also blocked in vitro interaction with 2a, while another two-amino-acid 

insertion that rendered the la protein temperature sensitive for RNA replication 

interacted with 2a in vitro at 24°C but not at 32°C. The domains required for the direct 

la-2a interaction were mapped to the C-terminal helicase-like domain of la and 115 

amino acid N-terminal segment preceding the polymerase-like domain of 2a (Kao and 

Ahlquist, 1992). These two identified domains are necessary and sufficient for la-2a 

interaction in vitro and in yeast (O'Reilly et al., 1995). Requirement of the large size of 

the la helicase-like domain suggested that high order structures might be necessary for 

the interaction wi± 2a. Consistent with this hypothesis, the la helicase-like domain was 

found to be protease-resistant. Mutations in this region that render this region protease-

sensitive were also defective for RNA replication in vivo (O'Reilly et al.. 1995). The 

BMV la-2a interaction was in agreement with the observation that la and 2a proteins co-

localized on the endoplasmic reticulum (ER) at sites of viral RNA synthesis in plant cells 



and yeast cells (Restrepo-Hartwig and Ahlquist, 1996, 1999). While la could 

independently localize on ER in the absence of 2a and viral RNA template, 2a is directed 

to ER by la via interaction with la (Chen and Ahlquist, 2000). 

Polymerase was capable of interacting with host proteins in addition to viral proteins. 

Using the yeast two-hybrid system to screen a HeLa cDNA expression library, a human 

protein Sam68 (Src-associated in mitosis, 68 kDa) was found to strongly interact with 

poliovirus 3D polymerase (McBride et al., 1996). Upon poliovirus infection, Sam68 

relocated from the nucleus to the cytoplasm where poliovirus replication occurred. 

In addition to the replication proteins, the assembly of BMV replicase complex in 

yeast cell required viral RNA template (Quadt et al., 1995). The functional BMV 

replicase complex can be extracted from yeast expressing la and 2a replication proteins 

and containing RNA-3, but not from yeast that had normal amount of la and 2a 

expression but lacked RNA-3. Deletion of RNA-3 revealed that both the 3' and the 

intercistronic noncoding sequences, which contained the m-acting elements required for 

RNA-3 replication in vivo, was required for replicase activity. These results suggested 

that assembly of active replicase required not only viral proteins but also viral RNA to 

recruit essential host factors into the replicase complex and that sequences at both the 3'-

terminal initiation site and distant internal sites of RNA-3 templates might participate in 

BMV replicase assembly and initiation of minus-strand RNA synthesis. 
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1-2.3 Template recognition and initiation: cis-acting elements required for RNA 

replication 

Synthesis of viral RNAs is always initiated from the 3' ends, which possess essential 

cis-acting sequences including promoters for viral RNA synthesis and sequences for the 

assembly of replicase complexes. Based on the fact that viral RNA replication required 

replication proteins in addition to the RNA elements, approaches that alter viral RNA 

sequences without any changes to the production of replication proteins have been used 

to study the c/j-acting replication elements. 

1.2.3.1 3 '-terminal sequences of positive strand RNAs 

The 3' termini of positive strand viral RNAs which contain the promoter elements are 

able to form various structures, including tRNA-like structures, stem-loop structures, and 

polyadenylated (poly(A)) tail. 

3' tRNA-like structures (TLS) 

TLS have been found at the 3' temini of various positive-stranded RNA viruses such 

as BMV, CMV, and tobacco mosaic vims (TMV). Deletion smdies showed that the TLS 

were essential for RNA replication (Buck 1996). Exchanges of 3' tRNA-like termini 

between different viruses had been carried out to determine the template specificity of 

replicase complexes. BMV RNA-1 and RNA-2 were able to amplify BMV RNA-3 

containing a 3'-terminal region of CMV RNA-3 (Ishikawa et ai, 1991a), but not BMV 

RNA-3 containing a 3'-terminal region of TMV RNA-3, (Rao and Grantham, 1994), 



indicating the greater structural similarity of the 3' end between BMV and CMV RNAs 

than BMV and TMV RNAs. These data suggested that 3'-terminal sequences were 

important determinants of template specificity and that replicase complexes were able to 

recognize some common structural elements in related viruses. 

Structural elements required for viral RNA replication have been well characterized 

in BMV TLS, which is formed by approximately 150-nucleotides at the 3' end of each of 

BMV genomic RNAs (Dreher and Hall, 1988). BMV TLS can be subdivided into A, Bl, 

B2, B3, C and D regions (Felden et ai. 1994). Mutation analysis idenitfled several 

regions important for minus-strand RNA synthesis. They are (1) two C residues adjacent 

to the 3' terminus (+l and +2); (2) 3' pseudoknot at region A; (3) region Bl; (4) region C 

(Dreher and Hall, 1988). Competitions between templates and purified replicase 

preparations showed that only mutations in the bulge and hairpin loops of stem C 

decreased the ability of the TLS to interact with RdRp complex (Chapman and Kao, 

1998). Mutations that disrupted the pseudoknot and stem Bl as well as mutations in the 

+l (C) and +2 (C) apparently had no effect on RdRp binding. Furthermore, in the absence 

of the rest of the BMV TLS, region C is sufficient to interact with RdRp complex. 

Addition of the initiation sequence ACCA3' to stem C created a minimal, aritificial RNA 

promoter capable of directing RNA synthesis in an in vitro transcription system. 

Synthesis from this minimal minus-strand template required the stem-loop structure as 

well as the sequences in the bulged and hairpin loops. While all 4 nucleotides in the 

bulged loop contributed to recognition by replicase complex, only A1 in the hairpin loop 

was most critical for template-replicase interaction. 



After template recognition and binding, replicase complex would start the initiation of 

minus strand synthesis. Initiation of BMV minus-strand synthesis was shown to begin at 

the penultimate cytosine residue (CCA3') (Miller et al, 1986). By using an in vitro 

transcription system, Kao and Sun (1996) found diat low GTP concentrations had a more 

detrimental effect on RNA synthesis than the limited amounts of the other nucleotides. 

Approximately 15-fold higher concentration of GTP than CTP and UTP was required. 

Only at limited GTP concentration, minus-strand RNA synthesis was stimulated by the 

inclusion of guanosine monophosphate (GMP) or specific oligoribonucleotides. 

Furthermore, guanylyl-3',5'-guanosine (GpG) could be incorporated into minus-strand 

RNA and increased the rate of minus-strand RNA synthesis. In the presence of 

oligoribonucleotide GpG, km for GTP decreased form 50 uM to approximately 3 uM 

while the km for other nucleotides remained unaffected (~3uM). These results suggested 

that BMV RdRp may possesses two distinct nucleotide binding sites, one was used in 

elongation and bound to all four NTPs and another recognized only the initiating 

nucleotide GTP, however, with some flexibility. 

3' stem-loop structure (SLS) 

The 3' ends of the genomic RNAs of carmo-like and sobemo-like viruses and some 

alpha-like viruses are capable of forming simple SLS (Buck, 1996). Among carmo-like 

viruses. Turnip crinkle virus (TCV) is best studied. TCV is a positive-strand virus with a 

single RNA genome of 4054 bases. The virus naturally associates with sat-RNAs and DI 

RNAs that range in size fi*om 194 to 356 bases. Sat-RNAs and DI RNAs do not encode 



any functional proteins. Their replication and accumulation in plants requires co-

inoculation of TCV genomic RNA. By using an in vitro transcription system, it was 

shown that the promoter for the synthesis of minus-strand sat-RNA C (356 base) was 

completely contained within the 3'-terminal 29 nt of the positive strand (Song and Simon, 

1995). Structural probing revealed the presence of hairpin structure in this region. 

Mutational analysis indicated that the primary sequences of the loop and the lower part of 

the stem were not important for replication, however, the primary sequence of the upper 

stem and the maintenance of the stem were required for replication. The ability of these 

sat-RNA C mutants to accumulate in vivo was further analyzed (Stupina and Simon, 

1997; Carpenter and Simon, 1998). The in vivo results confirmed that the loop sequence 

was not important for replication, however, transcripts containing compensatory 

exchanges in the upper stem region that had limited activity in vitro were biologically 

active in vivo, indicating that positioning of specific bases in the stem was not required to 

form an active promoter for minus strand synthesis. The 3'-terminal sequences of TCV 

genomic RNA and sat-RNA C are 90% identical and the 3' genomic RNA could be 

folded into a similar hairpin structure. In addition to the 3'-terminal SLS, mutagenesis 

showed that upstream motifs in the 3' nontranslated region of TCV RNA were also 

important for RNA replication in vivo (Carpenter et ai, 1995). 

The DI RNA of Cymbidium ringspot virus (CyRSV) retained a block of 102 

nucleotides from the 3' terminus of the genomic RNA (Havelda et al.. 1995). Mutation 

analysis showed that the 3' 77 nucleotides were required for replication. This 3' 77 nt of 

CyRSV DI RNA were predicted to form a structure composed of three SLSs and two 



non-basepaired region. Mutagenesis suggested that the maintainance of the SLSs was 

essential for replication (Havelda and Burgyan, 1995). 

The 3' 29 nt of RCNMV RNA-I and RNA-2 are nearly identical and can be predicted 

to form a stable SLS. Deletion analysis shown that this 3' terminal 29 nt region was 

required for replication in M clevelandii protoplasts (Tumer and Buck, 1999). 

Substitution mutations shown that the SLS as well as 3 nt loop sequence were important 

for replication, whereas the primary sequence of the stem region was not important. In 

addition to the 3' terminal SLS, deletion mutations suggested that upstream sequences in 

the 3' untranslated region were also important for RNA replication. 

3' poly(A) tail 

The 3' ends of all picoma-like viruses and some alpha-like viruses are 

polyadenylated. The poly(A) tail is present not only to protect the RNA from 3' 

exonuclease degradation but also to provide an essential cis-acting sequence for RNA 

replication (Buck, 1996). A comparison of poliovirus RNA transcripts with poly(A)i2 and 

poly(A)8o tails showed that a short poly(A) tail had no significant effect on translation but 

dramatically inhibited minus strand synthesis (Barton ef a/., 1996). In addition to poly(A) 

tail, the upstream sequences and structure were also important for replication. The 

conserved sequences and structures in the 3'-untranslated region in poliovirus RNA were 

required for efficient negative strand synthesis (Rohll er al., 1995; Samow et al., 1986; 

Wang et al., 1999). In cowpea mosaic virus, the 3' 151 nt of RNA M contains all the 3'-

terminal ctsr-acting elements required for RNA replication (Roll et al., 1993). The 3' 65 nt 



upstream of the poly(A) in both RNA B and RNA M have a high degree of sequence 

similarity and can be folded into a SLS, containing four A residues from the poly(A). 

Mutation analysis suggested the importance of both the poly(A) and the SLS for 

replication. Another upstream SLS within the 3'-terminal 151 nt of RNA M was also 

required for replication, although the sequences of this region have little homology 

between RNA M and RNA B. Exchanging of the 3'-terminal 200 nt of RNA M by the 3'-

terminal 500 nt of RNA B had only a minimum effect on replication (van Bokhoven et 

ai. 1993). 

1.2.3.2 5'-terminal sequences of positive strand and 3*-terminal sequences of negative 

strand 

The 5' sequences and structures were frequently conserved among the segmented 

genomic RNAs. Since the positive strand RNA was synthesized from the 3' end of the 

negative strand, it was thought that the 5' end of genomic RNA, via its complementary 

sequence at the 3' of negative strand, was involved in the synthesis of progeny positive 

strand RNA. 

On the contrary, the 5' termini of RNA viruses have been shown to affect the 

synthesis of progeny negative strand RNA. The 5'-terminal 90 nucleotides of poliovirus 

RNA was capable of folding into a cloverleaf structiu*e. This region was able to form a 

similar structure at the 3' end of negative strand (Andino et ai. 1990, 1993). Mutations 

which disrupted the base-pairing of the stems of the cloverleaf in positive strand but not 

the negative strand by using G-U pairs resulted in no RNA replication in host cells. In 



contrast, mutations that disrupted the cloverleaf structure in the 3' end of negative strand 

but maintained the structiu'e at the 5' end of positive strand did not affect the replication. 

Both uncieaved viral 3CD and host factor PCBP could bind to the 5' cloverleaf structure 

at loops d and b, respectively, to form a functional ribonucleoprotein (RNP) complex in 

vitro. The formation of this 5' RNP was essential for RNA replication in vivo. Mutations 

that disrupted RNP complex formation, either within the cloverleaf RNA or within 3CD, 

eliminated RNA synthesis (Andino et al.. 1990a, b). It was proposed that the initiation 

complex consisting of the 5' cloverleaf positive RNA, 3CD and PCBP catalyzed in trans 

the initiation of the nascent positive strand RNA synthesis. 

Most recently. Barton et al. (2001) provided additional evidence to show that the 5' 

cloverleaf in poliovirus RNA was required for negative strand synthesis. Mutations in the 

5' cloverleaf usually decreased the stability of poliovirus EWA and dramatically inhibited 

negative strand synthesis in vitro. Adding a 5* 7-methyI guanosine cap fiilly restored the 

stability of the mutant RNAs, indicating that the 5' cloverleaf provided protection to the 

uncapped poliovirus RNA. However, the 5' cap did not restore the ability of the mutant 

RNAs to serve as templates for negative strand synthesis. These data indicated that the 5' 

cloverleaf structure was a m-acting replication element that was required for both 

stability and negative-strand RNA synthesis. Based on these data and previous results, a 

model was proposed in which the 5* and 3' ends of poliovirus RNA interacted with viral 

and host proteins to form a circular RNP complex that coordinately regulated poliovirus 

RNA stability, translation, and initiation of negative strand synthesis. Interactions 

between the proteins bound to the two termini formed a protein bridge and helped to form 



a circular RNP complex. For example, 3CD bound to both termini formed a homodimer, 

PCBP bound to the 5' cloverleaf interacted with PABP bound to the 3' poly(A) tail (Wang 

et aL, 1999; Wang and Kiledjian, 2000). 

A similar requirement of the 5' SLS of BMV RNAs was shown for viral positive 

strand synthesis. Both the 5'-positive and 3'-negative termini of RNAs from BMV and 

related viruses can form a SLS with the ICR2-like motif (internal control regions of 

tRNA gene promoters) located at the loop region (Pogue et aL, 1990, 1992; Pogue and 

Hall, 1992). Mutation analysis showed that the ICR2-like motif as well as the SLS at the 

5'-positive strand but not at the 3'-negative strand were essential for replication (Pogue ei 

ai. 1990, 1992; Pogue and Hall, 1992). It was suggested that the ICR2-like motifs in 

BMV RNAs might act analogously to ICR2 sequences in iRNA genes in binding a 

protein factor that is required for formation of the replicase complex. These data resemble 

the requirement in poliovirus of a 90-nt cloverleaf structure present at the 5' terminus of 

positive-strand RNA for viral replication. Although replicase complex can separate 

internal double-stranded regions by a helicase function, a single-stranded terminus is 

mandatory for strand initiation (Ahlquist et ai, 1984). The unexpected requirement of a 

5' positive-sense SLS for synthesis of positive-strand RNA leaded to the propose of a 

model in which binding of the host factor to the ICR2-like motif elicit folding of the 5'-

terminal stem-loop as a hinge, thereby releasing a single-stranded 3' negative-strand 

terminus for replication recognition and initiation (Pogue and Hall, 1992). 

The 5' terminus of BMV genomic RNA (or the 3' terminus of negative strand RNA) 

also plays important role in the synthesis of positive strand RNA. In an in vitro 



replication system containing the purified replicase complex, initiation of RNA synthesis 

from the 3' end of negative-strand RNAs required one non-template nucleotide 3' of the 

initiation nucleotide(Sivakimiaran and Kao, 1999; Sivakimiaran et ai, 1999). Mutational 

analysis and template competition assay of the minus-strand template revealed that the -I 

non-template nucleotide along with the +l cytidylate and +2 adenylate was important for 

plus-strand synthesis via stable interaction with BMV RdRp. Although RdRp of BMV 

was able to bind to CMV minus strand whose 3' sequence (3'GCA) was identical to the 

BMV 3' sequence, it was not able to direct efficient CMV RNA synthesis, suggesting 

that in addition to the 3' nucleotides, upstream sequences were required for efficient 

RNA synthesis. By deletion analysis, the 3' terminal 27 nt was identified as the minimal 

promoter and template for positive strand synthesis in vitro. This 27 nt RNA can form a 

stem-loop secondary structure determined by nuclear magnetic resonance, however, this 

secondary structure can be significantly altered and still retained the ability to direct RNA 

synthesis. In contrast, position-specific changes in the RNA sequence resulted in reduced 

RNA synthesis by affecting replicase recognition (positions -I, +1, and +2) and 

modulating the polymerization process (U to G substitution at +3 to +5; nucleotides at 

+17 to +24). These data indicated that the 3' primary sequences rather than the secondary 

structure was important for BMV negative strand synthesis. 

1.2.3.3 Internal sequences 

The c/is-acting signals required for RNA replication have generally been located to the 

ends of virus genomic RNAs. However, internal cw-acting elements, either in 



intercistronic or in coding regions have beeu reported to be required for efficient RNA 

replication in some RNA viruses, including bacteriophage QP, poliovirus, BMV, PVX 

(Duggal et ai, 1994; Buck, 1996). The function of internal m-acting elements is not well 

known, but roles in RNA folding, host factor and RdRp binding, and replicase assembly 

have been proposed (Buck, 1996; Klovins et al, 1998; Klovins and Duin, 1999; Kim and 

Hemenway, 1999). 

At the initiation of viral RNA replication, bacteriophage QP replicase complex binds 

genomic RNA via subunit SI at two internal regions, the S-site and the M-site (Meyer et 

al., 1981). The S-site, which overlaps the start of the coat protein gene, was not essential 

for the transcription reaction but was required for replicase to compete with ribosomes 

for the template by blocking the translation initiation (Weber et al, 1972). The M-site, 

around nucleotides 2750, was essential for replication and its deletion strongly reduced 

replication (Schuppli et ai., 1998). Two long-range interaction via base-pairing (2981-

2988 and 4049-4056, 2972-2979 and the loop of 3'-terminal hairpin Ul) in QP RNA that 

bridged the thousand nucleotides between the M-site and the 3' end were identified 

(Klovins et al, 1998; Klovins and Duin, 1999). While mismatch mutations abolished 

RNA replication, compensatory mutation restored the replication. 

Similar long-distance RNA-RNA interactions between the conserved octanucleotide 

sequences located upstream of two subgenomic RNAs and the 5' end of the genome 

RNA were found in PVX (Kim and Hemenway, 1999). Mutations in the 5' end resulted 

in lowering genomic RNA and sgRNA levels. However, compensatory changes in the 

octanucleotide elements restored levels of gRNA and sgRNA, suggesting that the 



identified long-distance interactions were important for the accumulation of plus-strand 

RNA (Kim and Hemenway, 1999). 

A sequence of 150 nt at the intercistronic region of BMV RNA-3, which separated 

the ORFs of movement protein and coat protein, was required in cis for efficient EINA 

replication (French and Ahlquist, 1987). This region contained ICR2-like motif. Removal 

of the ICR2-like motif dramatically decreased RNA replication, indicating that this motif 

contributed to the function of the intercistronic region in RNA-3 replication. In yeast, 

synthesis of BMV negative strand RNA-3 required this intercistronic sequence, as well as 

the 3'-terminal sequence (Quadt et aL, 1995). In vitro synthesis of BMV negative-strand 

RNA-3 by an isolated RdRp preparation did not require the intercistronic sequence, 

suggesting that this sequence was required for the assembly of the replication complex. 

This intergenic region also mediated the la protein-induced stability of RNA-3 in yeast 

(Janda and Ahlquist, 1998; Sullivan and Ahlquist, 1999). The replication of RNA-3 in 

yeast required both replication proteins la and 2a. la protein expressed in yeast 

dramatically increased the accumulation of RNA-3 via stabilization of RNA-3. However, 

the increased RNA-3 accumulation did not increase RNA-3 translation. This intergenic 

region was sufficient to confer la-induced stability on a heterologous P-globin RNA. 

Deletions within this intergenic region inhibited la-induced stability as well as decreased 

RNA-3 replication. Deletion of ICR2-like motif in this region dramatically reduced the 

ability of RNAs to respond to la, suggesting that IRC2-like motif play a major role in la-

induced stabilization. These results suggested that la-induced RNA-3 stabilization via 

direct or indirect la-IRC2 interaction may reflect processes involved in recruiting ElNA-3 



templates into replication as well as removing them from the interfering pathways of 

translation and degradation. 

Internal sequences important for viral RNA replication were also studied in 

poliovirus. By searching the poliovirus genome for local secondary structural elements, 

Goodfellow et al. (2000) identified a 6l-nt stem-loop in the 2C protein-coding region. 

While mutants disrupting the structure in the positive strand without affecting the 2C 

protein eliminated the synthesis of negative strands, the revertant viruses were recurred, 

suggesting that the integrity of the structure in the positive sense was critical for minus 

strand synthesis. Furthermore, the addition of the second copy of this 6l-nt element at 

another location to the mutant replicons bearing lethal mutations in the native structure 

restored its replication. This cw-acting element was also required for the synthesis of 

VPg-pUpU in vitro (Paul et al., 2000; Rieder et al., 2000). 

1.2.3.4 Subgnomic RNA promoters 

In addition to genomic RNA(s), many RNA viruses transcribe subgenomic RNA 

(sgRNA) to express the gene(s) located at the 3' end. sgRNA is syntheized by replicase 

complex from the negative strand genomic RNA. The subgenomic promoters have been 

well studied in a number of plant RNA viruses. 

The promoter for BMV coat protein subgenomic RNA is located in a region 

extending between 74 and 95 nt upstream and 16 nt downstream of the subgenomic 

initiation site (Marsh et at., 1988; French and Ahlquist, 1988). It consists of three 

functional domains: the core promoter and two upstream enhancers. The core promoter 



includes the transcription initiation site, 20 nt upstream sequence, and 15 nt downstream 

sequences. Oligoribonucieotides that contained the core promoter and the short regions of 

the (-)-strand RNA-3, were sufficient to direct accurate in vitro synthesis of (+)-strand 

sgRNA by the purified BMV replicase (Adkins et al, 1997). Further nucleotide 

substitution revealed that nucleotides at -17, -14, -13, and -11 relative to the subgenomic 

initiation site were critical and must be maintained for RNA synthesis from the 

subgenomic core promoter (Siegel et al., 1997). Template competition assay 

demonstrated that at least one of these nucleotides, -17, was contacted by BMV replicase. 

The different phenotypes resulting from nucleotide substitution at these four positions 

allowed predictions of the base-specific functional groups required for replicase 

recognition. Substitution of G at -17 with A, U and C reduced the promoter activity to 

1.1%, 13% and 1.6%, of wild type level respectively, suggesting that the C6 keto and the 

N1 amine were the fiinctional groups. Replacing -14 A with G, U or C resulted in 1.2%, 

2.8% or 2.1% of RNA synthesis, indicating that multiple groups were involved in 

replicase recognition. Changes of -13 C to G, A or U decreased the promoter activity to 

1.7%, 1.8% or 1.4% of wild type level, suggesting that C4 amine was the functional 

group. Substitution of -11 G to A, U or C caused reduction of RNA synthesis to 8.8%, 

7.1% or 1.1%, revealing both C6 keto and N7 imine as the functional groups. 

The roles of these predicted functional groups in interacting with replicase and RNA 

synthesis were examined by using chemically synthesized RNAs containing base analogs 

at each of the four positions (Siegel et al., 1998). Base analog 2-aminopurine riboside 

removed the C6 keto from G, 7-deaza-2'-deoxyguanosine removed the N7 imine from 



deoxyG, 2'-0-TBDSi-3'-0-phosphoraidites of purine riboside removed the C6 amine 

group from A, p>Timidine-2-one riboside removed the C4 amine group from C. In theory, 

replacing one nucleotide at four essential positions with the base analog that removed the 

predicted functional group will reduce RNA binding by RdRp and RNA synthesis to 

background level if the removed group was the only flmctional group or to certain 

percentage of wild type if more than one functional group were involved. Indeed, all 

predicted functional groups in four essential positions were shown to be required for 

RdRp recognition and RNA synthesis. These results suggested the sequence-specific 

recognition of RNA by the BMV RdRp, which was analogous to the recognition of DNA 

promoter by DdRp. Moreover, nucleotides at these four key positions were highly 

conserved in subgenomic promoters of other members of the alpha-like superfamily, 

including closely related Cowpea chlorotic mottle virus (CCMV), in which all except the 

-11 nt were conserved (Allison et ai. 1988). Both BMV and CCMV RdRps were found 

to recognize the BMV core subgenomic promoter in the same manner, requiring specific 

functional groups at positions -17,-14,-13, and -11 relative to the subgenomic initiation 

site (Adkins and Kao, 1998). In addition to these four nucleotides CCMV subgenomic 

RNA synthesis by both RdRps required four additional nucleotides at -20, -16, -15, and -

10. Of these eight key nucleotides, only nucleotides at -20, -11, and -10 differed between 

the CCMV and BMV core subgenomic promoters. By using a set of CCMV/BMV 

hybrids, it was shown that nucleotides -20 and -11 fimctioned together to promote 

subgenomic RNA synthesis. It was suggested that the -20 nt in CCMV triggers 

recognition of the -11 nt and contributed to the difference in RdRp recognition of the 
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CCMV and BMV core subgenomic promoters and that RNA can induced RdRps to alter 

the mode of promoter recognition. 

In RCNMV, one subgenomic RNA coding for coat protein was synthesized internally 

from the minus-strand RNA-1 (Zavriev et ai. 1996). Thirteen of the first fourteen 

nucleotides of the coat protein subgenomic RNA were identical to those at the 5' 

terminus of genomic RNA-1. A SLS was predicted in the region around the 

transcriptional initiation site of the sgRNA (-53 to +27, or 2312-2391). Mutation analysis 

suggested that both the core 14-nucleotide element and the SLS were required for sgRNA 

synthesis. In addition, a 34-nucleotide sequence (756-789) in RNA-2 was identified as a 

transactivator for sgRNA synthesis from RNA-1 (Tim et ai, 1998). This 34-nt element 

was predicted to form a SLS in which the 8-nt loop sequence was complementary to an 8-

nt sequence in RNA-1 located 2 nt upstream of the initiation site of sgRNA (-3 to -10). 

RNA-1 mutations that disrupted this 8-nt base pairing abolished the sgRNA synthesis and 

compensatory mutations restored the sgRNA synthesis. It was proposed that direct 

binding of the transactivator element in RNA-2 to the 8-nt element in RNA-1, possibly 

mediated by interactions with protein factors, caused the premature termination of the 

minus-strand RNA-1 synthesis. This prematurely terminated minus-strand RNA 

containing the highly conserved 5' sequences was then used as template for sgRNA 

synthesis. 



1.3 VIRAL RNA RECOMBINATION 

RNA recombination is a conunon feature and has two functions in RNA viruses 

(Simon and Bujarski, 1994). It is used to repair, via recombining the mutant genome with 

the wild type genome, the high-rate errors that is caused by the nucleotide 

misincorporation of RdRp during viral replication. It is also thought to be a major driving 

force in the evolution of RNA viruses. 

RNA recombination can occur between the segmented genomic RNAs which is 

thought to lead to the generation of monopartite virus from multipartite virus or within 

the same RNA molecule resulting in the generation of defective interfering (DI) RNAs 

(Roux et al., 1991). It can also occur between viruses. The crossover between two 

different viruses could result in a new virus with some genes derived from one parental 

virus and other genes from the second parental virus (gene modulation). Recombination 

between the infecting viral RNA and the host cellular RNA could lead to the acquisition 

of cellular genes by RNA viruses, such as the acquisition of an ubiquitin coding sequence 

in bovine diarrhea virus genome (Meyers et al., 1991), a portion of 28S rRNA sequences 

in influenza virus (Khatchkian et al., 1989), a tRNA sequence in Sindbis virus RNA, 

iRNAASP of Escherichia coli in QP genome (Munishkin et al., 1988), and a sequence 

homologous to an exon of tobacco chloroplast open reading frame 196 in Potato leafroll 

virus (Mayo and Jolly, 1991). Recently the recombination between the infecting viral 

RNA and the transgene transcripts from the virus-resistant transgenic plants were 

reported from several groups using different systems, including Cowpea chlorotic mottle 

virus (CCMV, Greene and Allison, 1994), Tomato bushy stunt virus (TBSV, Boija, et al.. 
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1999), TMV (Adair and Kearney, 2000), and Plum pox virus (PPV) (Varrelmann et al., 

2000). 

1.3.1 Homologous recombination versus non-homologous recombination 

RNA recombination is generally classified into two categories: homologous and non

homologous recombination (Lai, 1992). The crossover in homologous recombination 

occurs between two closely related RNA molecules at sites precisely matched between 

two parental RNAs (precise homologous recombination) or imprecisely matched 

(aberrant homologous recombination). The precise homologous recombination plays 

important roles in correcting the RNA replication errors. The imprecise crossover in 

aberrant homologous recombination causes either the sequence duplication or sequence 

deletion in the recombinant RNA. 

In contrast, the crossover in non-homologous recombination occurs between two 

unrelated RNA molecules. Sequence phylogenetic comparisons and genomic 

organization of RNA viruses suggest that the nonhomologous recombination has been a 

major driving force in RNA virus evolution (Dolja and Carrington, 1992; Zaccomer et 

ai, 1995). 

1.3.2 Transgenic recombination 

Several cases of recombination between viral RNA and viral transgene mRNA 

expressed in transgenic plants have been reported. These studies are summarized below. 



The first reported case of transgenic recombination is CCMV, a member of 

Bromovirus genus. CCMV contains three genomic RNAs, the monocistromic RNA-l and 

RNA-2 encode replication proteins and the dicistronic RNA-3 encodes the movement 

protein and the capsid protein (CP). CP protein is dispensable for viral replication in the 

inoculated cell, but is required for systemic infection. The transgenic plants expressing 

the 3' two-thirds of the CCMV CP gene and the 3'-untranslated region (3' UTR) of 

RNA-3 were constructed and inoculated with a CCMV deletion mutant lacking the 3' 

one-third of the CP gene (Greene and Allison, 1994). The systemic infections occur only 

if RNA recombination occurs and restores a functional CP gene. Four of 125 (3%) 

inoculated transgenic plants became systemically infected. Sequence analysis of the 

recombinant viral RNA revealed that RNA recombination occurs via different events of 

single aberrant homologous recombination between the transgenic mRNA and the 

infecting viral RNA at the central one-third common region. This initial report of 

transgenic recombination was followed by several other cases as discussed below. 

TBSV, a tombusvirus, has a single genomic RNA that encodes p33 and p92 

replication proteins, p41 CP, and pl9 and p22 movement protein. While the wild type 

virus can cause lethal systemic infection, the CP mutants can establish systemic infection 

with mild symptoms. The transformed Nicotiana benthamiana plants expressing the CP 

gene of TBSV without 3'-UTR were inoculated with mutant TBSV having the 46 

nucleotide within the 5' of CP gene deleted (Boija, et ai, 1999). The lethal systemic 

symptom was used as marker to identify the RNA recombination that reconstitutes the 

flmctional CP gene. A total of 32 of 200 inoculated transgenic plants (16%) representing 



different lines developed the lethal symptom. The recombinant virus was recovered and 

the sequence analysis of the vial RNA confirmed that the wild type CP gene was 

regenerated via the double homologous recombination events. The effect of the length of 

homologous region on the recovery of recombination was characterized. Whereas the 4% 

(46 nt) CP gene deletion resulted in the average 16% recombination, the 56% CP deletion 

at the corresponding region decrease the recombination frequency to 4%, indicating a 

positive relationship between the recombination frequency and the length of the common 

sequence shared by the transgene mRNA and the challenging viral RNA. The effect of 

the extent of the homologous region was also tested by inoculation of the TBSV CP 

transgenic plants with the CP defective Cucumber necrosis virus (CNV). CNV is a 

relative of TBSV; its CP can be functionally replaced by the TBSV CP. No 

nonhomologous recombination between the defective CNV CP and the TBSV CP 

transgene was recovered in 160 plants tested, confirming the positive relation between 

the recombination frequency and the homologous extent around the crossover site. 

TMV is the type member of Tobamovirus genus and contains a single-su^ded RNA 

genome encoding foru proteins: pi26 and pi83 replication proteins, MP and CP. CP is 

required for efficient systemic infection. A TMV vector (30B.GFP) carrying a green 

fluorescent protein (GFP) gene under the control of TMV subgenomic promoter can 

infect A/1 benthamiana plant in a similar way as wild type TMV. N. benthamiana plants 

was transformed with a 3' portion of 30B.GFP. The transgene included a part of the 

replicase gene, MP gene, GFP gene, and CP gene, but lacked the 3'-UTR (Adair and 

Kearney, 2000). When the transformed plants were inoculated with 30B.GFP-ACP, a CP 



defective mutant of 30B.GFP with a 168 nt deletion in the central region of CP gene, 28 

out of 44 infected plants showed efficient systemic infection, indicating regeneration of 

functional CP gene via recombination in these plants. However, recombinant RNA was 

detected in only 14 (32%) infected plants by RT-PCR using a downstream primer 

specific for the 3'-UTR of TMV and an upstream primer specific for the deleted CP 

region. Among these 14 plants, no virions were detected, indicating that the recombinant 

RNA was generated via aberrant homologous recombination. In contrast, when 

transgenic plants were challenged with a mutant of 30B.GFP (30B.KO.GFP) which had 

the wild type CP gene but GFP gene knocked out by substitution of the AUG start codon, 

fluorescent patches which would occur if recombination occurred and restored the start 

codon of GFP gene were not detected in 120 infected plants. Although viral RNA was 

detected in all tested plants, no recombinant RNA that restores the GFP AUG start codon 

was detected by RT-PCR which is capable of detecting 1 recombinant in a background of 

10,000 parental. These results suggested that the recombination under no selective 

pressure was much lower than that under strong selective pressure. 

In PPV, a potyvirus, viral assembly by CP is required for cell-to-cell movement and 

systemic infection in N. benthamiana plants. While a CP assembly mutant PPV was 

restricted in the originally infected cells, CP chimeric PPV with CP core region 

exchanged with that of either Zucchini yellow mosaic virus (2rV^V) or Potato virus Y 

(PVY) was able to form virions and systemically mfect N. benthamiana plants. In both 

cases, under either the strong selection pressiure for cell-to-cell movement or the 

moderate selection pressure due to the selection advantage of wild type sequence, wild 
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type CP sequence was recovered via recombination between the mutant virus and the 

transgene CP containing the complete 3' UTR (Varrelmann et al., 2000). In contrast, no 

recombinant molecules were recovered from transgenic lines expressing CP gene with 3' 

UTR truncated. These results indicated that transgenic recombination could occur under 

either strong or moderated selection pressures once the complete 3' UTR containing the 

replication element was present in the transgene. 

1.3.3 Mechanism of RNA recombination 

Genetic RNA recombination is a process that joins together two non-contiguous 

genomic RNA molecules (for reviews see, Lai, 1992). Since its first discovery in early 

60's (Ledinko, 1963), RNA recombination has been found and studied in different RNA 

viruses. Two models of RNA recombination were most commonly accepted: the 

replicative template-switching (copy-choice) mechanism and the nonreplicative RNA 

breakage-rejoining mechanism (for reviews see Alejska et al., 2001; Chetverin, 1999; 

Figlerowicz and Bujarski, 1998; Lai, 1992; Nagy and Simon, 1997). The template-

switching mechanism proposes that RNA recombination occurs during RNA synthesis 

when the replicase complex pauses and leaves the first template (donor strand), and 

resumes synthesis on a second template (acceptor strand). In contrast, the breakage-

rejoining mechanism suggests that the recombinant RNAs are formed by RNA breakage 

and joining the resulting fragments from different molecules. Currently, there are 

evidences supporting both models. 
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1.3.3.1 Replicative template-switching 

The template-switching mechanism was first proposed by Kirkegaard and Baltimore 

in 1986 to explain the homologous recombination in poliovirus (Kirkegaard and 

Baltimore, 1986). Since then, this mechanism has been commonly accepted and used to 

explain both homologous and nonhomologous recombinations in different systems 

including well studied viruses, such as BMV, TCV, and TBSV. Both RNA components 

(donor strand, nascent strand, and acceptor strand) and RdRp complex are involved in 

template-switching recombination. The effects of RNA and RdRp on the recombination 

frequency and distribution of crossover sites were well studied in BMV and TCV. Based 

on these studies, two template-switching models, the heteroduplex-mediated template 

switching model and homology-mediated template switching model were proposed 

(Nagy and Simon, 1997; Figlerowicz and Bujarski, 1998). 

Heteroduplex-mediated template switching model 

In this model, nonhomologous recombination is mediated by heteroduplex (base-

pairing) formed between the donor and acceptor strands down stream the crossover site. 

It proposes that RdRp complex pauses at donor strand due to heteroduplex and then 

occasionally switches template into and resumes transcription on receptor strand brought 

into proximity by the heteroduplex. In BMV, inserting 66 nt sequence complementary to 

RNA-1 into RNA-3 resulted in the production of RNA-l/RNA-3 recombinants (Nagy 

and Bujarski, 1993). However, insertion of the same region in the sense orientation did 

not induce any detectable recombinant. Moreover, the crossover sites clustered at left side 



of the heteroduplex region. In addition, longer heteroduplex regions supported 

recombination at a higher frequency than shorter ones among the tested range (20-140 

nt). Introduction of mismatch mutations at the left side within the deteroduplex region 

resulted in the right-ward shift of crossover sites (toward more stable portions of the 

heteroduplex). A role for similar heteroduplexes formed from intramolecular base-pairing 

in promoting RdRp pausing and template switching was also indicated in the formation 

of DI RNAs in Tombusvirus (White and Morris, 1995) and Bromovirus (Pogany et al.. 

1995). In addition, stable internal hairpin structures, which may also promote RdRp 

pausing, are found to constitute recombination hotspots in Tombusvirus (White and 

Morris, 1995). Recently, by using an in vitro RNA recombination system, Kim and Kao 

reported that RdRp complexes from BMV and other three viruses can produce easily 

detectable recombination products and that NTP availability affected the frequency of 

template switch (Kim and Kao, 2001). 

Homology-mediated template switching model 

In contrast to heteroduplex mediated recombination, homology mediated 

recombination is supported by the base-pairing between the nascent RNA and acceptor 

strand at the homologous region between donor and acceptor strands. In BMV, insertion 

of a 60 nt sequence derived from RNA-2 in direct orientation into RNA-3 resulted in 

efficient homologous (precise and aberrant) recombination between wild type RNA-2 and 

mutant RNA-3 at the common region (Nagy and Bujarski, 1995). Deletion analysis 

revealed that 15 or longer sequence identity between RNA-2 and RNA-3 can support 
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efficient RNA-2/RNA-3 homologous recombination. Common regions of five to nine nt 

support reduced levels of homologous recombination. No homologous recombination 

was detected when the sequence of identity was 4 or less. Mismatching mutation analysis 

indicated that the presence of four or more mismatch nucleotides in the common region 

dramatically reduced the frequency of crossovers and also shifted the location of 

crossovers towards non-mutagenized portion. 

In addition to sequence identity, the A/U and G/C contents also play very important 

roles in determining the frequency and precision of the homologous recombination. 

Sequence analysis of the recombinant RNAs revealed that the crossover sites were 

clustered in two recombination hot-spots of short A/U-rich sequences (Nagy and 

Bujarski, 1995). Increasing the number of the A/U-rich nucleotides in both donor and 

acceptor strands increased recombination frequency significantly (Nagy and Bujarski, 

1996). In addition to the A/U-rich region, the upstream 23 nt is G/C-rich region. Insertion 

of artificial A/U-rich sequences at the 3' of this G/C-rich region can also increase the 

recombination frequency and shift the crossover site to the A/U-rich region (Nagy and 

Bujarski, 1997). In contrast, insertion of the same A/U-rich sequences at the 5' of this 

G/C-rich region neither increased the recombination firequency nor shifted the crossover 

sites. Deletion of this G/C-rich region in either or both of donor and acceptor RNA 

supports no or very low level of recombination in the presence of A/U-rich sequence, 

suggesting that this G/C-rich region is required and AU-rich sequences alone in both 

parental RNAs are not sufficient for recombination to occur. However, in the presence of 

AU-rich sequences, the G/C-rich region can be replaced in both parental RNAs with 
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other G/C-rich or -average sequences and support recombination at a level higher than 

that of AU-rich sequences alone, indicating that the G/C content but not the particular 

sequence in this region was important for recombination (Nagy and Bujarski, 1998). 

Based on these data, a model was proposed; the 5' GC-rich sequences (as the "core" 

region) and the downstream AU-rich sequences (as the "enhancer" region) play different 

roles in homologous recombination. During (+)-strand RNA synthesis, the AU-rich 

sequences in the donor RNA may cause replicase pausing and/or facilitate the release of 

the 3' end of the nascent plus strand due to the weak A-U base-pairing. The GC-rich 

sequence in the upstream portion of the nascent plus strand may facilitate its landing on 

the complementary region (landing site) of the acceptor RNA via strong G-C base-

pairing. The AU-rich sequences in the acceptor RNA may further prompt the opening of 

the double-stranded replication intermediate via local "bubble structure" formation (Nagy 

and Bujarski, 1997; Figlerowicz and Bujarski, 1998). 

Consistent with the proposed model, studies of the sequences flanking the 

recombination hot-spots revealed that insertion of 20-30 nt GC-rich sequences at 

downstream positions either in both receptor and donor strands or in receptor strand only 

dramatically reduced the recombination frequency (Nagy and Bujarski, 1998). It 

indicated that the downstream GC-rich sequences acted as homologous recombination 

silencers on the upstream hot-spots. According to this model, the downstream GC-rich 

sequences in the acceptor strand interfere with the formation of recombination 

intermediates via inhibiting the formation of the bubble structure in double stranded 

replication intermediate of acceptor RNA at the AT-rich hot spots, or affect the re



initiation of the recombinant RNA synthesis by the landing replicase on the acceptor 

RNA due to the strong G-C base-pairing which is difScult to unwind during replicase 

landing or reinitiation. 

TCV is another well-studied system. The sequences and structures required for 

recombination between TCV-associated satellite RNAs (sat-RNA C and sat-RNA D) had 

been determined. Plant inoculated with TCV genomic RNA, sat-RNA D, and sat-RNA C 

containing lethal deletion in the 5' region resulted in the generation of recombinant sat-

RNAs comprising sat-RNA D at the 5' end and a portion of sat-RNA C at the 3' end via 

aberrant homologous recombination (Cascone et ai, 1990, 1993). Analysis of the 

crossover sites revealed a recombination hot spot located at a position 13 bases from the 

3' end of the plus-strand sat-RNA D and one of five consecutive bases in sat-RNA C 

beginning at position 175. Further analysis of the sequence and structure around the 

junctions revealed two elements: a short homologous region (upstream of crossover sites) 

between two parental RNAs and a stable hairpin (named motifl-hairpin). Motifl-hairpin 

shares sequence similarity with mapped TCV promoter for positive strand synthesis 

(Nagy and Simon, 1997). Mutations disrupting the hairpin eliminated recombination, 

while compensatory mutations restored recombination (Cascone et aL, 1993). A model 

was proposed to explain the recombination observed in TCV. The (+) nascent RNA 

transcribed from the (-) sat-RNA D template basepaired with (-) sat-RNA C immediately 

downstream the motifl-hairpin. The promoter-like motifl-hairpin had the ability to 

recruit RdRp to the site. RdRp then reinitiated RNA synthesis using the 3' of the (+) 

nascent sat-RNA D as primer and the receptor RNA ((-) sat-RNA C) as template. Similar 



features were also found in the recombinant RNAs between sat-RNA D and genomic 

RNA in vivo (Zhang et ai. 1991; Carpenter et. al., 1995). An in vitro system that mimics 

the strand switch and primer extension (reinitiating of RNA synthesis on receptor strand) 

was developed (Nagy et al., 1998b). This system contains purified TCV RdRp 

preparations and hybrid RNAs that resembled putative recombination intermediates 

(containing 28 nucleotides from sat-RNA D plus strand sequence extending from position 

-13 from the 3' end, joined by a six-base artificial sequence (5'-GAAUUC-3') to sat-

RNA C minus strand sequence that includes 33 nucleotides 3' of motif-hairpin, the 

motifl-hairpin, and 18 nucleotides 5' of the hairpin. The 3'-terminal extension by RdRp 

on these hybrid RNAs was analogous to reinition/primer extension proposed to occur in 

vivo by the TCV RdRp. Mutation and competition studies shown that efficient generation 

of the 3'-terminal extension products depended on two key factors: 1) the hairpin 

structure in the receptor RNA via binding RdRp, and 2) a short base-paired region 

formed between the nascent RNA and the acceptor RNA by bringing them together and 

placing the 3' end of the nascent strand at a proper position to RdRp. Further mutation 

analysis using this system defined the optimal sequences and structures in 3'-terminal 

extension reactions in vitro: wild-type like structure of motifl-hairpin, longer than 10 bp 

of priming stem, 12-36 nt pyrimidine-rich single-stranded spacer between motifl-hairpin 

and priming stem, and U-rich single-stranded 5' flanking region of motifl-hairpin (Nagy 

and Simon, 1998a, b). 



The role of RdRp complex in template switching 

The roles of replicase in RNA recombination were clearly demonstrated by 

mutagenesis of BMV replication proteins la and 2a (Nagy et al.. 1995; Figlerowicz et ai, 

1997, 1998). Viable mutations within the helicase-like domain of la protein resulted in 

an increase in the frequencies of recombination as well as a shift of the crossover sites 

into the energetically less stable portion of the heteroduplex formed between two parental 

RNAs (Nagy et ai, 1995). In contrast to the la mutations, a viable 2a mutation within the 

central RdRp core domain did not support heteroduplex-mediated non-homologous 

recombination (Figlerowicz et al., 1997). While the overall frequency of homologous 

recombination remained unchanged, the frequency of imprecise (aberrant) recombination 

was increased (doubled) and the crossover sites were shifted towards 5' regions as 

compared to wild type. Mutations were also introduced into the N terminus of 2a that was 

known involved in la-2a interaction (Figlerowicz et ai, 1997). Two of these mutants 

retained near wild type la-2a interaction and were infectious. However, the non

homologous recombination frequency in both mutants was dramatically reduced. While 

one mutant also decreased the frequency of homologous recombination with increased 

occurrence of imprecise homologous crossovers, another one maintained wild type level 

of homologous recombination but shifted the crossover sites toward the 3' (Figlerowicz 

et ai, 1998). Taking together, these data suggested that some regions in the RdRp 

complex are required for recombination but not for RNA replication. Different sites on 2a 

apparently participated in the homologous and non-homologous recombination. 
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Consequently, mechanisms underneath both types of recombination are probably 

different. 

1.3.3.2 Nonreplicative breakage-rejoining 

In contrast to replicative template switching mechanism, nonreplicative breakage-

rejoining model proposes that recombinant RNA resulted from parental strand breakage 

followed by ligation of the resulting fragments from different molecules. While the 

results from most systems supported template-switching model, studies using an in vitro 

system of bacteriophage Qp provided the first direct evidence for breakage-rejoining 

mechanism (Chetverin et ai. 1997; Chetverin, 1999). This system contained the 

recombination substrates, 5'- and 3'- fragments of a broken phage QP satellite RQ135-1 

RNA of 124 nt long, and pure QP replicase under physiological condition similar to those 

in cells (Chetverin et ai, 1997). RQ135-1 RNA can be replicated by QP replicase 

efficiently, but neither the 5'- nor the 3'-fragments alone can be replicated. In addition, 

homologous sequences were added to the broken ends to facilitate the homology-based 

replicase switch. The resulting replicable recombinant RNAs were then amplified into 

RNA colonies on QP- and rNTP-containing agarose. The colony number reflects the 

number of recombinant molecules generated in the system. Despite the homology of the 

foreign sequences, cloning and sequencing of the recombinants shown that all of them 

were nonhomologous, and that all contained the complete 5'-fragment joining to 3'-

fragment at the common region. The sequence features at the junctions suggested the 

transesterification mechanism of the attacking of the 3'-hydroxyl of the 5'-fragment at 
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the phosphoester bonds within the 3'-fragment. Accordingly, removal of the 3'-hydroxyl 

of the 5'-fragment but not the 3'-fragment eliminated recombination. Restoration of the 

3'-hydroxyl restores original recombination level. 

In addition to the replicase-assisted recombination describe above, self-recombination 

in the absence of replicase was also observed. Self-recombination was characterized 

differently from replicase-assisted recombination in three ways. It recombined the 

parental RNAs at the internal region, occured at much lower frequency, and was not 

affected by the elimination of 3'-hydroxyl (Chetverina et al., 1999), indicating that the 

3'-hydroxyI did not participate in the self-ligation. Theses data suggested a different 

mechanism for self-recombination in which 2'-hydroxyls attacked intramolecularlly at 

the phosphoester bonds resulting in the formation of intermediates of the 2',3'-cyclic 

phosphate and the 5'-hydroxyl termini, these intermediates were then cross-ligated to 

produce the final recombinant RNAs. 

Gmyl et al. (1999) provided evidences to show the existence of nonreplicative RNA 

recombination in poliovirus in vivo. Viable viruses were recovered from cells 

cotransfected with different pairs of genomic RNA fragments (5' partners and 3' 

partners) that are nontranslatable and nonreplicatable. The 5' partners contained truncated 

S'UTR that had all of its essential replicative and translational cis elements and a part of 

the spacer separating the IRES and the polyprotein initiator AUG but lack the viral 

polyprotein coding region. The 3' parmers preserved the polyprotein coding region, 3' 

replicative elements and poly(A) tail, however, contain lethal mutations in the essential 

cis elements of the S'UTR. Whereas none of the S' or 3' parmers alone can cause any 
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infection, cotransfection of different pairs of the partners resulted in the recover of viable 

recombinant genome. Analysis of the crossover sites revealed some "hot spots" with 

ribozyme like structure. Surprisingly, periodate oxidation of the 3' end of the 5' partners 

increased rather than decreased the nonhomologous recombination frequency, and caused 

the entire 5' partner incorporated into a significant proportion of the recombinant 

genomes. Treatment with aniline to remove the modified nucleoside and generate a 3'-

phosphate terminus did not markedly affect the recombination properties of the oxidized 

5' partners. However, subseqent dephosphorylation by phosphatase to remove the 3'-

phosphate resulted in restored the recombinational frequency and features similar to 

original nonoxidized fragment. Moreover, direct introduction of the 3'-phosphate to the 

5' partoer by pCp ligation had similar results as those of oxidized 5' parmers. Base on 

these results, a mechanism was proposed in which the intermediates were formed by 2'-

hydroxyls attacking intramolecularly at the phosphosester bonds and the subsequent 

cross-ligation between the 2',3'-eyelie phosphate and 5'-hydroxyle termini produced the 

recombinant RNAs. 

1.4 OBJECTIVES 

The goals of my Ph'D program are: 1) to generate highly infectious cDNA clones of 

RCNMV RNA-l and RNA-2, 2) to determine the role of the N-terminus of p27 and p88 

replication proteins in RCNMV RNA replication, 3) to characterize the role of the 3'-

terminal stem-loop structure in RCNMV RNA replication and how the 3'-SLS is 

recognized by replicase complex, and 4) to study the recombination between infecting 



RCNMV RNA-1 and transgenically expressed RNA-2 and determine the factors affecting 

the transgenic recombination in RCNMV. 

As the results of this program, we have generated highly infectious cDNA clones of 

RCNMV RNA-1 and RNA-2 by using RT-PCR. One of the newly generated clone, 

pRClIG69, is as infectious as wt RNA and about 100 times more infectious than pRClIG 

previously generated. The comparison between these two clones and the predicted 

transmembrane helices and glycosylation site suggested that the N-terminal 14 amino 

acids of p27 and/or p88 replication proteins were required for viral RNA replication 

possibly via membrane targeting. The 3'-SLS was recognized by replicase complex. The 

secondary structure and the loop sequence of the 3'-SLS was required for viral RNA 

replication. Three key nucleotides recognized by replicase complex were identified and 

the functional groups were predicted. This 3'-SLS recognized by replicase complex was 

important for transgenic recombination in RCNMV. Recombination between infecting 

RNA-1 and transgenically expressed 5'-terminally truncated RNA-2 was demonstrated 

under experimental conditions. A replicase-mediated template-switching model was 

proposed. Factors including the 3'-SLS, the transgene mRNA level that could 

dramatically affect transgenic recombination were identified, which may help to generate 

safer, virus-resistant transgenic plants. 
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CHAPTER 2. 

The N-terminal 14 Amino Acids of RNA Polymerase of Red Clover 

Necrotic Mosaic Virus Are Responsible for Differential Levels of 

Replication of Two Infectious Clones 

ABSTRACT 

Red clover necrotic virus (RCNMV) contains bipartite, positive-sense, single-

stranded RNA genome. RNA-1 (3.9 kb) encodes three functional proteins, p27, p88 RNA 

polymerase, and p37 coat protein. RNA-2 (1.45 kb) encodes a single p35 movement 

protein. RNA-1 can replicate in protoplasts in the absence of RNA-2. By using reverse 

transcription and polymerase chain reaction (RT-PCR), a series of full-length cDNA 

clones of RNA-1 and RNA-2 were generated. Among these new clones, the transcripts 

derived from pRClIG69 RNA-1 clone and pRC2IG54 RNA-2 clone were as infectious as 

wild type viral RNAs. RNA-1 transcripts derived from the highly infectious clone 

pRClIG69 replicated and accumulated 100-fold higher than those from a poorly 

infectious clone pRClIG in Nicotiana clevelandii protoplasts. A series of chimerical 

clones between pRClIG69 and pRClIG were subsequently constructed. Analysis of 

these RNA-1 chimerical clones allowed the localization of the mutation responsible for 

low infectivity and low RNA replication to the 5'420 nt region of pRClIG. Direct 

sequencing of this 420 nt region revealed a single U deletion in the p27 and p88 coding 

regions of pRClIG (145 LJUUUU 149 changed to 145 UUUU 148) as well as several 
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other nucleotide substitutions. Addition of an uridylate residue to pRClIG at position 

145-148 by site-directed mutagenesis restored both the RNA replication and infection in 

planta. This single U deletion caused translation frameshifling starting from the N-

' th • • termmal 9 amino acid (aa) of both p27 and p88 and subsequently premature termination 

at UAA stop codon at the 14"* aa position, resulting in the production of a small 13 aa 

oligopeptide. However, this U deletion prompted ribosome reinitiation from a 

downstream AUG start codon located at IS"* aa position, which led to the production of 

p27 and p88 lacking the N-terminal 14 aa, and consequently poor infectivity. Taken 

together, these data suggest that the N-terminal 14 aa of p88 RdRp and/or p27 is required 

for efficient RNA replication in RCNMV. 

INTRODUCTION 

Most plant infecting viruses and many animal viruses are RNA viruses (Murphy et 

al., 1995). As the current techniques are suitable only for DNA manipulation, highly 

infectious full-length cDNA (complementary DNA) clones are needed to study the gene 

functions and the mechanisms involved in virus life cycle. Since the first publication of 

infectious cDNA clone of QP in 1978 (Taniguchi et al., 1978), the infectious full-length 

cDNA clones from numerous and very diverse RNA viruses have been generated (for 

reviews see Boyer and Haenni, 1994; Lai, 2000). The basic strategy to construct the 

infectious full-length cDNA clones is to insert the full-length copy of the double strand 

cDNA synthesized from a viral genomic RNA into a vector under the control of an RNA 

polymerase promoter. The infectious transcripts are transcribed either in vivo (Mori et al.. 
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1991) or in vitro (Ahlquist et al., 1987). Several common problems will be experienced. 

First, the efficiency of the first strand cDNA synthesis is very low due to secondary 

structure in RNA template, and the size of the most cloned cDNA is less than 2 kb. 

Second, the extra non-viral nucleotides present at both termini of viral sequences will 

dramatically reduce or abolish the viral infectivity. The initial way to overcome small 

cDNA clones is to screen the overlapping fragments and join them into full-length. The 

non-viral vector sequences are removed by site-specific mutagenesis. Although these 

solutions work, they are laborious, and only one or few full-length clones (which may be 

non- or poorly infectious) will be made each time (Xiong and Lommel, 1991). With the 

power of polymerase chain reaction (PCR) for amplification of sequences of interest and 

the availability of the reverse transcriptase and Taq polymerase with increased fidelity, 

most of these difficulties have been overcome. The low yield of first strand cDNA was 

overcome by the strong amplification ability of PCR. The nonviral vector sequences were 

solved by simply linking the polymerase (T7/T3/SP6) promoter to the 5' end of viral 

sequence in PCR upstream primer and by designing a restrict enzyme site at the viral 3' 

end in PCR downstream primer. Moreover, multiple full-length clones with various 

levels of infectivity can be generated simultaneously. Since its first successful application 

in cloning the infectious full-length cDNA clone of cucimiber mosaic virus, RT-PCR has 

been used in the construction of many of the infectious cDNA clones in last ten years 

(Hayes and Buck, 1990). 

In this study, a highly infectious cDNA clone was generated with reverse-

transcription and polymerase chain reaction (RT-PCR) approach. Comparative 



characterization between the highly infectious cDNA clone and a previously reported 

poorly infectious clone (Xiong and Lommel, 1991) identified a region of the pre-fusion 

portion of RdRp required for efficient replication of Red clover necrotic mosaic virus 

(RCNMV) RNA genome. RCNMV belongs to Dianthovirus genus, Tombusviridae 

family (Giesman-Coolmeyer et al., 1995; Mayo and Pringle, 1998). It contains two 

single-stranded, positive-sense genomic RNAs with sizes of 3.9- and 1.45-kb (Xiong and 

Lommel, 1989; Lommel et al., 1988). RNA-1 can replicate in the absence of RNA-2 in 

the infected cell (Paje-Manalo and Lommel, 1993; Osman and Buck, 1987). RNA-l is 

composed of three ORPs encoding for proteins p27, p57, and p37 fi^om the 5' to 3'. A p88 

fusion protein of p27 and p57 is produced by ribosomal fi'ameshi fling (Kim and Lommel, 

1994; Xiong et al., 1993b). Both p27 and p88 are required for viral RNA replication 

(Vaewhongs and Lommel, 1995), and are associated with membrane (Bates et al., 1995). 

While p88 is a RNA-dependent RNA polymerase (RdRp), the function of p27 is 

unknown. 

Expression of RdRp as a fusion protein of the 5' first two ORFs is a feature conserved 

in Tombusviridae. The N-terminal pre-fiision portion is produced from the first ORF and 

the C-terminal post-fusion portion is directed from the second ORF (Buck, 1996). The 

post-fusion portion contains the conserved motifs including the GDD motif identified in 

all RdRps (Koonin, 1991; Koonin and Dolja, 1993). It also shares a similar order of 

secondary structure elements as identified in the RdRps of several viruses including 

poliovirus, hepatitis C virus (HCV), and bacteriophage 06 (Bressanelli et al., 1999; 

Butcher et al., 2001; Hansen et al., 1997; Hong et al., 2001; Lesburg et al., 1999; 



O'Reilly and Kao, 1998). In contrast to the post-fusion part, the pre-fusion part of RdRp 

is unique to tombusviruses, shows no amino acid sequence homology to any known 

functional proteins in databases. This pre-fusion part is also produced as an independent 

small protein &om the first ORF. Mutagenesis revealed that both the small protein and 

the fusion RdRp were required for viral RNA replication (Vaewhongs and Lommel, 

1995). How this N-terminal element is involved in RNA replication is currently not clear. 

RCNMV is used in present study to understand the function of the small pre-fusion 

protein. 

We report here that a series of full-length cDNA clones were generated by using RT-

PCR strategy and that the transcripts derived fi-om pRClIG69 of RNA-l and pRC2IG54 

of RNA-2 were as infectious as viral RNAs. The transcripts derived from pRC 1IG69 can 

replicate and accumulate in protoplasts to a 100-fold higher than a previously generated 

clone pRClIG (Xiong and Lommel, 1991). By studying RNA-l chimerical clones of 

highly infectious clone pRClIG69 and poorly infectious clone pRClIG, we present 

evidence to show that the N-terminal 14 aa of p88 RdRp and/or p27 proteins is required 

for efficient RCNMV RNA replication. 

MATERIALS AND METHODS 

Cloning and sequencing of the 5'- and 3'-terminal sequences 

A combination of ligation-anchored PGR and anchored cDNA cloning techniques 

developed previously (Weng and Xiong, 1995) was used to clone the termini of RCNMV 

genomic RNA-l and -2. Briefly, RNA-l and -2 were reverse transcribed into cDNA with 



reverse transcriptase (Invitrogen, Carlsbad, CA) using primers RClc830 and RC2c640 

(Table 2.1) that were complementary to nucleotides 834-851 of RNA-1 and 643-659 of 

RNA-2, respectively. RNA was removed by the addition of NaOH and boiling. After 

neutralization with HCl, cDNA was precipitated with ethanol. Two complementary 

primers F500 and R500 (Weng and Xiong, 1995) were used for ligation-anchored PCR. 

The anchor primer F500 was phosphorylated with polynucleotide kinase and ATP at the 

5' end and blocked with TdT and ddATP at the 3' end. The 5'-phosphorylated and 3'-

blocked anchor F500 was ligated to the first strand cDNA using T4 RNA ligase 

(Invitrogen, Carlsbad, CA). The viral 5' termini were amplified by a 40-cycle PCR using 

primers RClc300 and R500 for RNA-1 and primers RC2c320 and R500 for ElNA-2 

(Table 2.1). The PCR products were blunt-ended with the Klenow fragment, 

phosphorylated with kinase and cloned into pBluscript SK (+) at Smal site. The 5'-

terminal clones were then sequenced using T7 or T3 primers based on insertion 

orientation. 

Anchored cDNA cloning was used to clone the 3' termini. The S'-phosphorylated and 

3*-blocked anchor F500 was ligated directly to RCNMV RNA-1&-2 with T4 RNA ligase. 

The anchor-ligated viral RNA was then reverse transcribed into cDNA using primer 

R500 followed by second strand cDNA synthesis using a combination of Escherichia coii 

RNase H, E. coli DNA polymerase I, £. coli DNA ligase and T4 DNA polymerase. Two 

Xbal sites, one within primer R500 and another 417 nt upstream of the 3' end of RNA-2. 

were used to clone the DNA fragment representing the RNA-2 3' terminus into pBluscript 

SK (+). The 3'-terminal clones (4 clones) were then sequenced using T7 and T3 primers. 
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Synthesis of full-length cDNA clones by RT-PCR 

The strategy to generate the full-length cDNA clones of RCNMV RNA-1 and -2 was 

illustrated in Figure 2.1. Two 3' primers, RCIB'END and RC23'END (Table 2.1), were 

used to synthesize the first strand cDNA of RNA-1 and RNA-2, respectively. Primers 

RC13'END and RC23'END contain 20 nt complementary to the 3'-termini of RNA-1 and 

RNA-2, respectively, and 8 nt that creates a Smal site for the generation of viral 3' end 

and protects the viral 3' end firom degradation. A 20 JAI reverse transcription contains 50 

mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCh, 10 mM DTT, 0.5 mM each of dATP, 

dCTP, dGTP and dUTP, 1 ^g RC13'END/RC23'END primer, 3 |ag heat-denatured 

RCNMV RNA, and 500 U reverse transcriptase (Invitrogen, Carlsbad, CA). After one-

hour incubation at 42°C, the reaction was diluted to 1:10 with sterile distilled water and 

used directly as template for PCR. 

The full-length cDNAs of RCNMV RNAs were amplified by PCR using two pairs of 

terminal primers, RC1T75'END and RC13'END for RNA-1 and RC2T75'END and 

RC23'END for RNA-2 (Table 2.1). Primers RC1T75'END and RC2T75'END contain 18 

nt identical to the 5' end of RNA-1 and RNA-2, respectively, T7 promoter sequence 

upstream viral sequence, and an extraneous non-viral G residue added between 5' viral 

sequence and the T7 promoter sequence to facilitate the in vitro transcription by T7 RNA 

polymerase. The PCR reaction was carried out in 25 |jil of 10 mM Tris-HCl (pH 9.0), 50 

mM KCl, 1.5 mM MgCh, 0.1% Triton X-100, and 0.2 mM dNTPs containing 1.25 units 

of a mixture of Taq DNA polymerase (Promega, Madison, WI):Pfu DNA polymerase 
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RNA-1 or-2 

RNA-I or-2 
strand cDNA 

P' strand cDNA 

RC 1T75'END/RC2T75'END 
primer (T7 + G 18 nt) 

PCR products 

i (1)RT 
(Reverse transcription) 

RC13'END/RC23'END 
primer (18 nt + 5mal) 

1 (2) PCR 

1 
RC13'END/RC23'END 
primer (18 nt + Smal) 

pUC18 

(3) Blunt-ended and then 
Cloned into PUC18 at Smal site 

3889 

Figure 2.1 RT-PCR strategy for the construction of full-length cDNA clones of RCNMV 
RNA. (1) RCNMV RNA was reverse transcribed into complementary DNA (cDNA) by a 
specific primer RC13'END or RC23'END which contains 18 nucleotides complementary 
to the 3' end of RNA-l or RNA-2, and a Smal site to facilitate the generation of 
transcripts with wild type viral 3' end. (2) The first strand cDNA was then amplified by 
30 cycles of PCR using two primers, primer RC13'END or RC23'END and primer 
RC1T75'END or RC2T75'END which has 18 nucleotide of 5' end of RNA-l or RNA-2, 
T7 promoter sequence leading the viral sequence and a G between T7 and viral sequences 
for increasing the transcription efficiency by T7 RNA polymerase. 
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Table 2.1 Sequences of primers used in this study 

Primers Primer Sequences 
RC1T75'END* 5 -GAATTGTAATACGACTCACTATAEACAAACGTTTTACCGGTT-3 • 
RC2T75'END» 5 •-GAATTGTAATACGACTCACTATAeACAAACCTCGCTCTATAA-3' 
RC13'END^* 5 -GAGCTCCC<?<?CGTACCTAGCCGTTATAC-3 ' 
RC:23'END"* 5 -GAGCTCCCCCf <?GTGCCTAGCCGTTATAC-3 ' 
RClc830 5-GAAAGCTGAGTGGGCCGC-3' 
RClc300 5-AAGGCATCCACCGCCCAC-3' 
RC2c640 5'-TGCACGTAGGCTTCCACTGCC.3' 
RC2c320 5-CTACGGTGACGTGTCCTG-3' 
RClvPOL*** b'-CGlACCAGCCAlGGUrrnAlAAAlCl'l ICGCn i riGAlGlGG-i' 
RClcPOL 5 '-CCACATCAAAAAGCGAAAGATTTATAAAACCCATGGCTGGTACG-3' 

•; Lower case g indicates the non-viral nucleotide added between the T7 promoter sequence (underlined) 
and the viral 5'-terminal sequence (bold) to facilitate the initiation of transcription by T7 RNA polymerase. 
**: Twenty nt complementary to the 3'-ends of RNA-l and RNA-2 are bold. Smal restriction site is 
underlined. 

Bold ATG indicates the translation start codon of p27 and p88. The underlined five T indicates the 
region where one T was added. The underlined C is the substitution for T to generate a Ncol restriction site. 
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(Stratagene, La Jolla, CA) [20:1, (vol/vol)], 0.4 |j,M each of the two primers, and 15 ng of 

first strand cDNA. The mixture was overlaid with 25 ^1 of light mineral oil and incubated 

at 94°C for 3 minutes in a Temp-tronic thermocycler (Thermolyne, IL) prior to the 30 

PCR cycle. Each PCR cycle consisted of denaturation at 94°C for 45 seconds, annealing 

at SS^C for 60 seconds, and polymerization at 72°C for 3 minutes. The full-length PCR 

products (~4 kb and 1.5 kb) were blunt-ended with Klenow fragment, phosphorylated 

with T4 kinase, and ligated into pUClS at the Smal site. 

In vitro transcription 

Full-length cDNA clones of RNA-1 and RNA-2 were linearized with Smal followed 

by in vitro transcription with bacteriophage T7 RNA polymerase (Invitrogen, Carlsbad, 

CA) as described previously (Xiong and Lommel, 1991; Weng and Xiong, 1997). A 10-

^l reaction contains I |ag template DNA, 40 mM Tris-HCl pH 8.0, 8 mM MgCli, 2 mM 

spermidine-(HCl)3, 25 mM NaCl, 5 mM dithiothreitol (DTT), 1 mM each of ATP, CTP, 

GTP and UTP, 8 U of T7 RNA polymerase (Invitrogen, Carlsbad, CA), and I U of 

Ribonuclease inhibitor (Invitrogen, Carlsbad, CA). The amount of transcripts synthesized 

in vitro was determined by agarose gel electrophoresis prior to plant and protoplast 

assays. 

Plant inoculation and infectivity analysis 

RNA-1 and RNA-2 transcripts from each of l0-|il in vitro transcription 

(approximately 2 jig RNA) were mixed and diluted at 1:5 ratio with GKP buffer (50 mM 

glycine, 30 mM K2HPO4 pH 9.2, 1% bentonite, 1% celite), and then inoculated to a total 
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of six primary leaves on three cowpea plants as previously described (Xiong and 

Lommel, 1991). The inoculated plants were kept at 23°C.The lesion number on the 

inoculated leaves was counted five days after inoculation. 

Protoplast transfection 

A protocol described previously (Rao et al. 1994; Weng and Xiong, 1998) was 

modified and used. The young N. clevelandii leaves were sliced and digested with 

cellulase "Onozuka" R-10 (Yakult Honsha Co., Ltd.) and macerozyme R-10 (Yakult 

Honsha Co., Ltd.). Protoplasts were isolated, purified, and divided into aliquots of 1.25 x 

10^ into each polypropylene tube. The DNA template in the in vitro transcription reaction 

was removed by lithium chloride precipitation. Approximately 10 ^g transcripts derived 

from either pRClIG or pRClIG69 were co-transfected with 10 |xg transcripts firom 

pRC2IG54 into the purified protoplasts using the polyethylene glycol (PEG: Mr 1450, 

Sigma) method (Rao et al. 1994; Weng and Xiong, 1998). The transfected protoplasts 

were incubated at room temperature under fluorescent light for 24 hours. 

Northern blot analysis 

Total RNA was extracted fi^om protoplasts at 0 hour and 24 hours post transfection as 

described (Rao et al. 1994; Weng and Xiong, 1998). Total RNAs (5 |ig) was 

electrophoresed in 1.5 % agarose gels after incubation at 70°C for 10 minutes, and 

transferred to nylon membranes (Amersham, Arlington Heights, ELs). The blots were 



then hybridized with "P-labeled (-) sense RNA-1-

etal., 1993a). 
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or RNA-2- probes as described (Xiong 

In vitro translation 

In vitro transcripts were translated in a wheat germ in vitro translation system 

(Boehringer Mannheim Biochemica). A 25 reaction contains 25 |xM each of 19 amino 

acids except methionine, I mM ATP, 20 jiM GTP, 8 mM creatine phosphate, 30 |ag/ml 

spermine, 2 mM dithiothreitol, 14 mM Hepes pH7.6, 40 ^g/ml creatine kinase, 100 mM 

potassium acetate, I mM magnesium acetate, I |ig in vitro transcripts, 0.8 |iM [^^S]-

methionine, and 7.5 (il of wheat germ extract. After incubation at 30 "C for 1 hour, -

labeled translation products were resolved by 12.5% SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) (Laemmli, 1970), fixed and visualized by fluorography 

(Xiong et al., 1993a; Weng and Xiong, 1997). 

Construction of RNA-1 chimerical clones 

Two pairs of restriction enzymes, {Xhol & Smal and EcoRl & Swal), were used to 

make the chimerical clones between pRClIG and pRClIG69 (Figure 2.3). The Xhol site 

located in the middle and Smal at the 3' terminus of RNA-1 were used to generate 

RC169XSIG and RC1IGXS69. An EcoRl restriction site 420 nt downstream of the 5' 

terminus and Smal were used to generate two other clones, RC169ESIG and RCIIGES69 

(Figure 2.3). 
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PCR-based, site-directed mutagenesis 

QuikChange™ site-directed mutagenesis protocol (Stratagene, La JoUa, CA) was 

used to generate pRClIGRS (Figure 2.3) which has a T inserted to the 145-TTTT-148 

region of pRClIG to restore the wild type 145-TTTTT-149 sequence. Two 

complimentary primers, RClvPOL and RClCpol (Table 2.1), were designed for PCR 

mutagenesis. Primer RCvPOL contains 44 nt identical to 113-155 nt region of pRClIG 

with two exceptions of a single T insertion within 145-148 nt and a single nucleotide 

substitution of C for T at nucleotide 121. This C for T substitution generated a Ncol site 

upstream AUG start codon of p27 and p88 to facilitate the screen of restoration clones. 

Primer RClcPOL is completely complimentary to primer RClvPOL. A typical 50-|il 

PCR reaction contains 10 mM KCl, 6 mM (NH4)2S04, 20 mM Tris-HCl (PH8.0), 2 mM 

MgCb, 0.1% Triton X-100, 10 ng /ml bovine serum albumin (BSA), 40 ng PRClIG, 0.25 

I^M each of two primers, 0.2 mM each of dATP, dCTP, dGTP AND dTTP, and 2.5 U Pfu 

DNA polymerase (Stratagene, La Jolla, CA). The mixture was overlaid with 25 |il of 

light mineral oil and incubated at 95°C for 30 seconds in a Temp-tronic thermocycler 

(Thermolyne, IL) prior to the 18 PCR cycle. Each PCR cycle consisted of denaturation at 

95°C for 30 seconds, annealing at 55°C for 1 minute, and polymerization at 68 °C for 14 

minutes. PCR products were incubated with 10 U Dpnl at 37 °C for 1 hour to digest the 

parental (nonmutated) supercoiled ds DNA. The DpnI-digested PCR products were 

transformed into £. coli DH5a competent cells. Mutant clones were initially screened by 

Ncol digestion and confirmed by direct sequencing. 
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RESULTS 

5 - and 3'-terminal sequences 

As both 5' and 3' termini contain the promoters for viral RNA replication, the 

accuracy of these terminal sequences is the pre-requirement for the generation of highly 

infectious cDNA clones. Therefore, we decided to re-examine the terminal sequences of 

both RCNMV RNA-l and -2. By using a combination of ligation-anchored PCR and 

anchored cDNA cloning techniques (Weng and Xiong, 1995), the 5'- and 3'-termini were 

cloned into pBluscript SK (+). A total of 8 clones of RNA-l 5' end, 7 clones of RNA-2 5' 

end, and 4 clones of RNA-2 3' end were sequenced. Sequences of the 5' ends of both 

RNA-l and RNA-2 and the 3' end of RNA-2 determined from these clones were identical 

to the terminal sequences previously determined (Xiong and Lommel, 1989, 1991). 

Because the three terminal sequences published earlier were proved to be accurate and 

the fact that the 3' ends of RNA-l and RNA-2 are highly conserved, we decided not to 

repeat the cloning and sequencing of the 3' end of RNA-l, but used the sequence 

determined previously directly for the construction of RNA-l full-length cDNA clones. 

Infectious full-length cDNA clones of RCNMV RNA-l and RNA-2 

A large number of nearly full-length cDNA clones of RCNMV RNA-l and RNA-2 

were generated by RT-PCR and cloned into pBluscript SK (+) at the Smal site. PCR 

primers were designed in such a way that transcripts identical to viral RNA would be 

produced directly by T7 RNA polymerase from Smal linearized clones. The 5' PCR 

primers contained a fully functional promoter for T7 RNA polymerase immediately 
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upstream of the RCNMV 5' termini. The 3' PGR primers contained a Smal restriction 

site immediately downstream of the viral 3' termini. In order to produce infectious 

transcripts, a clone has to retain both the complete T7 RNA polymerase promoter and the 

intact 5' and 3' terminal sequences of viral RNA genome. Thus initial screens of the 

nearly full-length clones focused on the retention of the Smal restriction site immediately 

downstream of RCNMV RNA 3' termini and on the efficient transcription by T7 RNA 

polymerase. Among 72 RNA-2 clones screened, 42 clones retained the Smal site at the 3' 

end. Eleven of these clones were efficiently transcribed by T7 RNA polymerase. Out of 

27 near full-length clones of RNA-1, 17 maintained the Smal site at the 3* end and 5 

clones can be efficiently transcribed in vitro by the T7 RNA polymerase. 

The infectivity of the full-length RNA-1 and -2 clones were assayed by co-

inoculation of the transcripts derived from known infectious cDNA clones. Transcripts 

derived from five RNA-2 clones were co-inoculated with the transcripts derived fi-om 

RNA-1 clone pRClIG, a previously reported infectious clone (Xiong and Lommel, 

1991), to 4 cowpea leaves. Clone pRC2IG47 that resulted in the largest number of lesions 

5 days post inoculation (dpi) (data not shown) was then used to determine the relative 

infectivity of the newly synthesized RNA-1 clones. 

Infectivity ranging from 1% to 87% was observed when RNA-1 transcripts were co-

inoculated with RNA-2 transcripts derived from pRC2IG47 (Table 2.2A). Two clones 

pRClIG69 and pRClIG291 were nearly as infectious as the wild type viral RNA. Clone 

pRClIG69 was then used to screen all 11 RNA-2 full-length clones (Table 2.2B). Five 

RNA-2 clones (pRC2IG54, pRC2IG59, pRC2IG35, pRC2IG52, and pRC2IG47) 
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produced transcripts that are nearly as infectious as the wild type viral RNA. Clones 

pRC2IG6, pRC2IG55, and the original infectious RNA-2 clones were intermediate in 

infectivity. The remaining clones were non-infectious. These results revealed that 

infectious cDNA clones with infectivity as high as wild type viral RNA-l and RNA-2 can 

be obtained by the techniques described in this paper. The original infectious RNA-l 

clone pRClIG (Xiong and Lommel, 1991) was approximately lOO-times less infectious 

than wt RNA-1 and some of the new RNA-l clones including clone PRC1IG69 which 

was selected in further experiments. 

RNA replication of pRClIG69 andpRClIG 

Transcript derived from clone pRClIG69 was about lOO-fold more infectious than 

that from pRClIG when co-inoculated with RNA-2 in cowpea leaves (Table 2.2B). To 

test whether the lower infectivity of pRClIG is due to poor RNA replication or due to 

inability of the virus to move from cell-to-cell, RNA-l replication was assayed in N. 

cleveiandii protoplasts. Transcripts derived from pRClIG and pRClIG69 were 

transfected with pRC2IGS4 transcripts to protoplasts. Total RNAs isolated from 

transfected protoplasts 24 hours post inoculation (hpi) were hybridized with (-)-sense, 

^"P-labeled RNA-l probe. RNA-l accumulated to a level of about 97-fold higher in 

protoplasts inoculated with pRClIG69 transcripts than in protoplasts inoculated with 

pRClIG transcripts (Figure 2.2). Consistent with the RNA-l replication, RNA-2 

accumulated to a similar level of 105-fold higher in protoplast when co-inoculated with 

pRClIG69 transcripts than that when co-inoculated with pRClIG transcripts (Figure 2.2). 



Table 2.2 Infectivity of full-length cDNA clones of RCNMV RNA-l and RNA-2. 

A. 
Clone Average lesion number Percentage (%) 

DRC1IG69 349 86.80 
DRC1IG102 247 64.0 
DRC1IG132 70 17.40 
PRC1IG155 24 6.00 
ORC1IG291 311  77.40 

PRCIIG 4 l.OO 
RCNMV RNA 402 100 

B. 
Clone Lesion number Percent (%) 

0RC2IG6 129 36.50 
PRC2IG10 0 0 
PRC2IG16 0 0 
PRC2IG34 0 0 
PRC2IG35 291 82.40 
PRC2IG47 250 70.80 
PRC2IG52 274 77.60 
PRC2IG54 304 86.10 
PRC2IG55 157 44.50 
pRClIGSQ 302 85.60 
PRC2IG63 0 0 

PRC2IG 67 19.00 
RCNMV RNA 353 100 
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These data implied that the low infectivity of the pRClIG clone is due to a low level of 

viral RNA replication. 

Construction and infectivity analysis of chimerical clones ofpRClIG69 and pRClIG 

To characterize the molecular determinant(s) responsible for the low level of viral 

RNA replication in pRClIG, chimerical clones between the highly infectious pRClIG69 

and poorly infectious pRClIG were generated (Figure 2.3). Two chimerical clones, 

pRC169XSIG and pRClIGXS69, contained one half of the RNA-1 genome from each of 

the two parental clones. pRC169XSIG consisting of 5' half from pRClIG69 and 3' half 

from pRClIG was as infectious as pRClIG69. In contrast, the reciprocal clone 

pRClIGXS69 composed of 5' half from pRClIG and 3' half from pRClIG69 was poorly 

infectious, similar to pRClIG clone. This result indicated that the 5' half of RNA-1 

genome of pRClIG contained the molecular determinants responsible for the poor viral 

RNA replication. 

To fturther delimit the region of the viral genome controlling the poor viral replication 

level, two additional chimerical clones, pRC169ESIG and pRClIGES69, were created by 

exchanging a 420 nt £coRI fragment at the 5' end of pRClIG69 and pRClIG (Figure 

2.3). pRC169ESIG obtained the 5' 420 nt from pRClIG69 and the remainder from 

pRClIG. The reciprocal pRCIIGES69 clone contained 5' 420 nt from pRClIG and the 

rest from pRClIG69. While the infectivity of pRC169ESIG was similarly high as that of 

pRClIG69, pRClIGES69 was poorly infectious as pRClIG, suggesting that the 

mutation(s) responsible for the differential replication was located within the 5' 420 nt of 

pRClIG. 
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Sequence comparison of the 5' 420 nucleotides between pRClIG69 and pRClIG 

The 5' 420 nt of both pRClIG69 and pRClIG were sequenced directly in order to 

identify specific changes in nucleotide sequences that were responsible for the 

differential level of viral RNA replication. The nucleotide and the predicted amino acid 

sequence differences within this region between pRClIG69 and pRClIG were 

summarized in Table 2.3. Five nucleotide substitutions and one nucleotide deletion were 

found. Three of the five nucleotide substitutions occurred in the 5' untranslated region. 

The remaining two substitutions were located in the p27 and p88 coding region The U to 

C transitions at nucleotides 318 and 370 resulted in amino acid substitutions from Tyr to 

His and Leu to Pro, respectively. The single nucleotide deletion took place between 

nucleotide 145 and nucleotide 149 of the p27 and p88 coding region, reducing five uracil 

residues in pRClIG69 to four uracil residues in pRCllG. This deletion resulted in a 

translation frameshifting and premature termination of the p27/p88 protein (Figure 2.4). 

Translation initiation at the original AUG codon of p27/p88 produces a small 13 amino 

acid peptide instead of full-length p27 and p88. 

Characterization of pRCllG progenies 

It had been observed that pRClIG progenies recovered its infectivity and became as 

infectious as wild type RNA (Xiong and Lommel, 1991). To identify which of the six 

mutations in pRClIG were responsible for its low infectivity, the progenies of pRClIG 

were characterized. The 5' 830 nt fragment of progeny RNA-1 was amplified by RT-PCR 
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Figure 2.2 Replication and accumulation of RNA-l and RNA-2 in N. clevelandii 
protoplasts. Protoplasts isolated from N. clevelandii plants were coinoculated with 
either the transcripts derived from pRClIG69 and pRC2IG54 (lane 1) or the transcripts 
from pRClIG and pRC2IG54 (lane 2) or the transcripts from pRC2IG54 only (lane 3). 
Twenty-four hours after transfection, total RNA was extracted from the protoplasts, 
electrophoresed in 1.5% agarose gel, bloted to a N+-hybond membranes, and 
hybridized with RNA probe complementary either to RCNMV RNA-l (panel A) or to 
RCNMV RNA-2 (panel B). RNA-l (panel A) as well as RNA-2 (panel B) replicated 
and accimiulated to a level approximately 100 times higher in protoplasts transfected 
with transcripts from pRClIG69 and pRC2IG54 than in protoplasts inoculated with 
U-anscripts form pRClIG and pRC2IG54. 
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pRClIG I I Ix 
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pRClIGXS69 I I. . . .. I ix 

PRC169XSIG I . •... .... . .^.1 -1 lOOx 

pRClIGES69 I I - - . . .  .  I  Ix 

pRC169CSIG I : ; I i lOOx 

pRClIGRS I I lOOx 

145 TTTTT 149 

Figure 2.3 Constructs and infectivity of RNA-l chimerical clones between 
pRClIG and pRClIG69 and restoration clone pRClIGRS. The infectivity of 
transcript derived from RNA-l clone pRClIG69 is about lOOx higher than that of 
pRClIG. Chimerical clones pRClIGXS69 and pRClIGES69 which contain the 5' 
1930 and 420 nt, respectively, from pRClIG is as poorly infectious as the parental 
clone pRClIG. Chimerical clones pRCl69XSIG and pRC169ESIG which have the 
5' 1930 and 420 nt, respectively, from pRClIG69 is as highly infectious as the 
parental clone pRClIG69. The restoration clone of pRClIG, pRClIGRS in which 
one T was added to the 145-TTTT region, has infectivity similar to pRClIG69. 
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Table 2.3 Comparison of 5' 420 nucleotides and the corresponding amino acid sequences 
between pRClIG69 and pRClIG 

Nucleotide position PRC1IG69 pRClIG Amino Acid 
47 A U -

53 U C -

78 G A -

145 UUUUU uuuu Fnuneshifting 
318 u c Tyr to His 
370 u c Leu to Pro 
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using one pair of primers, RC1C830 and RC1T75'END, and cloned into pBluscript SK 

(+). Direct sequencing of the 5' 420 nt from several independent clones revealed a single 

U insertion which reverted the 4 U beginning at nucleotide 145 back to 5 U (data not 

shown). This result indicated that the low infectivity and poor RNA replication of 

original pRClIG was likely caused by one U deletion between nucleotides 145 and 149. 

Insertion of a single uracil to pRCIIG restored both infectivity and RNA replication 

To unequivocally demonstrate that the single uracil deletion around nucleotide 145 of 

pRClIG was responsible for its low infectivity and poor RNA replication, one U was 

inserted to pRClIG at nucleotide 145 by PCR-based, site-directed mutagenesis. In 

addition to the uracil insertion, a Ncol site (CCATGG) was engineered as a selection 

marker by changing U to C at nt 121 immediately upstream of p27/p88 AUG start codon. 

The resulting clone pRClIGRS was screened initially by Ncol digestion. Desirable 

mutations were then confimied by direct sequencing. 

Infectivity and RNA replication of pRClIGRS were assayed on cowpea leaves and N 

clevelandii protoplasts, respectively. When co-inoculated with RNA-2, transcripts 

derived from pRClIGRS produced a similar amount of local lesions on cowpea leaves as 

those from pRClIG69 (Figure 2.3). Consistent with infectivity data, the RNA-1 

accumulation level in the protoplasts transfected with pRClIGRS is similar to that of 

pRClIG69 (data not shown). These results clearly showed that the single U deletion 

around nucleotide 145 was responsible for the low infectivity and poor RNA replication 

ofpRClIG. 
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123 
Nucleotide AUGGGUUUUAUAAAUCUUUCGC^TOt/t/GAU 

p27 and p88 M G F I N L S L F D 
Frameshifting^ L M 

179 
GUGGAUAAAUUA/lt/GGUGUGGGUGAGU 

V D K L M V W V S  

W I N *  

Reinitiation IVl V ^ V S 

Figure 2.4 Sequence of the N-terminal of p27 and p88 coding region where 
frameshifting occurs due to a single U deletion. The synthesis of wild type p27 and 
fusion protein p88 started from the first AUG codon at nucleotide 123. One U 
deletion at the \A5-UUUUU (italic) region caused translation frameshifting, which 
resulted in the aa sequence changing from the 9"* aa and premature termination at 
the 14"* UAA stop codon. The reinitiation of translation from the second AUG 
codon (italic) at the IS"* aa resulted in the production of p27 and p88 lacking the N-
terminal 14 aa. 
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In vitro translation products of pRCIIG69. pRClIG, and viral RNA 

The one U deletion in pRClIG should cause translation frameshifting and premature 

termination which would result in the production of a small (13 aa) peptide instead of 

full-length p27 and p88. However, closer examination of the nucleotide sequence around 

the region where a single U was deleted revealed a second inframe AUG methionine 

codon 15 aa downstream from the original AUG initiation codon (Figure 2.4). This 

second AUG codon was in a good context for translation initiation and could potentially 

serve as the AUG initiation codon for the translation of a truncated version of p27 and 

p88 lacking the N-terminal 14 aa. To test this hypothesis, an equal amount of transcripts 

derived from pRClIG69, pRClIG, and pRClIGRS were translated in a wheat germ in 

vitro translation system. The -labeled translation products were resolved by SDS-

polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli, 1970; Xiong et al., 1993a; 

Weng and Xiong, 1997). As shown in Figure 2.5, pRClIG transcripts derive the synthesis 

of p27 and p88 RdRp proteins with sizes similar to wild type proteins synthesized from 

pRClIG69 transcripts. The amount of p27 produced from pRClIG is about 33% of the 

p27 expressed from pRClIG69. This result suggested that a significant amount of p27 

and p88 lacking the N-terminal 14 aa were produced from the second AUG start codon in 

pRClIG. Taken together with the observation that the level of RNA-1 and -2 replication 

catalyzed by the replicase encoded in pRClIG transcript was dramatically reduced to 

about 100 times lower (Figure 2.2), these resuhs indicated that the N-terminal 14 aa of 

p27 and/or p88 is required for efficient RNA replication. 
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Figure 2.5 In vitro translation products of pRClIG69, pRClIG, and pRClIGRS. An 
equal amount of transcripts derived from RNA-l clones pRClIG69 (lane 2), 
pRClIG (lane 3), and pRClIGRS were translated in a wheat germ in vitro 
translation system. The 35S-methionine labeled protein products were 
electrophoresed in a 12.5% SDS polyacrylamide gel. A similar amount of p27 was 
synthesized from both pRClIG69 transcripts and pRClIG transcripts. 
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DISCUSSION 

Infectious cDNA clones (pRClIG and pRC2IG) of RCNMV were previously 

described (Xiong and Lommel, 1991). However, these clones were poorly infectious and 

capping of the in vitro transcripts was required to generate sufHcient infection for genetic 

studies (Xiong et al., 1993a). In this study, we have generated highly infectious cDNA 

clones of RCNMV RNA-l (pRClIG69) and RNA-2 (pRC2IG54) by direct amplification 

of the entire viral RNA genome with RT-PCR. The infectivity of the transcripts derived 

from these clones is similar to RCNMV RNAs and is nearly 100-fold more infectious 

than earlier version of RCNMV infectious cDNA clones. Genetic dissection of the highly 

infectious pRClIG69 and low infectious pRClIG revealed that the N-terminal 14 aa of 

p88 RdRp and /or p27 protein is required for efficient RCNMV RNA replication. 

For any RNA viruses such as RCNMV, highly infectious cDNA clones are essential 

for genetic dissection and direct manipulation of the viral genome. By using an RT-PCR 

strategy in which the T7 promoter sequence is directly incorporated into the 5' PCR 

primer upstream of the viral sequence, a large number of transcribable cDNA clones were 

rapidly generated without additional sequence manipulation. This strategy makes it 

possible to screen a large number of full-length clones and consequently identify 

infectious cDNA clones with infectivity comparable to that of the wild type viral RNA. 

In this study, twelve RCNMV RNA-2 clones and five RCNMV RNA-l clones with 

various levels of infectivity were attained. Several RNA-l and -2 clones including 

pRClIG69 and pRC2IG54 were as infectious as RCNMV RNAs. In contrast, pRClIG of 
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RNA-1 and pRC2IG of RNA-2 reported earlier were synthesized by ligation of the 

overlapping cDNA fragments, followed by insertion of the full-length sequence into a 

plasmid vector immediately downstream T7 RNA polymerase promoter. The whole 

process is laborious, including the identification of proper restriction enzyme site within 

the overlapping region and removal of the non-viral vector sequence between the T7 

RNA polymerase promoter and the 5' end of viral sequences by site directed mutagenesis 

(Xiong and Lommel, 1991). In addition, only one clone was constructed due to the 

complexity of the process. Therefore, RT-PCR is an easy and fast way to generate highly 

infectious cDNA clones of RNA viruses, especially those with small RNA genomes. 

In order to obtain a highly infectious cDNA clone, a large number of full-length 

clones must be screened and assayed. The RdRp enzyme that catalyzes the rapid viral 

RNA genome replication lacks the proof reading function, resulting in a population with 

sequence variations in individual viral genomes. Some of these variations may abolish 

their infectivity. The cDNA representing these genomes will be noninfectious. In 

addition, errors may also be introduced during the cloning procedure including both the 

reverse transcription and the subsequent cDNA amplification by PCR. 

An example of this type of error is a single U deletion within the 5'-420 nt region of 

poorly infectious clone pRClIG. The mutation responsible for the low infectivity of 

pRClIG is localized to the 5'-420 nt by reciprocal exchanges of the poorly infectious 

clone pRClIG and the highly infectious clone pRClIG69. Sequencing analysis of the 5'-

420 nt revealed a total of six nucleotide differences between the two clones (Table 2.3). 

Among these differences, a single U deletion in the p27 and p88 coding region of 
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pRClIG was the ultimate culprit responsible for the low infectivity. This conclusion is 

supported by two lines of evidence. The reversion of infectivity to the wild type level of 

the progeny from pRClIG transcripts is accompanied by one U insertion at nucleotide 

145; direct insertion of a single uracil to the same region by site-directed mutagenesis 

restored the infectivity of pRClIG to a level similar to that of pRClIG69. Furthermore, 

we demonstrated that the low infectivity of pRClIG is due to a low level of RNA 

replication. The pRClIG transcript replicated and accumulated to a level about 100-fold 

lower than that of pRClIG69 in protoplasts 24 hours after co-transfected with RNA-2 

(Figiu-e 2.2). The difference in viral RNA replication between these two clones is 

comparable to the difference in their infectivity. 

The single U deletion around nucleotide 145 of pRClIG caused translation 

frameshifting and premature termination, resulting in the production of a l3-aa peptide 

instead of p27 and p88. However, the ribosome terminated at 14"* UAG stop codon 

reinitiates translation at the downstream second AUG start codon (at the 15"' position) 

that is in good translation initiation context, and produces the p27 and p88 lacking the N-

terminal 14 aa. In eukaryotes, generally only the first AUG from the capped 5' end will 

be recognized by the ribosome as the translation initiation codon (Kozak, 1999). 

However, there are some exceptions in which the downstream AUG can also be used as 

start codon. One of these exceptions is the translation re-initiation in which ribosome 

restarts the translation from the AUG downstream from the stop codon of the first ORF. 

Several situations favor the occurrence of re-initiation, including the good context of the 

AUG (purines at the -3, the third nucleotide position upstream of the AUG, and at +4, the 
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first nucleotide downstream the AUG) and small size of the first ORF (smaller than 14 

aa) (Joshi et al, 1997; Kozak, 2001). In this study, the good context around the second 

AUG for translation reinitiation in pRClIG is suggested by the G residue (a purine) at the 

+4 position (Figure 2.4). In addition, the small 13 aa peptide produced from the original 

AUG in pRClIG transcript also supports ribosome re-initiation from the downstream 

second AUG. The production of this truncated p27 and p88 is confirmed by in vitro 

wheat germ translation analysis. A significant amount (33%) of p27 and p88 proteins 

with size similar to wild type forms were synthesized from pRClIG transcript compared 

to those from pRClIG69 transcript (Figure 2.5). The mobility difference between the 

wild type p27 and the p27 with 14 aa truncation is not clear in Figure 2.5 due to the low 

resolution of a small 12.5% poly aery lamide gel. The p88 and p27 lacking the N-terminal 

14 aa are apparently capable of catalyzing a low level (1%) of RNA replication in vivo 

(Figure 2.2). While the smaller amount of p27 and p88 pruduced from pRCllG 

contributes about 3-fold reduction of viral RNA replication, the remaining 33-fold 

reduction is probably caused by the low replication capability of the truncated forms of 

p27 and p88. This low level of RNA synthesis by the replicase consisting of the truncated 

forms of p88 and p27 allows the addition of one U to the 145-UUUU region, resuhing in 

the production of wild type forms of p88 and p27 proteins. The production of wild type 

p88 and p27 restores the wild type level of RNA replication, which in turn resuhs in the 

restoration of wild type level of infectivity in the progeny. Taken together, these data 

suggested that the N-terminal 14 aa of p88 and/or p27 is required for efficient RNA 

replication in RCNMV. 
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Production of RdRp as a fusion protein is a characteristic feature of Tombtisviridae 

family. Tombusvirus RdRp contains a N-terminal pre-fusion part which is encoded in the 

5'-proximal ORF with unknown fimction, and a C-terminal post-fusion part with all 

RdRp conserved domains and all structure elements as identified in the crystallographic 

structures of several RdRp (Bressanelli et al., 1999; Butcher et al., 2001; Hansen et al., 

1997; Hong et al., 2001; Lesburg et al., 1999; O'Reilly and Kao, 1998). The protein 

encoded by the 5' proximal ORF of tombusviruses appears as both an independent small 

protein and as the N-terminus of the RdRp fusion protein. Both of the small protein and 

the fusion protein are required for viral replication. The fact that the small protein is 

coded by the very 5' ORF in the viral genome suggests its vital importance. Yet, the 

functions of this protein and its role in viral RNA replication are virtually unknown. 

Results from this study clearly indicated that the N-terminal 14 aa region is required for 

efficient RNA replication. 

This result raises the question how the N-terminal 14 aa would affect the function of 

p27 and p88 and what is the function of p27 involved in viral RNA replication. The 

amino acid sequence of p27 (236 aa) was analyzed by using different amino acid analysis 

programs. While no functional domain nor motif was identified, three transmembrane 

helices and one glycosylation site were predicted. TMpred is a program to predict 

possible transmembrane domains based on amino acid sequence data of known 

transmembrane proteins. All three transmembrane helices predicted by TMpred are 

located at the N-terminus of p27, including one outside-to-inside helices starting from 16 

to 38 with score of 278 and two inside-to-outside helices begining from 1 to 18 and from 
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44 to 67 with scores of 84 and 760 (scores above 500 are considered significant), 

respectively. The predicted tranmembrane domains in p27 fit well with the observation 

that purified RCNMV replicase complex containing p27 and p88 are membrane 

associated (Bates et al., 1995). Deletion of the N-terminal 14 aa may affect the membrane 

association property of both p27 and p88, leading to dramatic reduction of their 

efficiency to catalyze viral RNA replication. The membrane association of replicase 

complex and viral RNA genome replication is a conserved feature in RNA viruses. 

Brome mosaic virus (BMV) RNA replication occurs on the perinuclear region of the 

endoplasmic reticulum (ER), both in its natural plant host and in the yeast Saccharomyces 

cerevisiae (Restrepo-Hartwig and Ahlquist, 1999). Viral RNA genome encodes two 

replication proteins: la consisting of a N-terminal capping domain and a C-terminal 

helicase domain, and 2a containing a central RdRp domain. While protein la is able to 

localize to ER in the absence of other components of replication complex, protein 2a is 

co-localized to ER via interaction with la, and the template RNA is recruited to 

replication complex at ER by la binding to a cis-acting element in the template RNA 

(Chen and Ahlquist, 2000; den Boon et al., 2001). These data clearly showed that besides 

its enzymatic functions, la is a key component to recruit other components for the 

assembly of functional replication complex associated with ER membrane. In addition to 

the transmembrane domains, the Asparagine (Asn or N) at the 5"* aa of p27 N-terminus 

was the predicated glycosylation site. Glycosylation is one of the most frequent and 

important post-translational modifications. In this process oligosaccharides are covalently 

attached to Asn in the proteins forming glycoproteins. The glycosylation Asn site must be 
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in the context of N-X-S/T where X could be either P or D. As carbohydrates are 

negatively charged and can interact with amino acid side chains, they are important for 

protein folding. Removing of the glycosylation site in p27 and p88 by deletion of the N-

terminal 14 aa may change the folding of p27 and p88, which may in turn alter their 

RdRp enzymatic activity, leading to low level of RCNMV RNA replication. 



Inside-to-outside Inside-to-outside 
transmembrane helix Start of the N-terminal transmembrane helix 

I 1 1 ^ 14 aa truncated p2 7 | 1 
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Figure 2.6 Predicted transmembrane helices and glycosylation site at the N-terminus of RCNMV p27 
protein. There are two inside-to-outside helices from amino acids of I to 18 and from 44 to 67, and one 
outside-to-inside helix from amino acids of 16 to 38. The 5"' N is the predicted glycosylation site. The 
N-terminal 14 aa truncated p27 eliminates the glycosylation site and one transmembrane helix. 
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CHAPTERS. 

Identification of Three Nucleotides in the 3'-terminal Stem-loop 

Required for RNA Replication of Red Clover Necrotic Mosaic Virus 

ABSTRACT 

Red clover necrotic mosaic dianthovirus (RCNMV) contains two positive-sense, 

single-stranded genomic RNAs. RNA-1 (3.9 kb) encodes p27, p88 fusion protein, and 

p37 coat protein. p27 and p88 putative RNA-dependent RNA polymerase (RdRp) were 

the only two viral encoded proteins required for viral RNA replication. RNA-2 (1.45 kb) 

encodes for a single p35 movement protein and is dispensable for replication. The 3' 29 

nucleotides of RNA-1 and RNA-2 are nearly identical and are predicted to form a stable 

stem-loop structure (SLS). The SLS presumably acts as the promoter for (-) RNA 

replication and interacts with the viral replicase. Mutations were introduced into the stem 

and loop regions of RCNMV RNA-2 3' SLS to study their roles in viral RNA replication. 

Infectivity and replication of these stem and loop mutants were assayed on cowpea leaves 

and in Nicotiana clevelandii protoplasts, respectively. While mutants that disrupted the 

base pairing in the stem abolished both the infectivity and RNA-2 replication, 

compensatory mutations that reconstituted the base pairing restored both the infectivity 

and RNA-2 replication, indicating that the secondary structure of the 3' SLS is essential 

for RNA replication. However, the primary sequence in the stem region is not important. 

Multiple nucleotide substitutions within the 5-nucleotide loop region eliminated the 
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template activity of RNA-1, suggesting that a specific nucleotide sequence in the loop is 

required for interaction with the viral replicase and for RNA replication. A systematic, 

single nucleotide substitution analysis of the loop region identified three discontinuous 

nucleotides (lU, 2A, and 4A) within the 5 nucleotide loop UAUAA that are critical for 

the promoter activity of the RNA-2. The discontinuous pattern of the critical nucleotides 

suggests that the 3' SLS of RCNMV is involved in RNA-protein interactions. 

Substitutions of the nucleotides at these critical positions with other nucleotides allowed 

the prediction of the base-specific functional groups involved in template-replicase 

interaction. 

INTRODUCTION 

The replication of positive-strand RNA virus is initiated by synthesis of minus-strand 

RNA fi*om the 3'-terminus of the positive strand. The 3' ends of positive strand genomic 

RNAs are generally highly structured and contain sequences highly conserved within 

same virus (for reviews see Buck, 1996 and Duggai et al., 1994). These structure and 

sequence elements interact with viral replicases and serve as promoter elements for the 

initiation of (-)-strand RNA synthesis. RNA virus replicase is composed of virus-

encoded subunits including RNA-dependent RNA polymerase (RdRp) and host-encoded 

subunits. Either viral subunits or host subimits recognize the viral promoter element and 

initiate viral RNA replication. The 3' terminal structures serving as the viral promoter 

elements can be as complicated as the tRNA-like structure (TLS) of Brome mosaic virus 

(BMV) (Dreher and Hall, 1988) or as simple as a single stem loop structure (SLS) of 
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Turnip crinkle virus (TCV) (Song and Simon, 1995) and Red clover necrotic mosaic 

virus (RCNMV) (Turner and Buck, 1999). 

The 3' TLS of BMV consists of several stem-loops and a 4-nt single strand tail 

(ACCA3'). It is essential and sufficient to direct (-)-strand RNA synthesis (Dreher and 

Hall, 1988; Felden et al., 1994). Even though several stem loops of the complicated BMV 

TLS contributed to the initiation efficiency of (-)-strand RNA synthesis in vivo (Dreher 

and Hall, 1988), only one of them, the stem loop C, was required for interaction with 

BMV replicase (Chapman and Kao, 1999). An artificial minimum promoter capable of 

directing complementary RNA synthesis in vitro could be constructed by joining a single-

strand tail (ACCA3') to the stem loop C (Chapman and Kao, 1999). The two C residues 

of the 3' terminal tail (ACCA) were required for initiation of RNA synthesis but were not 

involved in the replicase binding. Both the structure and two loop sequences are essential 

for interaction with BMV replicase. While all 4 nucleotides in the bulge loop contributed 

to recognition by the replicase complex, only nucleotide AI in the hairpin loop was most 

critical for template-replicase interaction. 

The fact that a minimum BMV promoter consisted of a simple stem-loop fits well 

with the structures of promoters of many other RNA viruses including members of the 

Tombusviridae family. These viruses have a simple SLS at the 3' end instead of the 

elaborated TLS (Buck, 1996; Mayo and Pringle, 1998). The roles of these simple SLS as 

(-) RNA promoters have been demonstrated in a number of viruses such as turnip crinkle 

virus (TCV) and Cymbidium ringspot virus (CyRSV). The promoter for the (-) RNA 

synthesis of TCV satellite RNA (sat-RNA) C is made of a single, stable SLS consisting 
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of the 3'-terminal 29 nt (Song and Simon, 1995). The simple 3' SLS was sufficient to 

direct the minus strand synthesis by purified RdRp in vitro. Mutational analysis indicated 

that only the secondary structure, but not the specific nucleotide sequences in either the 

stem or the loop, was required to form an active promoter for (-) liNA synthesis (Song 

and Simon, 1995; Stupina and Simon, 1997; Carpenter and Simon, 1998). Similar 

conclusions were made with the (-) RNA promoter of CyRSV defective-interfering (Dl) 

RNA (Havelda and Burgyan, 1995). The 3' 77 nt of CyRSV DI RNA was predicted to 

form a structure composed of three stem-loop structures and two non-basepaired region. 

Maintenance of the stem base-pairing, but not the stem sequence, was required for RNA 

replication. These studies suggested that specific nucleotide sequences are not required in 

the (-) RNA promoters of Tombusviridae. It is not clear how viral replicases interact with 

the viral promoters for (-) RNA synthesis under these circiunstances. 

A more recent study of RCNMV, another member of Tombusviridae, showed that 

both the secondary structure and the specific loop sequence of the 3' SLS were required 

for the (-) RNA promoter activity (Turner and Buck, 1999). Substitution of three 

nucleotides in the loop abolished viral RNA replication. RCNMV is a well characterized 

member of Dianthovirus genus, Tombusviridae family. Its genome consists of two 

positive-sense, single-stranded genomic RNAs. RNA-1 (3.9 kb) encoded three 

polypeptides of p27, p88 RdRp, and p37 capsid protein from 5' to 3' (Xiong and Lommel, 

1989; Xiong et al., 1993a). RNA-2 (1.45 kb) encoded a single p35 movement protein 

(Lommel et al., 1988). Although all four proteins were necessary for wild type (wt) 

infection (Xiong et al., 1993b; Vaewhongs and Lommel, 1995; Zavriev et al., 1996; Sit et 
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a/., 1998), only p27 and p88 RNA polymerase were required for RCNMV RNA 

replication (Kim and Lommel, 1994; Bates, et al., 1995). RNA-1 was able to replicate in 

cowpea and tobacco protoplasts in the absence of RNA-2 (Osman and Buck, 1987; Paje-

Manolo and Lonmiel, 1989). The bipartite nature of RCNMV genome made it a very 

attractive model for the smdy of cisr-acting elements required for RNA replication. Since 

mutations introduced into RNA-2 do not affect the production of the viral RdRp by viral 

RNA-1, changes in the accumulation of RNA-2 directly reflect the effect of the mutations 

in the c/j-acting elements on viral RNA replication. 

There is little sequence homology between the two viral genomic RNAs with the 

exception of 5 nucleotides at the 5' end and 29 nucleotides at the 3' end. The 3' 29 

nucleotides of RNA-1 and RNA-2 are nearly identical and were predicted to form a stable 

SLS (Lommel et al., 1988; Xiong and Lommel, 1989). Similar 3' SLS with identical loop 

sequences (UAUAA) was predicted in two other Dianthoviruses, Sweet clover necrotic 

mosaic virus (SCNMV) (Ge et al., 1992) and Carnation ringspot vims (CRSV) (Kendall 

and Lommel, 1992), implying that the 3' SLS may play important roles in the RNA 

replication of Dianthoviruses. 

In this study, we constructed a series of mutations in the 3'-SLS of RNA-2 including 

a stem disruption mutant, a stem compensatory mutant, and single nucleotide loop 

mutants and examined their effects on RNA-2 replication in M cleveiandii protoplast and 

viral infectivity on cowpea plants. The results confirmed and extended a previous report 

that both of the stem-loop structure and the loop sequence were important for RNA 

replication (Turner and Buck, 1999). In addition, by systematically substituting each of 
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the 5 nucleotides in the loop region with other three nucleotides, we identified three 

essential nucleotides required for RNA-2 replication. These nucleotides could potentially 

serve as contact sites between the template-replicase interactions. Based on effects of 

different nucleotide substitutions on viral RNA replication, functional groups in these 

nucleotides that are potentially involved in template-replicase recognition and interaction 

are predicted. 

MATERIALS AND METHODS 

Construction of RNA-2 mutant clones 

A highly infectious full-length cDNA clone of RCNMV RNA-2, pRC2IG54 (Chapter 

2), was used as template for mutagenesis. A series of RNA-2 stem and loop mutant 

clones were generated by PCR-based mutagenesis using paired oligonucleotide primers 

(Table 3.1). Primer vRC2T75'END (Table 3.1) that contains 18 nucleotides identical to 

the 5' end of RNA-2 was used as the upstream primer for all mutagenesis. The 

downstream mutagenic primers contain nucleotides complementary to the 3' terminus of 

RNA-2 with the exception of designated nucleotide substitutions. In addition, seven 

nucleotides (GATCCCC) consisting of four random nucleotides GATC and nucleotides 

CCC that together with the 3' viral sequence created a Smal restriction site CCCGGG 

were added to the 5' end of all the mutagenic primers (Table 3.1). These primers included 

the stem disruption primer (cRC2SD), the stem restoration primer (cRC2SR), two 

multiple loop sequence substitution primers (cRC2LEcoRI and cRC2LKpnI), and fifteen 
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Table 3.1 Primers used to construct RCNMV RNA-2 3'-SLS mutants. 

Primers Orientation Primer sequences (5* to 3') 
vRC2T75'END'* Viral GAATTGTAATACGACTCACTATAGACAAACCTCGCTCTATAA 

wt RNA-23'END*'» Complementary GGGGTGCCTAGCCGTTATACGACTAGGCA 

cRC2SD»-»* Complementary GATC CCCGGGGTGCagc tgCGTTATACG 

CRC2SR Complementary GATCCCCGGGGTGCaactaCGTTATACGcaqctGCATTATA 

cRCZLEcor I Complementary GATC CCCGGOGTGCCTAGCCGaa t TcCGACTAGGCA 

cRC2LKpnI Complementary GATCCCCGGOGTGCCTAGCCGgTAccCGACTAGGCA 

CRC2L1A Complementary GATCCCCGGGGTGCCTAGCCGTTATtCGACTAGGCA 

cRC2LlC Complementary GATCCCCGGGGTGCCTAGCCGTTATgCGACTAGGCA 

CRC2L1G Complementary GATCCCCGGGGTGCCTAGCCGTTATcCGACTAGGCA 

CRC2L2C Complementary GATCCCCGGGGTGCCTAGCCGTTAgACGACTAGGCA 

CRC2L2G Complementary GATCCCCGGGGTGCCTAGCCGTTAcACGACTAGGCA 

CRC2L2U Complementary GATCCCCGGOGTGCCTAGCCGTTAaACGACTAGGCA 

CRC2L3A Complementary GATCCCCGGCJGTGCCTAGCCGTTtTACGACTAGGCA 

CRC2L3C Complementary GATCCCCGGGGTGCCTAGCCGTTgTACGACTAGGCA 

CRC2L3G Complementary GATCCCCGG£3GTGCCTAGCCGTTcTACGACTAGGCA 

CRC2L4C Complementary GATCCCCGGGGTGCCTAGCCGTgATACGACTAGGCA 

cRC:2L4G Complementary GATCCCCGGGGTGCCTAGCCGTcATACGACTAGGCA 

CRC2L4U Complementary GATCCCCGGGGTGCCTAGCCGTaATACGACTAGGCA 

CRC2L5C Complementary GATCCCCGGGGTGCCTAGCCGgTATACGACTAGGCA 

CRC2L5G Complementary GATCCCCGGGGTGCCTAGCCGcTATACGACTAGGCA 

CRC2L5U Complementary GATCCCCGGGGTGCCTAGCCGaTATACGACTAGGCA 

* Bold letters indicate the 5' 18 nt of IlNA-1. *• Underlined letters indicate the base-paired stem region, 
five nucleotide (TTATA) between the base-paired region is the 5-nt loop region. ••• Lower case letters 
indicate the altered nucleotide(s); italicized letters represent 5mal restriction site. 
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single loop substitution primers. cRC2LEcoRI and cRC2LKpnI changed the wt loop 

sequence UAUAA to GAAUU and GGUAC and at the same time generated £coRI and 

Kpnl restriction sites in the cDNA clones, respectively, to facilitate mutant screening. 

The single loop substitution primers were named according to the position of the target 

nucleotide in the loop and the resulting substitution. For example, primer cRC2LlA 

substituted the first nucleotide in the loop, U, to an A residue. For the PCR reaction, 0.2 

|im each of the upstream primer and the down stream primer and O.Ol ng of template 

DNA (pRC2IG54) were added to a standard PCR reaction solution. After 30 cycles of 

denaturation at 94°C for 45 sec., annealing at 54°C for 60 sec., and extension at 72°C for 

90 sec., PCR amplified DNA fragments were purified and then digested with restriction 

enzymes Smal and Ncol. Restriction site Smal was engineered immediately downstream 

fi-om the 3' end of the viral sequence during mutagenesis and restriction site Ncol is 

endogenous and located at nucleotide 1230. The resulting 219 bp Smal-Ncol fragment 

with the designated mutations in the 3'-SLS was used to replace the corresponding 

fiagment in pRC2IG54 clone to generate mutant RNA-2 full-length infectious clones. 

Mutations in all mutant clones were confirmed by restrict digestion if applicable and 

direct sequencing prior to any experiments. 

In vitro transcription 

The infectious cDNA clones, pRCIIG69 of RNA-l and pRC2IG54 of RNA-2, and 

the RNA-2 stem and loop mutant clones were linearized with Smal followed by in vitro 

transcription with bacteriophage T7 RNA polymerase (Invitrogen, Carlsbad, CA) as 
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described previously (Xiong and Lommel, 1991). Each lO-jxl reaction contains 1 |ig 

template DNA, 40 mM Tris-HCl pH 8.0, 8 mM MgC12, 2 mM spermidine-(HCl)3, 25 

niM NaCl, 5 mM dithiothreitol (DTT), 1 mM each of ATP, CTP, GTP and UTP, 8 U of 

T7 RNA polymerase, and 1 U of Ribonuclease inhibitor (Invitrogen, Carlsbad, CA). 

Plant inoculations and infectivity analysis 

Equal amount of RNA-1 and RNA-2 transcripts (approximately 5-10 |ig RNA perlO-

|al reaction) were mixed and diluted at 1:5 ratio with GKP buffer (50 mM glycine, 30 mM 

IC2HP04 pH 9.2, 1% bentonite, 1% celite), and then inoculated onto a total of six 

primary leaves on three cowpea plants as previously described (Xiong and Lommel, 

1991). The inoculated plants were kept at 25°C. Infectivity of each clone was determined 

by the number of lesions on the inoculated leaves counted 4 days after inoculation. 

Protoplasts isolation and transfection 

Protoplasts were isolated from leaves of systemic host plant N. clevelandii using a 

protocol modified from Rao et al. (1994). Briefly, young leaves of N. clevelandii were 

surface-sterilized, sliced into 1-mm strips, and incubated in enzyme solution containing 

1.25% cellulase "Onozuka" R-10 (Yakult Honsha Co., Ltd.), 0.15% macerozyme R-IO 

(Yakult Honsha Co., Ltd.), 0.1% bovine serum albumin (BSA, firaction V, Sigma, St. 

Louis, Mo), and 0.55 M mannitol (pH 5.9) for sixteen hours at room temperature in dark. 

After filtration and sucrose centrifugation, the protoplasts were collected from the 
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interface between mannitol and sucrose, washed, and divided into aliquots of 1.25 X 10^ 

cells in 15 ml polypropylene tubes. 

Prior to protoplast transfection, DNA template was removed from the in vitro 

transcripts by lithium chloride precipitation. After phenol-chloroform extraction and 

ethanol precipitation, transcripts from a 100-fj.l reaction were dissolved in solution 

containing 0.1 M NaCl, 10 mM Tris-HCl (pH 7.5), and I mM EDTA. Lithium chloride 

was added to a final concentration of 2.7 M and the mixture was incubated on ice for 

sixteen hours. After centrifugation, the RNA pellet was resuspended in sterile distilled 

water at a final concentration of l^g RNA/|il. 

Ten (ig each of purified, DNA-free RNA-1 and RNA-2 transcripts were co-

trans fected into the purified protoplasts using the polyethylene glycol (PEG: Mr 1450, 

Sigma, St. Louis, Mo) method as previously described (Rao et al. 1994). The transfected 

protoplasts were incubated at room temperature under a fluorescent lamp. 

Total RNA extraction and Northern blot analysis 

Total RNA was extracted from protoplasts 24 hours post transfection (Rao et al. 

1994). The protoplasts were pellet and extracted with 250 (il each of RNA extraction 

buffer (100 mM glycine, 10 mM EDTA, 100 Mm NaCl pH 9.5, 2% SDS, 2.5 mg/ml 

bentonite) and phenol-chloroform. Following ethanol precipitation, RNA pellet was 

dissolved in 20 {il of sterile distilled water. After heat denaturation at 70 °C for 10 min., 5 

^l of total RNAs were fi^ctionated by electrophoresis in 1.5% agarose gels, transferred to 

the nylon membrane, and cross-linked by UV. The blots were then hybridized with a ^"P-
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labeled, (-)-sense riboprobe specific for either RCNMV RNA-1 or RNA-2. Labeling of 

the (-) RCNMV transcripts with a-^^P-UTP was carried out as previously described 

(Xionge/a/., 1993b). 

Cloning and sequencing analysis of the progeny viral RNA from mutant clones 

To determine the sequences of progeny RNA-2 from stem restoration mutant, 

progeny viruses were purified from infected Nicotiana clevelandii plants 7 days after 

inoculation, followed by viral RNA extraction. RNA-2 was reverse transcribed into 

cDNA by reverse transcriptase (hivitrogen, Carlsbad, CA) using cRC23'END primer 

(GAGCTCCCGGGGTGCCTAGCCGTTATAC) containing 20 nucleotide (underlined) 

complementary to the 3' end of wild type RNA-2. The cDNA was then amplified by 30 

cycle's PCR using Taq DNA polymerase (Promega, Madison, Wl) and primers 

cRC23'END and cRC2T75'END. The 1.45 kb PCR products were cloned into pBluscripts 

SK(+) at EcorV site and sequenced to determine the viral 3'-temiinal sequence using T7 

or T3 primers based on the insertion orientation. 

To determine the sequences of progeny RNA-2 from the loop substitution mutants, 

total RNAs were extracted from inoculated cowpea leaves 4 days after inoculation using 

TRIZOL™ solution (Invitrogen, Carlsbad, CA) as instructed by the manufacturer. The 

viral RNA-2 in the total RNA was then reverse transcribed into cDNA using primer 

CRC2S3END f5'TGCGCrGC4GGGGTGCCTAGCC3'^ that contains 13 nucleotides 

(underlined) complementary to the 3' terminus of wild type RNA-2, a Pstl site {italic), 

and 4 protecting nucleotides. A 1.5 kb DNA fragment corresponding to the entire 
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RCNMV RNA-2 was amplified by 30-cycle PCR using primers cRC2S3END and 

vRC2T75*END. A smaller DNA Segment containing the 3' end of RCNMV RNA-2 was 

then isolated by restriction digestions at a Pstl site in the primer cRC2S3END and at a 

Xbal site 419 nt from the 3' end of RNA-2. The Pstl-Xbal fragment containing the 3' end 

was then cloned into pBluscripts SK(+) vector linearized with the same enzymes and 

sequenced using T7 primer. 

RESULTS 

3'-terminal SLS is required for the replication of RCNMV RNA-2 and plant infection 

RCNMV genome is split into two single-stranded, (+)-sense RNAs. Proteins 

necessary for replication, p27 and p88 RdRp were encoded in RNA-l. RNA-2 that 

encodes a single movement protein is dispensable for viral RNA replication. The 3'-

terminal 29 nucleotides of RCNMV RNA-l and RNA-2 were nearly identical and were 

predicted to form identical SLS except one basepair at the bottom of the stem (A-U in 

RNA-l and G-C in RNA-2) as shown in Figure 3.1. To isolate the effect of the 3' SLS on 

viral RNA replication, mutations were introduced only to RCNMV RNA-2 while RNA-l 

encoding for the essential replication proteins were not disturbed. 

To determine if the 3' SLS is required for viral RNA replication and infectivity, an 

initial mutant (RC2SD) with the 3' SLS completely abolished was made. Five 

nucleotides GCUAG in the 3' side of the stem were replaced with nucleotides CAGCU, 

resulting in the disruption of stem base-pairing of the 5 nucleotide and consequently the 
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3' SLS. Infectivity and replication of RNA-2 mutant RC2SD were examined on intact 

plants and in protoplasts, respectively. Cowpea primary leaves co-inoculated with 

RC2SD transcripts and wt RNA-l transcripts did not develop any local lesion five days 

after inoculation while similar cowpea leaves inoculated with wt RCNMV RNA-l and 

RNA-2 transcripts developed several hundred lesions (Table 3.2). No lesions were 

observed on the mutant-inoculated leaves over the next several weeks, indicating no 

reversion of the mutant to a replication-competent form. 

Either a failure in viral RNA replication or an inability of the mutant to move fi"om 

cell-to-cell could contribute to the lack of infectivity of the mutant. Replication of the 

mutant was thus examined in N. clevelandii protoplasts by co-transfection of RC2SD 

transcripts with wt RNA-l transcripts. Total RNA was extracted fi*om protoplasts twenty-

four hours after transfection. Accumulation of RNA-2 in the transfected protoplasts was 

then determined by Northern hybridization with ^"P-labeled probes specific for (+) RNA-

2. In protoplasts transfected with wt RNA-l and RNA-2 transcripts, RNA-2 accumulated 

to a high level. In contrast, no RNA-2 was detected in the protoplasts inoculated with wt 

RNA-l and RC2SD transcripts (Figure 3.2). The undetectable level of mutant RNA-2 can 

be caused either directly by the inability of RNA-2 to replicate or indirectly by inability 

of RNA-l to replicate. RNA-l encoded two proteins required for viral RNA replication. 

If RNA-l failed to replicate and to provide essential proteins for replication, RNA-2 

would not be replicated. To rule out this possibility, accumulation of RNA-l in the 

transfected protoplasts was assayed by hybridization with ^^P-labeled probes specific for 

(+) RNA-l. Although RNA-2 was not detectable in protoplasts co-transfected with 
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Table 3.2 Infectivity of RNA-2 stem and loop mutants determined by local lesion 
numbers produced on inoculated cowpea leaves. 

Clones Average lesion number (%) Leaves # Groups 
WT RNA-2* 100 36 I 
RC2SD 0 6 in 
RC2SR 105.5 6 I 
RC2LEcoRI O.l 8 III 
RC2LKpnI 0.1 8 in 
RC2L1A 0.4 8 in 
RC2LIC 38.3 10 11 
RC2L1G 0 8 ni 
RC2L2C 87.1 8 I 
RC2L2G 0.4 14 UI 
RC2L2U 1.6 12 in 
RC2L3A 89.1 14 I 
RC2L3C 93.7 8 I 
RC2L3G 108.6 8 I 
RC2L4C 4.1 12 m 
RC2L4G 0.9 12 ni 
RC2L4U 3.8 12 ni 
RC2L5C 98 8 I 
RC2L5G 86.7 8 I 
RC2L5U 108.7 8 I 

* The average number of local lesions produced by wt RNA-1 and RNA-2 transcripts ranged from 196 to 
643, depending on environmental conditions. Results were compiled from eight independent inoculations. 
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RC2SD and wt RNA-1, RNA-1 accumulated to the wild type level (Figure 3.2; Figure 

3.3). These results indicated that the 3'-SLS was required for RNA replication. 

The primary sequence in the stem of 3'-SLS is not required for RNA replication and plant 

infection 

Analysis of mutant RC2SD clearly illustrated that the 3' SLS was essential for viral 

RNA replication. However, complete disruption of the stem in RC2SD would not 

distinguish possibilities that either specific nucleotides in the stem, RNA secondary 

structwe, or a combination of both was required for viral RNA replication. A stem 

restoration mutant, RC2SR, was engineered to address this question. RC2SR was made 

by compensatory mutations of 5 pairs of nucleotides in both sides of the stem. The 

resulting mutant was able to maintain the 3' SLS structure yet the primary sequences of 

the stem have been altered (Figure 3.1). The infectivity of RC2SR transcripts was tested 

on the cowpea leaves. The number of local lesion produced by RC2SR on cowpea leaves 

was similar to that by wt RNA-2 when co-inoculated with wt RNA-1 (Table 3.2). 

Coinoculation of RC2SR and wt RNA-1 transcripts resulted in wt systemic infection in 

both N. clevelandii and N. benthamiana, indicating that mutations in RC2SR did not alter 

the viral biological properties (data not shown). Consistent with the in planta infectivity, 

the mutant RNA-2 replicated to a level close to that of the wt RNA-2 in the protoplasts 

co-transfected with wt RNA-1 (Figure 3.2). To examine the possibility that the lesions on 

cowpea leaves were resulted from the reversion of the mutant RC2SR RNA-2 back to 

wild type sequence, RNA-2 progeny of RC2SR as well as wild type RNA-2 was 
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0 hpi 24 hpi 

Figure 3.2 Replication and accumulation of stem mutants and multiple substitution 
loop mutants in N. clevelandii protoplasts. Total RNA was extracted from protoplasts 
at 0 and 24 hours after transfection with wild type RNA-1 and mutant RNA-2 (labeled 
on the top of each lane), electrophoresed on 1.5% agarose gel, transferred to a nylon 
membrane, and hybridized with (-)-sense, RNA-2 specific riboprobe. 
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Figure 3.3 Replication and accumulation of RNA-1 and RNA-2 in M clevelandii 
protoplasts transfected with RNA-1 and mutant RNA-2 transcripts. Total RNA was 
extracted from protoplasts 24 hours after transfection with wild type RNA-1 and 
mutant RNA-2 (labeled on the top of each lane), electrophoresed on 1.5% agarose 
formamide gel, transferred to a nylon membrane, and hybridized with (-)-sense, 
RNA-2 specific ribprobe. 
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amplified by RT-PCR, cloned and sequenced. The sequence data showed that the 

mutations in RC2SR were maintained in its progeny (data not shown). These results 

suggested that the altered primary sequence of stem was not important for either viral 

RNA replication or plant infection as along as the 3' SLS was maintained. 

Loop sequence is important for RNA replication and plant infection 

The five nucleotide sequence (UAUAA) in the predicted 3' SLS loop region was 

conserved among RNA-l and RNA-2 of three dianthoviruses; RCNMV, SCNMV and 

CRSV, indicating that this loop sequence may play an important role in replication. To 

test this hypothesis, two independent loop mutants with multiple nucleotide substitutions, 

RC2LEcoRI and RC2LKpnI, were constructed (Figure 3.1). RC2LEcoRI changed four 

loop nucleotides (GAAUU) (altered nucleotides were bold). RC2LKpnI substituted three 

loop nucleotides (GGUAC). When transcripts from either mutant were coinoculated with 

wt RNA-l transcripts to cowpea leaves, no local lesions were observed five days after 

inoculation (Table 3.2). The inability of the mutants RC2LEcoRI or RC2LKpnI RNA-2 

to infect cowpea leaves was caused by a failure of the mutant transcripts to replicate as 

indicated by lack of detectable level of RNA-2 in protoplasts cotransfected with wt RNA-

1 transcripts (Figure 3.2; Figure 3.3). These data clearly suggested that the five-

nucleotide loop sequence contained c/5-elements essential for viral RNA replication. 
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Three residues in the 5-nt loop region is required for RNA replication and plant infection 

To further study the role of five individual nucleotide residues in the loop region in 

viral RNA replication, fifteen single-nucleotide substitution mutants were constructed 

(Figiu-e 3.1). Each nucleotide of the five-nucleotide UAUAA loop was replaced with the 

other three nucleotides, resulting in three individual mutants at a single nucleotide 

position. For example, the nucleotide U at the first position of the loop was replaced with 

A, C, and G in three independent mutants: RC2L1 A, RC2L1C, and RC2L1G. 

The in planta infectivity on cowpea leaves for each of the single nucleotide 

substitution mutants was determined by co-inoculation of wild type RNA-l and mutant 

RNA-2 transcripts. The average number of local lesions induced by each mutant was 

recorded and normalized to that induced by wt RNA-l and RNA-2 as a measure of 

infectivity (Table 3.2). All fifteen mutants were cataloged into three groups on the basis 

of lesion numbers. Group I consisted of RC2L2C, all three mutants at loop position 3 

(RC2L3A, RC2L3C, RC2L3G), and all three mutants at loop position 5 (RC2L5C, 

RC2L5G and RC2L5U). The relative lesion numbers produced by this group varied from 

91% to 110% and were not significantly different firom those produced by wt RNA-l and 

RNA-2 transcripts. In addition, these RNA-2 mutants produced wild type systemic 

infection in two systemic host plants, N. clevelandii and N. benthamiana (data not 

shown). Sequence analysis of the progeny RNA confirmed that all mutations were 

maintained and that no compensatory mutation was detected (Table 3.3). Group 11 

contains only RC2L1C, which produced a lower number of local lesions (37.95% of 

lesions produced by the wild type viral transcripts). As with the progenies of group I 



Table 3.3 Mutation maintaining or reversion in the progeny of mutant RNA-2 

Clones Original mutation 
RC2LIC-1 Maintained 

RC2L1C-2 Maintained 

RC2L2C-6 Maintained 

RC2L2C-7 Maintained 

RC2L2U-9 Mutated to C 

RC2L3A-11 Maintained 

RC2L3C-16 Maintained 

RC2L3G-22 Maintained 

RC2L4C-1 Revert to wt 

RC2L4C-26 Revert to wt 

RC2L4C-27 Revert to wt 

RC2L4G-4 Maintained 

RC2L4U-1 Maintained 

RC2L4U-31 Maintained 

RC2L4U-32 Revert to wt 

RC2L5C-37 Maintained 

RC2L5G-42 Maintained 

RC2L5U-46 Maintained 

Second site mutation 
No 

No 

No 

No 

No 

No 

No 

No 
No 
No 

No 

U to C at LI and A to G at L2 

U to A at L1 

U to A at L1 

No 

No 

No 

No 
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mutants, sequencing of the progeny viral RNA indicated that the original mutation was 

maintained and no other sequence changes were observed (Table 3.3). The remaining 

mutants: RC2L1A, RC2LIG, RC2L2G, RC2L2U, RC2L4C, RC2L4G, and RC2L4U 

made up group in. These mutants produced less than 5% of the lesions produced by the 

wt viral RNA on cowpea leaves. Furthermore, progeny from these mutants contained 

either reversions or second-site mutations in addition to the engineered mutation (Table 

3.3). Three independent clones of the RC2L4C progeny contained a reversion of the 

originally mutated C residue back to the wild type A residue. An interesting reversion 

occurred in the progeny of RC2L2U. Instead of reverting to the wt A residue, the 

engineered U mutation changed to a C residue, resulting in a genotype identical to mutant 

RC2L2C that behaved like the wild type RNA-2 in both infectivity and replication assay. 

Among three independent clones of the RC2L4U progeny, two reverted to wild type 

sequence and one maintained the mutated U residue at L4 but contained a second site 

mutation of U to A at LI. One clone of the RC2L4G progeny contained the original 

mutation as well as two second-site mutations of U to C at LI and A to G at L2. Progeny 

viruses containing reversions or second site mutations exhibited a high level of viral 

RNA replication and infectivity similar to those of wt RNA-1 and RNA-2 transcripts. 

The effects of the single nucleotide substitution loop mutants on RNA replication 

were examined in protoplasts by Northern hybridization. Total RNA was extracted from 

protoplasts transfected with mutant RNA-2 transcripts and wt RNA-1 transcripts and 

hybridized with probes specific for (+) RNA-2. As shown in Figure 3.4, all L3 mutants 

(RC2L3A, RC2L3C and RC2L3G) and L5 mutants (RC2L5C, RC2L5G and RC2L5U) 
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supported the wild type level of RNA-2 replication, in consistent with the infectivity data. 

These results indicated that the nucleotide identity at positions of L3 and L5 were not 

important for RNA-2 replication and could be substituted by any nucleotides. In contrast, 

RNA-2 was not detected in protoplasts transfected with all L4 mutants (RC2L4C, 

RC2L4G and RC2L4U), suggesting that L4 was critical and the specific nucleotide A 

was required for RNA-2 replication (Figure 3.4). At LI position, substitution of A 

(RC2LI A) or G (RC2LIG) residues in place of the wt U residue also eliminated RNA-2 

replication, whereas C for U substitution (RC2L1C) only reduced RNA-2 replication to 

approximately 30% of the wild type level (Figure 3.4, 3.3). This result corresponded well 

with the 37.9% infectivity displayed by the mutant on cowpea leaves. Among L2 

mutants, substitution of G (RC2L2G) or U (RC2L2U) for the wt A residue abolished 

RNA-2 replication while substitution of C residue (RC2L2C) allowed RNA-2 to replicate 

to a level similar to wild type (Figure 3.4, 3.3). 

Data obtained from the replication assay in protoplast transfection experiments fit 

very well with the infectivity results determined by local lesion numbers. These results 

indicated that in the 5-nt loop region, the identities of nucleotides at L3 and L5 were not 

important; however, specific nucleotides were required at LI, L2, and L4 positions. It 

was apparent that the A residue at L4 was absolutely required for the 3' SLS promoter 

activity while partial and wt promoter activities could be restored by substation of C for 

U at LI and C for A residue at L2, respectively. Any other substations at these two loop 

positions were lethal. 
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Figure 3.4 Rqilication and accumulation of RNA-2 mutant with single loop 
nucleotide-substitution in the 3' SLS in M clevelandii protoplast. Total RNA 
extracted from protoplasts 24 hours after transfection with wild type ElNA-l 
and mutant RNA-2 were hybridized with (-)-sense, RNA-2 specific riboprobe. 



149 

DISCUSSION 

We have constructed a series of mutants in the 3'-tenninal SLS and provided 

experimental evidence to show that both the secondary structure and the loop sequence 

are required as cis-promoter elements for RCNMV RNA-2 replication. In addition, 

exhaustive substitutions of each nucleotide in the 5-nt loop region with the other 

nucleotides led to the identification of three critical residues required for RNA replication 

and potentially for template-replicase interaction. 

Requirement of the 3 'SLS for viral RNA replication 

The involvement of the predicted 3'-terminal SLS as c/j-element in the (-) RNA 

replication of RCNMV was indicated by the inability of stem disruption mutant (RC2SD) 

to replicate in N. clevelandii protoplasts and to produce any lessons on cowpea leaves 

(Figures 3.1, 3.2, 3.3; Table 3.2). RC2SD had 5 nucleotides in the 3' side of the stem 

changed to non-basepairing nucleotides, resulting in complete disruption of the 3' SLS. 

In contrast, the stem restoration mutant (RC2SR) that contained the stem base-pairing 

consisting of different primary nucleotide sequences in the stem region was able to 

replicate in protoplasts and produced local lesions on cowpea leaves at a level 

comparable to wt RNA (Figures 3.1, 3.2, 3.3; Table 3.2). Taken together, analysis of 

these two mutants suggested that the 3' SLS was required for RCNMV (-) strand 

synthesis and that the primary sequence in the stem region was not. These results were 

consistent with those observed recently in RCNMV and were comparable to those in 

TCV and CyRSV. Turner and Buck (1999) analyzed similar stem-disruption and 
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restoration mutants of RCNMV RNA-2 and obtained similar results. The major 

difference was that every single nucleotide in the lO-basepair was ahered in their 

mutants. The substituted nucleotides AUUAGCUUAC in their study is different from 

GCUAG used in this study, yet stem-restoration mutants containing either sequence were 

fiilly infectious, further demonstrating that the sequence specificity of the stem is not 

required for the (-) RNA promoter. The 3'-terminal 29 nt of the TCV associated sat-RNA 

C, which contains the complete promoter for directing the minus strand synthesis by 

purified RdRp in vitro, forms a stable stem-loop structure (Song and Simon, 1995). 

Mutation analysis indicated that the secondary structure, but not the primary stem 

sequence, was essential for RNA replication in vitro and in vivo (Song and Simon, 1995; 

Stupina and Simon, 1997; Carpenter and Simon, 1998). Similarly, the 3' 77 nt of CyRSV 

DI RNA was predicted to form a structure composed of three stem-loop structures and 

two non-basepaired region. Maintenance of the stem base-pairing, but not the stem 

sequence, was required for CyRSV RNA replication (Havelda and Burgyan, 1995). 

Taken together, ours and previously published studies suggest that a simple, highly stable 

SLS at the 3' terminus is required for the promoter activity in Tombusviridae. Interaction 

between a simple SLS and viral replicase during replication and transcription could be a 

universal feature of the (+) RNA viruses. CP subgenomic promoter of BMV, a member 

of Bromoviridae, can be folded into a simple SLS with a 3 nt loop sequence AUA 

(Haasnoot et al., 2002; 2000). The best supporting evidence for this hypothesis is that the 

minimum (-) RNA promoter of BMV consists of a simple SLS (Chapman and Kao, 

1999), despite the fact that the 3' end of BMV RNA can be folded into a complicated 
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TLS consisting of several stem-loops and a pseudoknot. Deletion and insertion studies 

indicated that there was a preferred spacing between the initiation site and the stem loop. 

This observation led to the speculation that the role of the 3' stem loop may be to bind to 

the replicase and to ensure a free 3' end at the correct distance for the initiation of RNA 

synthesis (Chapman and Kao, 1999). 

Loop sequence 

Two multiple loop substitution mutants, RC2LEcoRI and RC2LKpnI that had 4 and 3 

loop nucleotides altered respectively, were not able to replicate in protoplasts and to 

produce any symptom on cowpea leaves (Figure 3.1, 3.2, 3.3; Table 3.2), indicating that 

specific loop sequence was required for RNA replication. These data was consistent with 

the observation Turner and Buck (1999) made in RCNMV. Furthermore, single 

nucleotide substitutions demonstrated that a single nucleotide change of the loop 

sequence could completely abolish the viral promoter activity. Requirement of specific 

loop sequence for the promoter activity is apparently not universal in the Tombtisviridae. 

In both TCV and CyRSV, two members of Tombusviridae, only base-paring of the SLS 

was essential. Nucleotide substitutions, deletions or insertions of additional nucleotides in 

the loop of the 3' SLS of TCV sat-RNA C (Song and Simon, 1995) and CyRSV DI RNA 

(Havelda and Burgyan, 1995) apparently had no effect on viral RNA replication, 

suggesting that the loop sequence was not required for replication. 

Requirement of specific loop sequence for the promoter-replicase interaction in 

RCNMV is more similar to that in an unrelated BMV. The minimum promoter of the 
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BMV (-) genomic RNA promoter consisted of a single stem with a bulge loop and a 

hairpin (Chapman and Kao, 1999). The nucleotide A1 in the hairpin loop (AUA) was 

critical for template-replicase interaction while all 4 nucleotides in the bulge loop 

(UAGA) stabilized this interaction. 

It is possible that the stem of the 3'-SLS in RCNMV restrain the loop sequence to a 

certain conformation that is accessible to replicase for contact and binding, similar to the 

function of stem C in the 3' tRNA-like structure of BMV (Chapman and Kao, 1999). In 

contrast, the 3'-SLS structure in TCV sat-RNA C and CyRSV DI RNA may simply 

fimction to ensure a free 3' end in the proper position for initiation of RNA synthesis like 

the pseudoknot A in the 3' TLS in BMV (Chapman and Kao, 1999). The difference in the 

requirement of the loop sequence in the RNA replication of RCNMV, TCV, and CyRSV 

is somewhat surprising. All three viruses are members of Tombusviridae and share a high 

degree of homology in the virus-encoded RdRp (Koonine, 1991). The difference perhaps 

can be explained by the fact that subviral RNA (sat-RNA or DI RNA) was used in the 

TCV and CyRSV studies. 

Three critical nucleotides in loop 

Our results clearly showed that not all the nucleotides in the loop of the 3' SLS 

participated equally in the promoter activity. Alteration of the first, second, and fourth 

nucleotides in the UAUAA loop to other nucleotides abolished or drastically reduced 

both RNA replication and viral infectivity, indicating that these three loop positions were 

critical for viral RNA replication and possibly interacting directly with viral replicase. No 
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specific nucleotide was required at L3 and L5 positions while varying degrees of 

nucleotide specificity existed for LI, L2, and L4 (Figure 3.4 and Table 3.2). Nucleotide U 

at LI is the preferred nucleotide but substitution of nucleotide C in place of U partially 

restored the promoter activity of the 3' SLS. This nucleotide substitution was maintained 

faithfully in the progeny of the mutant, indicating that cytosine can fvmctionally replace 

uracil, albeit at a lower efficiency. Substitutions with adenosine and guanosine at LI 

resulted in non-detectable level of viral RNA replication. The adenosine residue at L2 

could be substituted with cytosine without noticeable loss of promoter activity of 3' SLS, 

but substitutions with guanosine and uracil resulted in no detectable level of viral RNA 

replication in transfected protoplasts. Infectivity assay showed that mutant RC2L2U 

produced a few lesions, but sequence analysis of the progeny viral RNA revealed that the 

introduced U residue mutated into a C residue. The resulting progeny behaved exactly 

like RC2L2C in both infectivity and replication assay (data not shown). An adenosine 

residue is absolutely required at L4. Substitution of L4A with any other nucleotides 

eliminated both viral RNA replication and viral infectivity. Some of the mutations such 

as L2U, L4C, L4G, and L4U did not completely abolish in vivo viral RNA replication 

although accumulation of RNA-2 was not detectable in protoplasts assays. This is 

supported by a few local lesions (1 to 4% of the wild type level) induced by these 

mutants on cowpea leaves. However, the progenies of these mutants either reverted back 

to wild type sequence or incorporated second site mutations. These data indicated that 

these substitutions may allow a very low level of viral RNA replication, which provides 
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an opportunity for the mutant viral RNA to mutate to a more efficient promoter, 

consequently producing a limited number of local lesions. 

The apparent wild type behavior of RC2L2C and RC2L3G in both infectivity and 

replication conflicted with an earlier observation by Turner and Buck (1999). In their 

limited single nucleotide substitution study, both substitutions of A to C at L2 and U to G 

at L3 eliminated the replication and the infectivity of the mutants. It is not clear why 

completely opposite results were obtained in two different studies. One possibility is that 

an unintended mutation was introduced at a site distant from the targeted 3' SLS in their 

mutants, resulting in the lethal mutants. This unintended mutation could escape 

inspection unless the entire mutated viral genome was sequenced. Indeed, we observed 

one stem restoration mutant that failed to replicate and to infect cowpea plants. However, 

sequencing analysis revealed a single nucleotide substitution of A for G at 1262 in 

addition to the intended nucleotide alteration (data not shown). This additional change 

was likely introduced by PGR mutagenesis and was likely the cause of the lethal 

phenotype. hi the construction of our RG2L2G and RC2L3G mutants, the entire Ncol-

Smal fragment containing the engineered mutation was first verified by sequencing 

analysis and then replaced the same fragment in the wt RNA-2 clone pRC2IG54. 

Furthermore, transcripts from several independent clones produced the wt infection when 

coinoculated with the RNA-1 transcripts. 
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Predicted functional group recognized by RdRp 

The discontinuous pattern of critical nucleotides required for the 3' SLS promoter 

activities suggested that RCNMV replicase might make direct contact with the three key 

nucleotides in the loop region. Differential effects of single nucleotide substitution at 

these positions on viral RNA replication allowed a prediction of the flmctional groups 

that might be recognized by RCNMV replicase. Both LI A and LIG substitutions 

abolished RNA replication, whereas substitution with C (which contains a spatially 

equivalent C2 keto group as in U) still supported replication at 30% wild type level, 

indicating that the C2 keto group of U at LI at least contributed to replicase recognition. 

Similarly, while L2G and L2U changes eliminated replication, substitution with C (which 

contains spatially equivalent C6 amine and N1 imine as in A) did not affect RNA 

replication, suggesting that the C6 amine group and the Nl imine group of A at L2 were 

possibly the functional groups for replicase binding. Qianging L4A to every other 

nucleotide dramatically decreased RNA replication, indicating that multiple functional 

groups of A at L4 were involved in RNA-replicase recognition. The base-specific 

functional groups at discontinuous nucleotide locations required for replicase recognition 

predicted firom this study is similar to the replicase-RNA interaction in the BMV 

subgenomic core promoter (Siegel et al., 1997, 1998; Adkins and Kao, 1998). The 

specific functional moieties of several nucleotides interacting with BMV replicase was 

initially predicted by nucleotide substitutions and were later confirmed experimentally 

using synthetic template RNA containing nucleotide analogues. In the CP subgenomic 

promoter of BMV, nucleotides at positions -17, -14, -13, and -11 relative to the 
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subgenomic initiation site were required for RNA synthesis and direct interaction with 

viral replicase (Siegel et al., 1997, 1998). Nucleotide substitutions at these critical 

positions allowed them to predict that C6 keto and/or N1 amine at -17 G, multiple groups 

at -14 A, C4 amine at -13 C, and both C6 keto and N7 imine at -IIG were the base-

specific functional groups interacting with BMV RdRp. These predicted functional 

groups were experimentally shown to be required for interaction with BMV replicase by 

using chemically synthesized RNAs containing base analogs that were modified in these 

functional groups (Siegel et al., 1998). 

Two other members of the Dianthovirus genus, SCNMV and CRSV, have a similar 

3'-terminal SLS with the 5-nt loop sequence identical to RCNMV 3'-SLS (Ge et al., 

1992; Kendall and Lommel, 1992). The sequence-specific recognition mode identified in 

RCNMV may be common in the Dianthovirus genus. 

Potential interactions between nucleotides at three key loop positions 

Seven single-nucleotide substitution loop mutants at three key positions produced less 

than 5% lesions of the wt RNA-2 (Table 3.2). However, four of these mutants (L2U, 

L4C, L4G, and L4U) produced a sufficient amount of local lesions that permitted the 

analysis of mutant progenies. All of the progenies analyzed harbored mutations generated 

in vivo. In addition to reversion to wt sequence, second site mutations were observed near 

the original mutation sites in the progenies of two mutants (L4G and L4U) (Table 3.3). hi 

the progeny of mutant L4G, the first two nucleotides of the mutated loop, UAUGA, were 

replaced with nucleotide C and G, respectively, resulting in a new loop sequence 
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CGUGA. In two independent progenies of mutant L4U, a single second-site mutation of 

A for U at LI generated another new loop sequence, AAUUA. Progeny viruses 

containing these second site mutations were as infectious as the wt RCNMV. Apparently 

both CGUGA and AAUUA were functionally equivalent to the wt UAUAA, indicating 

that they can be recognized and replicated by RCNMV replicase as efficiently as wt 

UAUAA. These second site mutations thus should be considered as compensatory 

mutations as they restored the promoter activity of the 3' SLS. Interestingly, all second-

site mutations occurred at three key positions, indicating that the nucleotides at these key 

loop positions potentially interact with each other. Further studies are required to 

understand this base-base interaction and to determine the effect of this interaction on the 

template-replicase recognition. 
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CHAPTER 4. 

Transgenic Recombination of Red Clover Necrotic Mosaic Virus 

ABSTRACT 

Systemic infection by Red clover necrotic mosaic virus (RCNMV) consists of two 

distinct events: cell-to-cell spread through plasmodesmata and long distance transport 

through vasculature. The cell-to-cell movement is mediated by the movement protein 

(MP) encoded on RNA-2 while the long distance transport is facilitated by capsid protein 

encoded on RNA-1. Although RNA-l has all genes essential for viral RNA replication 

and can replicate in protoplasts, systemic infection of intact plants by RCNMV requires 

RNA-2. The requirement of RNA-2 encoded MP for systemic infection was exploited to 

characterize recombination between transgenically expressed viral RNA sequences and 

infecting viral RNA. Wild type RCNMV RNA-2 or truncated versions lacking either the 

first 55 nucleotides in the 5'- untranslated region (UTR) (A5), the last 219 nucleotides in 

the 3' UTR (A3), or both (A53) were transformed into Nicotiana benthamiana plants, 

under the control of an enhanced 35S promoter. The resulting MP transgenic plants were 

neither resistant to wild-type RCNMV infection nor capable of complementing RCNMV 

RNA-l infection. However, incidence of RCNMV systemic infection was observed 7 

days or longer in transgenic plants expressing the A5 transcripts inoculated with RCNMV 

RNA-l. Virions recovered from the systemically infected leaves were infectious on non-

transformed N. benthamiana and N. clevelandii, producing wild type infections. In 
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contrast, no systemic infection developed in the RNA-1 inoculated transgenic plants 

expressing either the A3 or A53 transcripts. Analysis of virion RNA recovered from 

RNA-l inoculated A5 transgenic plants indicated that RCNMV RNA-1 has recombined 

with and captured RNA-2 transgene mRNA by providing an essential 5'-terminal 

replication element. Several distinct species of recombinant RNA-2 molecules were 

cloned and sequenced. The 5' termini of all recombinant RNAs contained from 8 to 15 

nucleotides identical to the 5' terminus of RNA-1. However, sequences at the crossover 

junctions differ from clone to clone. The recombinant RNAs can be divided into three 

groups according to recombinant sequences: Group I contains no extraneous nucleotides 

between the RNA-1 5' terminus and RNA-2 sequences starting from various positions 

within the 5' UTR of RNA-2; group II contains additional 3 to 29 nucleotides of 

unknown origins between the RNA-1 and -2 sequences; group III has the 5'-terminus of 

RNA-1, sequences of unknown origins, and the sequences from the transgene transcripts 

composed of nonviral vector sequences followed by RNA-2 sequences. These data 

indicated that recombination between RCNMV RNA-1 and RNA-2 transgenic transcripts 

resulted in recombinant RNA-2 molecules that could be replicated by RCNMV RNA-1 

and provided MP function essential for systemic infection. A viral polymerase-mediated 

template-switching model was proposed to explain the transgenic recombination in 

RCNMV. 
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INTRODUCTION 

Recombination in RNA viruses occurs naturally and has been a driving force in RNA 

virus evolution (see reviews by Alejska et al., 2001; Domingo et al., 1996; Garcia-Arenal 

et al., 2001; Nagy and Simon 1997), Under experimental conditions, recombination 

among RNA viruses has been well studied in different genera including Bromovirus (see 

reviews by Figlerowicz and Bujarski, 1998), Alfamovirus (Van Der Kuyl, et al., 1991), 

Cucumovirus (Aaziz and Tepfer, 1999a), Nepovirus and Tobravirus (Le Gall et al., 

1995), Carmovirus (see reviews by Simon and Bujarski, 1994; Nagy and Simon, 1997), 

and Tombusvirus (White and Morris, 1995). Mechanistically, RNA recombination can be 

divided into two categories: homologous recombination that occurs between two related 

RNA molecules and non-homologous recombination that occurs between two unrelated 

RNA molecules. 

Recombination takes place not only between viral RNA molecules, but also between 

viral RNA and cellular mRNA, leading to acquisition of cellular genes by RNA viruses. 

RNA viruses are capable of recombining with mRNA, ribosomal RNA, or tRNA as 

indicated by presence of an ubiquitin-coding sequence in bovine diarrhea virus genome 

(Meyers et al., 1991); 28S ribosomal RNA sequence in the genome of a himian influenza 

virus (Khatchikian et al., 1989); and tRNA sequences in defective interfering RNA of 

Sindbis virus (Monroe and Schlesinger, 1983) and in satellite RNAs of QP bacteriophage 

(Mimishkin et al., 1988). For plant RNA viruses, a sequence homologous to an exon of 

tobacco chloroplast DNA was found at the 5' terminus of potato leafroll virus (Mayo and 

Jolly, 1991). 
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RNA recombination can also occur between viral RNA and viral transgene mRNA 

expressed in virus-resistant transgenic plants (For review see Aaziz and Tepfer, 1999b; 

Rubio et al., 1999). Transgenic plants expressing segments of viral genome have been 

demonstrated to confer resistance to the cognate as well as closely related viruses (For 

reviews see Baulcombe, 1994; Beachy, 1997; Kaniewski and Thomas, 1999; Miller and 

Hemenway, 1998; Ravelonandro et al., 2000; Rovere et al., 2002). In the absence of virus 

control strategies, transgenic resistance appears to be a viable tool for viral disease 

management. However, the transgenic plants resist only the cognate or closely related 

viruses, and uiu-elated or less related viral RNAs can still replicate in the transgenic plants 

and can potentially recombine with the viral transgene transcripts. This scenario has been 

confirmed in several studies. Recombination between capsid protein (CP) deletion 

mutants and CP transgene transcripts were reported in Cowpea chlorotic mottle virus 

(CCMV) (Greene and Allison, 1994), Tomato bushy stunt vims (TBSV) (Boija, et al. 

1999), Tobacco mosaic virus (TMV) (Adair and Kearney, 2000), and Plum pox virus 

(PPV) (Varrelmann et al., 2000). Recombination between a viral transgene and its 

cognate virus has also been documented in Cauliflower mosaic virus (CaMV). Although 

CaMV is a pararetrovirus, the transgenic recombination was reported to involve the 

transgene transcript and the RNA replication intermediate of the pararetrovirus (Schoelz 

and Wintermantel, 1993; Wintermantel and Schoelz, 1996). 

The transgenic recombinations reported to date were all homologous recombinations 

with a crossover site within homologous regions of the transgene transcripts and the 

cognate mutant viral RNA. However, in natural field conditions, viruses that can infect 
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the transgenic plants are most likely non-homologous to the transgene transcripts as the 

resistance provided by the transgene would prevent infections by the homologous viruses. 

Therefore, field recombination between viral RNAs and transgenes is very likely 

nonhomologous. 

Another common theme emerged from these studies is the high frequency of 

transgenic recombination. Presence of strong selection pressiu'es favoring recombinant 

viruses is a contributing factor. In addition, the presence of the 3'-untranslated region 

(UTR) included in the transgene mRNA in some of the studies has also been 

hypothesized as another important contributing factor for the high frequency of 

transgenic recombination (Greene and Allison, 1994). However, no experiment has been 

carried out to test this possibility. In this paper, we use another RNA virus. Red clover 

necrotic mosaic virus (RCNMV) as model system to investigate whether nonhomologous 

RNA recombination can occur between a viral transgene transcript and a viral RNA, and 

whether viral 3' UTR is an important factor for transgenic RNA recombination. 

RCNMV is the best-characterized member of the Dianthovirus genus (Murphy et al., 

1995). The RCNMV genome consists of two single-stranded, positive-sense RNAs. Both 

RNAs possess 5' terminal m^GpppA caps and lack 3'-terminal polyA tail (Lommel et al., 

1988; Xiong and Lommel, 1989). RNA-1 contains p27 and p88 RNA-dependent RNA 

polymerase (RdRp) genes essential for virus replication and the CP gene required for 

encapsidation and long-distance movement (Xiong and Lonmiel, 1989; Xiong et al., 

1993a; 1993b; Kim and Lommel, 1994; Bates et al., 1995, Vaewhongs and Lommel, 

1995; Sit et al., 1998). RNA-2 encodes a single p35 MP gene required for RCNMV cell-



165 

to-cell movement (Lommel et al., 1988; Fujiwara et al., 1993; Xiong et al., 1993a). 

RNA-l can replicate in protoplasts in the absence of RNA-2 (Osman and Buck, 1987; 

Paje-Manolo and Lommel, 1993), but systemic infection requires the cell-to-cell 

movement function provided by the RNA-2 encoded MP and long distance movement 

function provided by the RNA-l encoded CP. Sequence analysis indicates that RNA-l 

and -2 are essentially nonhomologous except the 29 nucleotides (nt) of the 3' terminus 

and the 5 nt of the 5'-terminus. The 3' terminal 29 nt is predicted to form a stable stem 

loop structure (SLS) that is required for the synthesis of (-)-strand RNA (Chapter 3; 

Turner and Buck, 1999). The 5'-terminal 6 nt (ACAAAC) is required for the synthesis of 

(+)-strand RNA from the (-)-strand template (Turner and Buck, 1999). 

In this study, we generated transgenic plants expressing different versions of 

RCNMV RNA-2 transcripts that lack either the first 55 nucleotides of the 5' UTR (A5), 

the last 219 nucleotides of the 3' UTR (A3), or both termini (A53). The transgenic lines 

were incapable of complementing local and systemic infection by RNA-l. However, 

systemic infection by RNA-l was observed in some of the A5 transgenic plants after a 

delay of several days. Analysis of the progeny virus recovered from the systemically 

infected A5 transgenic plants revealed that systemic infection was the result of non

homologous recombination between the infecting RNA-l and the mRNA transcribed 

from the chromosomally integrated viral sequence. In contrast, no systemic infection was 

observed in transgenic plants expressing either A3 or A53 RNA-2 transcripts after 

inoculated with RCNMV RNA-l. This report illustrates that non-homologous 

recombination can occur between viral transgene and infecting RNA viruses and that the 
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3'-UTR is important for transgenic recombination. This is the first time that 

transgenically expressed viral MP gene is demonstrated to recombine with infecting viral 

RNA. 

MATERIALS AND METHODS 

Construction of RNA-2 clones, pUI9RC2IG54 andpBRC2IG54 

The orientation of pRC2IG54, an infectious cDNA clone of RCNMV RNA-2 

(Chapter 2), was reversed to facilitate the subcloning of RNA-2 transgene into Ti-plasmid 

pVKGK in the correct orientation (Figure 4.1). After digestion of pRC2IG54 with Kpnl 

& BamHl in the multiple cloning site of pUC18, the 1.5 kb Kpnl-BamHl fragment 

containing full-length RNA-2 was blunt-ended and cloned into pUC19 at Smal site to 

construct pU19RC2IG54 with RNA-2 3' near to the vector site. pBRC2IG54 clone 

was then constructed by transferring a 1.5 kb HindlU-Sstl fragment containing full-length 

RNA-2 from pUC19 to pBS (+) which contains a Ml3 intergenic sequence required for 

mutagenesis using the ung-dut system. 

Site-directed mutagenesis 

The ung-dut system (Kunkel et aL, 1987) was used to introduce molecular markers 

into RNA-2 sequences. pBRC2IG54 was transformed into competent cells of Escherichia 

coli strain CJ236. The phagemids containing single-stranded UTP+ DNA was 

synthesized in the presence of M13K07 helper phage and precipitated by PEG (800) and 

NaCl. The single-stranded UTP+ DNA was extracted with phenolxhloroform and 
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Figure 4.1 Schematic representation of RCNMV RNA-2 cDNA constructs and plant 
transformation vectors. RCNMV RNA-2 sequence is presented as solid line; vector 
sequences are presented as dashed lines. Restriction sites used in vector construction are 
labeled above and below the schematic. Clone pUl9RC2IG54 contains the full-length 
RNA-2 sequence. Clone pU19RC2APX contains three molecular markers introduced in 
the RNA-2 sequence by mutagenesis, PVMI and Accl sites at the 5'-UTR and the 
disruption of the site at the stop codon of MP ORF. Ti plasmid pVKGK contains 
kanamycin resistant gene and GUS gene whose expression is controlled by 35S 
promoter. Clone pVRC2APX which contains the full-length RNA-2 is generated by 
replacing the GUS gene in the Ti plasmid pVKGK with the Mbal-Sstl fragment from 
clone pUl9RC2APX; the expression of viral sequence is controlled by 35S promoter. 
Clone pVRC2A3 contains RNA-2 sequence lacking the 3'-terminal /^coI-Smal fragment 
(219 nt). Clone pVRC2A5 contains RNA-2 lacking the 5'-terminal Accl fragment 
(including 55 nt viral sequence). Clone pVRC2D53 contains RNA-2 lacking both the 5'-
terminal 55 nt and the 3' 219 nt. 
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precipitated with ethanol. Mutant DNA was synthesized with T4 DNA polymerase 

(Invitrogen, Carlsbad, CA) and T4 DNA ligase (Invitrogen, Carlsbad, CA) using two 5'-

phosphorylated oligonucleotides, RC2AP and RC2X, as primers. Primer RC2AP (5' 

TTGTTGGTATACTTACGATCGTGTTTC 3') is complementary to nucleotides 37-65 

in the 5' UTR of RNA-2. Three nucleotide substitutions (underlined) created Pvul 

(CGATCG) and Accl (GTATAC) restriction sites as molecular markers. RC2X primer 

(5' CGGCTCGTTTAGAGTCTTTC 3') is complementary to nucleotides 1023-1042 

around the termination codon of the MP ORF. One nucleotide substitution (underlined 

nucleotide) disrupted the AZ>aI (TCTAGA) but maintain the stop codon. After 

transformed to competent E. coli DH5a, the synthesized mutant DNA was selected and 

amplified. The mutant clone, pBRC2APX, was first screened by digestion with Accl, 

Pvul, or Xbal, and then confirmed by direct sequencing. 

Infectivity and stability of the marked RNA-2 

To prevent the second conflicting T7 primer sequence in vector pBS (+), the 1.5 kb 

HindmSstl fragment from pBRC2APX was cloned back to pUC19 to generate 

pUl9RC2APX (Figure 4.1). RNA-1 and RNA-2 transcripts were synthesized from Smal-

linearized cDNA clones of pRClIG69 and pU19RC2APX with T7 RNA polymerase, 

respectively, and co-inoculated onto cowpea, N. benthamiana and N. clevelandii as 

described previously (Xiong and Lommel, 1991). Local lesions on cowpea leaves were 

counted 5 days post inoculation. Virus was then purified from infected N. clevelandii 

leaves, and the viral RNA was subsequently extracted from the purified virions. RT-PCR 
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was employed to amplify the full-length RNA-2 using two primers, RC2-T7-5' 

containing T7 promoter followed by the first 18 nt of 5' end of RNA-2 (chapter 2) and 

RC23'END containing 20 nucleotide (underlined) complementary to the 3' end of RNA-2 

(chapter 2). The full-length PCR products were digested with AccI and Xbal to determine 

whether these markers were maintained in the progeny RNA-2. 

Construction of plant transformation vectors 

The infectious, molecularly marked RNA-2 clone (pU19RC2APX) was used to 

produce the 5'-truncated clone (pU19RC2A5), 3'-truncated clone (pU19RC2A3), and a 

clone with truncations at both termini (pUl9RC2A53) (Figure 4.1). pUl9RC2A5 was 

constructed by Accl digestion of pU19RC2APX followed by self-ligation to delete the 

first 55 nt in the 5' UTR. To produce pU19RC2A3 with the last 219 nt in the 3' UTR 

removed, pU19RC2APX was digested with Ncol (at nt 1230) and Smal (at the 3' end), 

blunt-ended by Klenow fragment (Invitrogen, Carlsbad, CA), and then self-ligated. 

pU19RC2A3 was further digested with Accl, followed by self-ligation to remove the first 

55 nt at the 5' UTR, generating pU19RC2A53. 

Intact or terminally modified RNA-2 cDNA inserts were transferred fi-om pUCl9 into 

and replaced the GUS gene in the Ti-plasmid pVKGK to construct a series of plant 

transformation vectors. pU19RC2APX and pU19RC2A3 were digested first with Xbal 

and The J^al-Sstl fragments (1.5 kb and 1.3 kb respectively) containing RNA-2 

sequences were then ligated into pVKGK at the same sites to generate pVRC2APX and 

pVRC2A3, respectively. pU19RC2A5 and pU19RC2A53 were linearized with Accl and 
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blunt-ended, followed by second digestion with Sstl, the resulting Accl (blunt-ended)-&fl 

fragment was then transferred into pVKGK at Smal and Sstl to construct pVRC2A5 and 

pVRC2A53, respectively. 

Plant transformation 

AA. benthamiana leaf disks were inoculated with Agrobacterium tumefaciens carrying 

either pVRC2APX, pVRC2A5, pVRC2A3, or pVRC2A53. ECanamycin-resistant calli 

were regenerated into plants as described by Horsch et al. (1985). The regenerated and 

kanamycin-resistant transgenic plants were transplanted in soil and self fertilized. 

PCR and Southern analysis of transgenes 

Total DNA was extracted froin transgenic and non-transformed N. benthamiana 

plants as described by Murray and Thompson (1980). For the PCR detection of the RNA-

2 transgenes, primers RC2V170 (5' GGAAATGCAGGTCTGGAGTTT 3') corresponding 

to RNA-2 nucleotides 161-178 and RC2C650 (5' TGCACGTAGGCTTCCACTGCC 3') 

complementary to nucleotides 643-659 were used to amplify a 498 nt fragment from total 

plant DNA. A 30 cycle PCR reaction (denaturation at 94°C for 45 sec, annealing at 54°C 

for 60 sec, and extension at 72°C for 30 sec) was carried out as described previously 

(Weng and Xiong, 1995). The transgenes were also examined by southern hybridization 

(Sambrook et al., 1989). Total DNA extracted from transformed and non-transformed N. 

benthamiana plants were digested overnight with HindUl and £coRI restriction enzymes 

at 37 °C. The restricted DNA fragments were resolved in 0.8% agarose gel and blotted 
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into a Hybond-N+ membrane (Amersham, Arlington Heights, EL). DNA fragments 

containing the RNA-2 transgene sequence were detected by hybridization with a ^"P-

labeled DNA probe specific for RNA-2. DNA probe was synthesized by Exo(-) KJenow 

enzyme and random primer as described by manufacturer using the Prime-It II Random 

Primer Kit (Stratagene, La Jolla, CA). 

Northern blot analysis 

Transgene mRNA levels in different transgenic lines were examined by Northern 

hybridization with transgene specific, ^^P-labeled probe. Total RNA was extracted from 

transgenic and non-transformed N. benthamiana leaves using TRJzol RNA extraction 

solution (Invitrogen, Carlsbad, CA). The mRNA was then concentrated from total RNA 

using PolyATract mRNA Isolation System FV (Promega, Madison, WI). Northern 

hybridization was carried out essentially as described previously (Xiong et aL, 1993a). 

Five microgram of total RNAs or mRNA were electrophoresed in 1.5 % agarose gels 

after heat denaturation and transferred to Hybond-N+ membranes (Amersham, Arlington 

Heights, IL). The blots were then hybridized with (-) sense, ^^P-labeled RNA-2 riboprobe 

that was prepared from a RNA-2 full-length cDNA clone, pRClIG (Xiong et al., 1991), 

by in vitro transcription using T3 RNA polymerase. 

Sequencing analysis of the transgene 5' terminus 

To determine whether any additional mutation was introduced into transgenes during 

transformation and subsequent plant propagation, the 5' terminus of transgenes was 
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amplified by PGR using 35SP primer (5' TATATAAGGAAGTTCATTTCATTTGGA 

GAGGA 3') corresponding to the 35S promoter sequence upstream of the RNA-2 

transgene and primer RC2C650 complementary to RNA-2 643-659 nt. The PGR products 

were clone into pBluscript SK(+) and sequenced. 

Expression of movement protein (MP) 

The T7 primer sequence upstream of viral sequence was deleted in pU19RG2A5 and 

pU19RG2A53. In order to synthesize the 5'-truncated RNA-2 transcripts, both 

pU19RG2A5 and pU19RG2A53 were digested with HindlU and Sstl. The 1.5 kb Hindlll-

fragment was subsequently cloned into pBS (+) at the same restriction sites to 

generate pBRG2A5 and pBRG2A53. The T3 promoter in pBS (+) was used to direct the 

transcription of the 5'-truncated RNA-2 transcripts with T3 RNA polymerase. 

To test whether the 35-kDa MP can be expressed from all transgene constructs, RNA-

2 transcripts with different terminal truncations were transcribed in vitro from Smal-

linearized pU19RC2APX and EcoRl -lineared pUl9RG2A3 with T7 RNA polymerase, 

and from 5/naI-linearized pBRG2A5 and £coRI -lineared pBRG2A53 with T3 RNA 

polymerase. One microgram of transcripts was then translated in a wheat germ in vitro 

translation system (Boehringer Mannheim Biochemica, Satellite Beach, FL) as instructed 

by the manufacturer. After incubation at 30°C for 1 hour, -labeled translation products 

were electrophoresed on a 12.5% SDS-polyacrylamide gel (Laemmli, 1970), fixed and 

fluorographed. (Xiong et al., 1993a; Weng and Xiong, 1997). 
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Plant inoculation, virus and viral RNA purification 

RNA-2 transformed and non-transformed N. benthaniana plants were inoculated with 

RNA-1 transcripts derived from pRClIG69 or co-inoculated with RNA-1 and RNA-2 

transcripts derived from PRC1IG69 and PRC2IG54 respectively as described previously 

(Xiong and Lonunel, 1991). The inoculated plants were maintained in greenhouse with 

temperature between 20 to 25°C. Virus purification from the infected tissues and the 

subsequently viral RNA extraction from the purified virions were carried out as described 

by Xiong and Lommel (1989). 

Direct RNA sequencing and transcriptional runoff mapping 

Direct RNA sequencing and transcriptional runoff mapping with Superscript 11 

reverse transcriptase (Invitrogen, Carlsbad, CA) were performed to initially determine the 

5' terminal sequence of recombinant RNA-2 molecules using primer RC2C120 (5'-

CTGCTACTCCATCATTTGTC-3') complementary to nucleotides 119-138 of RNA-2 as 

described previously (Xiong and Lommel, 1989; Weng and Xiong, 1997). -labeled 

sequencing products were electrophoresed on a 6% denaturing polyacrylamide gel and 

autoradiographed. 

Cloning and sequencing of the 5' termini of recombinant RNA 

Ligation-anchored PGR was carried out to clone the 5' termini of the recombinant 

RNA-2 moleculars as previously described (Weng and Xiong, 1995) with the following 

exceptions. Recombinant RNA-2 was reverse-transcribed into first strand cDNA using 
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primer RC23'END (5'-GAGCTCCCGGGGTGCCTAGCCGTTATAC-3') which is 

complementary to RNA-2 3'terminal 20 nucleotides. The anchor primer F500 used was 

previously described (Weng and Xiong, 1995). A 40-cycle touchdown PGR program was 

used to amplify the 5'-terminus of recombinant RNA-2 from the anchor-ligated cDNA by 

two primers, R500 (Weng and Xiong, 1995) complementary to F500 and RC2c320 (5'-

CTACGGTGACGTGTCCTG-3') complementary to RNA-2 nucleotides 321-339, with 

Tag DNA polymerase (Invitrogen, Carlsbad, CA). The A-tailed PCR products were 

ligated into £corV-linearized and T-tailed pBluscript SK (+) with T4 DNA ligase 

(Invitrogen, Carlsbad, CA) and directly sequenced. 

Computer sequence analysis 

FASTA and pileup-alignment computer programs in the GCG software (Genetics 

Computer Group, Inc., University of Wisconsin) were used to analyze the 5' terminal 

sequences of recombinant RNA-2 molecules. 

RESULTS 

Silent markers introduced in RCNMV RNA-2 did no affect its infectivity and were stably 

maintained 

To differentiate recombinant RNA molecules generated from transgenic 

recombination from contaminating wild type (wt) RCNMV RNA-2, it was necessary to 

introduce silent molecular markers into the transgenes. Site-directed mutagenesis was 

used to generate restriction sites PVMI and Accl at the 5' UTR and to disrupt restriction 
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site Xbal at the stop codon of the MP ORF in RNA-2 infectious cDNA clone pRC2IG54 

(Figure 4.1). To determine whether the introduced markers affected RNA-2 infectivity 

and whether the markers were stably maintained, RNA-2 transcripts derived from the 

resulting clone pUl9RC2APX which contained all the molecular markers were co-

inoculated with wild type RNA-l transcripts onto cowpea leaves. The number of local 

lesions produced by pU19RC2APX transcripts was similar to that produced by the wt 

RNA-2 transcripts, indicating that pUl9RC2APX is as infectious as the wt clone 

pRC2IG54 (data not shown). The stabiUty of the molecular markers was then examined 

by determining the presence of these markers in progeny RNA-2. The full-length RNA-2 

was amplified from the total RNA extracted from the infected tissue by RT-PCR. The 

PGR products were subsequently digested with Acci and Xbal separately. While wt 

RNA-2 progeny carried restriction site Xbal but not Accl, pU19RC2APX progeny 

contained restriction site Accl but not Xbal (Figure 4.2). These results showed that the 

silent molecular markers were stable and maintained in the progenies. pU19RC2APX 

was suitable for construction of terminally truncated RNA-2 clones. 

Construction of transformation constructs 

Three terminally truncated RNA-2 clones were subsequently constructed. Clone 

pU19RC2A5 lacking the first 55 nt of 5'UTR of RNA-2 was generated by deleting the 

Accl fragment from pUl9RC2APX. Clone pUl9RC2A3 with the deletion of the last 219 

nt of RNA-l 3' UTR was created by removing the Ncol-Smal fragment from 
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Figure 4.2 Stability of the molecular markers in RNA-2. Total RNA was extracted 
from M, clevelandii inoculated with wild type RCNMV (WT) and mutant RCNMV 
containing Accl + (at 55 nt.) and Xbal - (at 1030 nt.) molecular markers in RNA-2. 
Full-length cDNA of RNA-2 (1.5 kb) was amplified fh)m the total RNA by RT-PCR, 
digested with either Accl or Xbal restriction enzyme, and electrophoresed in agarose 
gel. In WT, a single band with full-length size (1.5 kb) and two smaller bands of I 
and 0.5 kb appear after digestion with Accl and Xbal, respectively, confirming the 
absence of Accl and the presence of one Xbal in wild type RNA-2 sequence. In the 
mutant progeny, Accl digestion resulted in two bands, one band is slightly smaller 
than the full-length size, another band is very small, 55 nt, and has run out of the gel; 
Xbal digestion resulted in one band, indicating that these markers were stable and 
maintained in the progeny. 
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pU19RC2APX. Clone pUl9RC2A53 lacking both termini was made by removing the 

AccI fragment from pU19RC2A3 (Figure 4.1). Four transformation constructs, 

pVRC2APX, pVRC2A5, pVRC2A3, and pVRC2A53, were then generated by replacing 

the GUS gene in the Ti-plasmid pVKGK with each of the full-length or terminally 

truncated RNA-2 fragments from pUC19 clones pU19RC2APX, pU19RC2A5, 

pU19RC2A3, and pU19RC2A53, respectively. As shown in Figure 4.1, pVRC2APX 

contained full-length RNA-2 sequence with three molecular marks, a Pvul and an Accl 

sites at the 5' UTR and an J^al disruption at the end of the MP ORF. pVRC2A5 had the 

5'-untranslated 55 nucleotides (upstream of the Accl) removed, but retained all the 3' end 

sequence and the 3' marker. pVRC2A3 contained the complete 5' end and the 5' markers 

but had the 3'-untranslated 215 nucleotides deleted; pVRC2A53 had deletion at both 

termini and contained the 3' Xbal disruption marker. 

Characterization of transgenic Nicotiana benthamiana lines 

Using Agrobacterium tumefaciens mediated gene transformation method (Horsch et 

ai, 1985), we generated numerous lines of transgenic Nicotiana benthamiana plants 

expressing vector sequence only (NB), full-length RNA-2 (FL), 5'-truncated RNA-2 

(A5), 3'-truncated RNA-2 (A3), and both termini-truncated RNA-2 (A53). RNA-2 

transgene in the transformed plants was initially screened by PGR using a pair of RNA-2 

specific primers RC2V170 and RC2C650. All 9 lines of FL, 12 of 13 lines of A5, 16 of 

18 lines of A3, and 14 of 16 lines of A53 harbored the transgene as indicated by the 
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presence of a 498 bp DNA fragment in the PCR products (Figure 4.3). In contrast, no 

RNA-2 sequence was detected in the vector-transformed NB lines. 

The presence of the transgene in transformed plants was confirmed and the copy 

number of transgene was estimated by Southern blot using a RNA-2-specific probe 

(Figure 4.4). Total DNA isolated from transformed and non-transformed plants was 

digested with restriction enzymes Hind HI and EcoRl separately. Both restriction 

enzymes cut once within the vector DNA sequence transferred from the transformation 

vectors to the plant genome, but not in the viral sequence. Theoretically, each hybridizing 

DNA fragment would represent a single copy of the inserted transgene. The hybridization 

results revealed that the transgenic lines contained from one copy (Figure 4.4, FL-7A and 

A3-14A) to a maximum of 4 copies (Figure 4.4, A5-12A) of the transgene. There was no 

apparent correlation between the transgene copy number and the transformation 

construct. The copy number determined from Hindlll digestion was consistent with that 

from EcoRl digestion, indicating the accuracy of this result. 

The transgene mRNA levels were then assayed by Northern hybridization. mRNA or 

total RNA from plants transformed with RNA-2 sequences, as well as those from vector 

transformed plants and non-transformed plants was blotted and hybridized with the (-)-

sense, ^"P-labeled RNA-2 riboprobe. The RNA-2 specific probe hybridized to an RNA 

species of approximately 1.2-1.5 kb, the expected sizes of mRNA transcribed from the 

transgene, in both the total RNA and the polyadenylated RNA preparations from the 

transgene-transformed N. benthamiana plants (Figure 4.5). In contract, total or 

polyadenylated RNA preparations from vector-trans formed and non-transformed plants 
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Figure 4.3 MP transgene detection by PCR. Total DNA was extracted from 
nontransformed, vector transformed, or a series of MP transformed N. benthamiana plants. 
A fragment of MP transgene (0.5 kb) was amplified from the total DNA by PCR using two 
MP specific primers around positions of 160 nt. and 660 nt. The resulting PCR product 
was electrophoresed in agarose gel. While no band was observed in nontransformed and 
vector transformed plants, a O.S kb band was amplified from all except 4 of the MP 
transformed lines, indicating that MP transgene is present in most of the transgenic lines. 
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Figure 4.4 Southern hybridization of MP transgene. Total DNA was extracted 
from nontransformed and transgenic plants expressing RCNMV RNA-2 transcripts 
of full-length (FL) or lacking either the 5'-terminal 55 nt. (A5), the 3'-terminal 215 
nt. (A3), or both termini (A53). The purified total DNA was then digested with 
either Hindni or EcoRI restriction enzyme. Both enzymes cut once in the vector 
sequence but not in the RCNMV RNA-2 sequence. The digested DNA was 
electrophoresed, blotted, and hybridized with a 32P-labeled probe specific for (+) 
RNA-2. While no hybridization was observed in total DNA isolated from 
nontransformed plant, 1-4 hybridizing bands were detected in total DNA purified 
from different transgenic lines. 
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did not hybridize with the same probe. The transgene mRNA levels varied dramatically 

among different lines (Figure 4.5). In nine FL lines tested, two lines (FL-7A and FL-9A) 

had a high level of the transgene mRNA, 2 lines (FL-5A and FL-8A) had a low to 

medium level, and the other five lines (FL-IA, FL-2A, FL-3A, FL-4A, FL-lOA) had a 

very low or non-detectable level. Three of 12 A5 lines, A5-5A, A5-6A and A5-12A, had a 

high level of transgene mRNA, 4 lines had a low to medium level, and the other 5 lines 

had the mRNA level too low to be detected. Three A3 lines, A3-9A, A3-11A, and A3-

14A, had a high level of transgene mRNA, three lines had a low to medium level, and 9 

lines had a very low or non-detectable level. In plants transformed with pVRC2A53, 2 

lines (A53-4A and A53-6A) had high transgene mRNA level, 6 lines had low-medium 

level, and 7 lines had very low or non-detectable level. The Northern blot results from the 

representative lines expressing transgene mRNA at high, low to medium, and very low to 

undetectable levels were shown in Figure 4.5. Transgenic lines with high levels of 

transgene expression were selected for further study. 

The expression of MP in transgenic plants that accumulated a high level of transgene 

mRNA was assayed by Western blot with MP antibody. Two MP antibodies, one against 

a synthetic oligopeptide representing the carboxyl-terminal 17 amino acids of the MP 

(Xiong et al., 1993a) and one against a recombinant MP expressed in E. coli (Lommel, 

personal communication), were used. Both antibodies were previously reported to 

immuno-precipitate in vitro translated MP. However, none of them was capable of 

detecting MP in total protein isolated from either transgenic plants or RCNMV infected 

non-transformed plant due to high background (data not shown). To verify whether the 
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Figure 4.5 MP transgene mRNA levels detected by Northern hybridization. 
Either mRNA (top panel) or total RNA (bottom panel) isolated from 
nontransformed, vector transformed and MP transgenic plants (FL, AS, A3, and 
A53) were hybridized with ^^P-labeled probe specific for (+) RCNMV RNA-2. 
No hybridization was detected in total RNA purified from nontransformed or 
vector transformed plants. Varying levels of transgene mRNA were observed in 
different transgenic lines. 
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transgene constructs were functional for MP expression, in vitro transcripts from clones 

pU19RC2APX, pBRC2n5, pUl9RC2D3 and pBRC2n53, which contains full-length, 

5'-truncated, 3'-truncated, and both termini-truncated RNA-2 sequences, respectively, 

were translated in a wheat germ in vitro translation system. The translation products were 

analyzed by SDS-polyacrylamide gel electrophoresis. As shown in Figure 4.6, similar 

amount of the 35-kDa protein was expressed from all 4 constructs as well as from wild 

type RNA-2. These data indicated that transgenes delivered by four transformation 

constructs contained all necessary elements for efficient translation of MP. To flirther 

demonstrate that undetectable MP expression did not result from any mutations 

introduced into transgenes during plant transformation, the transgenes from the 

transgenic plants were amplified by PCR using primer 35Sprimer corresponding to the 

35S promoter sequence upstream of the transgene and a RNA-2 primer RC2C650 

complementary RNA-2 in MP coding region. PCR products were cloned and sequenced. 

While transgenes from the transgenic plants FL and A3 maintained complete RNA-2 5' 

sequence, those from the plants A5 and A53 lacked the first 55 nt of 5' UTR as designed 

(data not shown). No additional mutation was observed. Combining with the observation 

that MP is not detected from RCNMV infected plants, these results suggest that failure to 

detect MP in RNA-2 transgenic plants is very likely due to the inability of the antibodies 

to bind MP specifically and strongly in the Western blot. 

RNA-2 transgenic plants were not resistant to RCNMV infection 

RCNMV infected non-transgenic N. benthamiana plants initially develop necrotic 
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Figure 4.6 Wheat germ in vitro translation of RNA-2 transcripts. Equal amount of 
RNA-2 transcripts from either original full-length clone (pRC2IG54), full-length clone 
containing molecular markers (pU19RC2FL), 5'-terminal deletion clone (pBRC2A5), 
3'-terminal deletion clone (pUl9RC2A3), or both termini deletion clone (pBRC2A53) 
was added to a wheat germ in vitro translation system. The 35S-methionin labeled 
translation product was electrophoresed in a 12.5% SDS polyacrylamide gel and 
fluorographed. Similar amoimts of p35 MP were produced from all transcripts tested. 
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lesions on the inoculated leave three days post inoculation (dpi) and then spread to upper 

un-inoculated leaves to produce systemically mosaic symptom 5 dpi. When the 

transgenic lines were inoculated with RCNMV virions or RNA transcripts, all of the lines 

developed symptoms identical to those on non-transgenic plants. The timing of symptom 

development on both the transgenic and non-transgneic N. benthamiana was also 

indistinguishable (data not shown). These results indicated that the transgenic lines 

expressing either full-length RNA-2 transcripts, 5' terminally truncated RNA-2 

transcripts, 3' terminally truncated RNA-2 transcripts, or both termini-truncated RNA-2 

transcripts were not resistant to RCNMV infection. 

Replication capturing of full-length RNA-2 transgene by RCNMV RNA-1 

Non-transformed plants inoculated with RCNMV RNA-1 transcripts do not show any 

symptoms because cell-to-cell movement and the subsequent systemic infection require 

RNA-2 encoded MP. However, the FL transgenic plants expressing the full-length RNA-

2 transcripts showed wt systemic symptom 5 days after inoculation with RNA-1 

transcripts. The timing of symptom development was similar to that on non-transformed 

N. benthamiana plants co-inoculated with RNA-1 and RNA-2 (data not shown). This data 

suggest that mRNA of full-length RNA-2 transgene could be captured by RNA-1. The 

captured RNA-2 could then provide the cell-to-cell movement function essential for local 

and systemic viral spread. The transgene mRNA in the FL transgenic lines contained 48 

vector nucleotides upstream of the RNA-2 sequence and 28 vector nucleotides followed 

by poly(A) tail downstream the RNA-2 sequence. In order to capture this full-length 
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transgene mRNA, RdRp encoded by RNA-l must be able to access and bind the viral (-) 

strand promoter and initiate (-) RNA synthesis at the viral 3' end located internally on the 

transgene mRNA. The elongating RdRp then must terminate (-) RNA synthesis intemally 

at the viral 5' end to stop copying the extraneous nucleotides at the 5' end of the 

transgene mRNA. Alternatively, RdRp could keep moving to the 5' end of mRNA and 

copy the vector sequence into the 3' end of (-) RNA. The nonviral, vector sequence could 

then be removed by internal initiation of the subsequent progeny (+) RNA synthesis. 

Two factors, transgene mRNA level and RNA-l inoculum concentration, were 

examined for their effects on the frequency of capturing RNA-2 transgene mRNA by 

RNA-l. Three different concentration of viral RNA-l inoculum (16.7 ng/fal, 3.3 ng/|al, 

and O.S ng/^l) were inoculated onto FL transgenic plants expressing high, medium, and 

low level of full-length RNA-2 transcripts. Two plants each firom high expression lines 

FL-7A and FL-9A, medium expression lines FL-5A and FL-8A, and low expression lines 

FL-l A and FL-2A were inoculated. Systemically infected transgenic plants were counted 

as successful captures of the transgene mRNA by viral RNA-l. As shown in Table 4.1, 

capture fi-equency increased from the low expression line to the high expression line. 

Similarly, the capture frequency increased when the RNA-l inoculum increased. In the 

high expression lines, capturing of MP-transgene by RCNMV RNA-l occurred 

regardless the level of RNA inoculum. In contrast, MP transgene capturing did not occur 

in the low and medium expression lines when they were inoculated with 10 (il of 0.5 
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Table 4.1 Effect of the level of transgene mRNA and the concentration of RNA-1 
inoculum on the capture of the transgene by the infecting RNA-1. 

Concentration of RNA-l 

16.7 ng/ul 3.3 ng/ul 0.5 ng/ul 

Low 2/4 1/4 0/5 

Medium 3/4 2/4 0/4 

High 4/4 4/4 2/4 
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ng/(4,l RNA-1 transcripts as none of the inoculated plants developed systemic infection. 

These data indicated that both transgene expression level and inoculum level influenced 

and contributed equally to the capture of transgene by RNA-l. 

Systemic infection of d5 transgenic lines inoculated with RNA-l 

Non-transformed N. benthamiana plants inoculated with wt RCNMV develop 

systemic infections within 5 dpi, but none of the A5 transgenic plants inoculated with 

RNA-l transcripts developed any visible symptoms within 5 dpi, suggesting that the 

mRNA of the 5' truncated RNA-2 transgene was unable to complement RNA-l infection. 

However, 15 of 19 (78.9%) RNA-l inoculated, high expression A5 transgenic lines (A5-

5 A, A5-6A and A5-12A) developed systemic symptom 1-2 weeks after inoculation, while 

RNA-l inoculated non-transformed N. benthamiana did not produce any symptom 2 

months after inoculation. Two types of systemic symptoms, milder symptoms and 

symptoms identical to wt RCNMV infection, were observed. Virus recovered from 

infected transgenic plants was infectious when back inoculated to non-trans formed M. 

benthamiana and N. clevelandii, indicating that the virus contained a replication-

competent RNA-2 molecule. These results demonstrated that the systemic infections did 

not result from the ftmctional complementation of MP expressed from 5'-truncated RNA-

2 transgene. The systemic infection was the result of capturing and replication of the 5' 

truncated MP transgene as a part of the viral genome. This conclusion was confirmed by 

the detection of RNA-2 like molecules in virions purified from the systemically infected 

transgenic plants. When virion RNA was extracted and fractionated by agarose gel 
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electrophoresis, two RNA species, RNA-l and another RNA species with size similar to 

RNA-2, were observed (data not shown). As the MP transgene lacked the 5' promoter 

necessary for viral RNA replication, a reasonable explanation is that the RCNMV RNA-l 

has restored or reconstituted the 5' promoter on RNA-2, possibly by recombination. 

To ensure that the RNA-2 like recombinant molecule detected in the virion came 

from the A5 transgene and not from wt RNA-2 contamination, the presence of the silent 

molecular markers originally introduced to RNA-2 transgene were determined, wt 

RCNMV RNA-2 contains an Xbal site at nucleotide 1032. This restriction site was 

removed by site-directed mutagenesis during the construction of transgenes. To check for 

the presence of the Xbal site, the 3' 1.3 kb fragment of the RNA-2 was amplified by RT-

PCR using a pair of primers: RC23END complementary to 3' end 20 nucleotides of 

RNA-2 and RC2V170 corresponding to RNA-2 nucleotides 161-178. The PCR fragment 

was then digested with Xbal and resolved by agarose gel electrophoresis. Only one band 

was observed in PCR products amplified from the recombinant RNA-2 while two bands 

of expected sizes (0.5 kb and 0.8 kb) were detected from wt RCNMV (data not shown). 

These results showed that the recombinant RNA-2 molecules originated from the 

transgene transcripts, not from contamination. 

In contrast, none of 116 transgenic A3 plants of high expression lines (A3-9A, A3-

11 A, and A3-14A) expressing 3'-terminally truncated RNA-2 transcripts and none of 108 

transgenic A53 plants of high expression lines (A53-4A and A53-6A) expressing both 

terminally truncated RNA-2 transcripts developed any symptom 2 months after 

inoculation with RNA-l. Absence of RCNMV RNA-l infection was confirmed by 
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Northern dot blot analysis of total RNA isolated from either inoculated or systemic leaves 

of transgenic plants with (-)-sense, ^^P-labeled RNA-1 probe. RCNMV RNA-1 was not 

detected in any of the inoculated plants (data not shown). These data further confirm that 

the RNA-2 MP transgene was unable to complement RNA-1 infection, as previously 

demonstrated in transgenic A5. They also suggested that capturing of the A3 and A53 MP 

mRNA by RCNMV RNA-1 did not occur or occurred at a frequency below the detection 

limit of this experiment. 

Characterization of recombinant RNA-2 molecules 

Out of 15 A5 transgenic plants that developed systemic infection after RNA-1 

inoculation, five (A5-6A-1, A5-12A-1, A5-12A-2, A5-12A-4, A5-12A-6) were further 

analyzed for the origin of recombinant RNA-2. Recombinant virus was purified from 

RNA-1 inoculated transgenic plants. The S'-termini of the encapsidated recombinant 

RNA-2 molecules were then determined by runoff transcriptional mapping and direct 

RNA sequencing with reverse transcriptase using primer RC2C120 complementary to 

nucleotides 119-138 of RNA-2. The sequencing products and transcriptional runoff 

products were resolved in denatured polyacrylamide gel. Although the resolved RNA 

sequences were not clear and the last few nucleotides were blocked by a heavy band 

resulting from the termination of sequencing products at the ultimate nucleotide of the 

RNA 5' terminus (data not shown), different RNA species and their sizes were clearly 

defined by reverse transcriptional runoff (Figure 4.7). In general, the recombinant RNA-2 

molecules were smaller than the wt RNA-2. The recombinant RNA-2s recovered from 
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Figure 4.7 Mapping of the 5' termini of recombinant JlNA-2 molecules. Viral RNA 
was extracted from five systemically infected A5 plants (A5-6A-1, A5-12A-1, A5-12A-
2, A5-12A-4, A5-12A-2). The purified viral RNA was then reverse transcribed into 
cDNA using Superscript Q reverse transcriptase using primer RC2C120 complementary 
to nucleotides 119-138 of RNA-2 (Xiong and Lommel, 1989; Weng and Xiong, 1997). 
^^P-labeled cDNA was electrophoresed on a 6% denaturing polyacrylamide gel and 
autoradiographed. 
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plants A5-6A-1 and A5-12A-1 were 9 nt. and 10 nt. shorter than wt RNA-2, respectively. 

In comparison, the sizes of recombinant RNA-2 molecules from plants A5-12A-4 and A5-

12A-6 were 46 and 55 nt. shorter than RNA-2, respectively. Plant A5-12A-2 contained 

two species; a smaller RNA 11 nt. shorter and a larger RNA 11 nt. longer than RNA-2, 

indicating that more than one recombination event could occur in a single transgenic 

plant. 

To determine the nucleotide sequences at the 5' termini and at the cross-over 

junctions, recombinant RNA-2 molecules were cloned by a combination of reverse 

transcription and ligation-anchored PCR (Weng and Xiong, 1995). Thirteen clones of 

recombinant RNA-2 molecules from five RNA-1 inoculated AS transgenic plants were 

sequenced. The alignment of the 5' terminal sequences of recombinant RNA molecules 

with those of wt RNA-1, wt RNA-2, and the transgene mRNA is presented in Figure 4.8. 

A total of 7 unique recombinant RNA-2 species were identified, one species each from 

transgenic plants A5-12A-4 (RA512A4, two independent clones sequenced), A5-12A-6 

(RA512A6, three independent clones sequenced), A5-12A-1 (RA512AI, three 

independent clone sequenced), and A5-6A-1 (RA56AI, two independent clones 

sequenced), and three species from transgenic plant A5-12A-2 (RA512A2S, RA512A2M, 

and RA512A2L). While all of these recombinant molecules contain RNA-2 sequence 

starting at nucleotides upstream of MP AUG initiation codon and at least first 8 

nucleotides from the 5' end of RNA-1, the sequences around the crossover sites are 

different from each other. Both RA512A4 and RA512A6 consisted of the 5' terminus of 

RNA-1 joint with the viral RNA-2 sequence derived from the transgene, but they are 



RNA speclsB Saquences 

WT RNA -1 ACAAACGTTTTACCGGTTTGTAAATAGGAG.. 

RA512A4 ACAAACGCTTTAC 

RA512A6 ACAAACGTTTTAC 

RA512A2S 

RAS12A2M 

RAS12A2Ii 

.CAACAATACAAAGAGGTTTGAGATG 

AAAGAGGTTTGAGATG 

ACAAACGTCTMTMCA6TC_ 

ACAAACGTCTTACTgT 

RA512A1 

RA56A1 

Transgene mRNA 

WT RNA-2 

ACAAANAGGTTTOAGATO 

gggggactctagaanatcgatccccgOTATACCAACAATACAAAGAGGTTTGANATG 

ACAAACGTCMATAACAGTTACMACGAAACaiTTCracggggactctagaggatcgatccccgGTATACCAACAATACAAAGAGGTTTGAGATO 

ACAAACGTCTACCGAO cgggggactctanangatcgatccccgGTATACCAACAATACAAAGAGOTTTGAGATG 

ACAAACGTCCCAMCAAO gggggactctagaanatcgatccccgGTATACCAACAATACAAAGAGGTTTGANATG 

acacgggggac tctagaggatcgat ccccqGTATACCAACAATACAAAGAGGTTTGAGATO 

ACAAACCTCGCTCTATAAACAGATTAATTGATTGTAAGCAGACAAGATCGTAAGACTACCAACAATACAAAGAGGTTTGAGATG 

Figure 4.8 Alignment of the 5' sequences of recombinant RNA-2 with WT RNA-1, RNA-2, and transgene 
mRNA. Low case letter represents transcribed vector sequence. Italic letter indicates the sequence of 
unknown origin. Underlined letter indicates the silent marker introduced into the transgene. 
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slightly different from each other. Three nucleotides at the crossover junction, UAC, are 

present in both the RNA-l sequence and the RNA-2 sequence. Depending on the precise 

crossover nucleotide, the 5'-termini of these two molecules contained either 10 or 13 

nucleotides from RNA-l and RNA-2 transgene sequence starting at nucleotide 57/61 and 

nucleotide 66/69, respectively. Four species of recombinant molecules, RA512AI, 

RA56A1, RA512A2L, and RA512A2M, contained non-viral sequences of the vector 

origin and of unknown origin between RNA-l and RNA-2 sequences. The vector 

sequence is transcribed from the full-length transgene into mRNA, therefore, it is 

considered as part of the donor RNA. The vector sequences in the recovered recombinant 

molecules cover almost the entire 5' end of transgene mRNA except the first 2-4 nt 

(Figure 4.8). The unknown sequences range from 3 nt to 29 nt and have no homology to 

any sequences in database. The first 8 nt (ACAAACGT) of the 5'-terminal sequence of 

RNA-l is conserved in all four recombinant species. The recombinant molecule, 

RA512A2S, recovered from plant A5-12A-2 contains only some unknown nucleotides but 

no vector sequence between RNA-l and RNA-2 sequences. However, closer examination 

of the sequence around the crossover site revealed that RA512A2S is similar to 

RA512A2L isolated from the same plant, except a deletion of 57 nt fragment including 

the partial unknown sequence, entire vector sequence, and partial RNA-2 sequence. 

Therefore, RA512A2S may have been evolved from RA512A2L via further RNA 

recombination and deletion. In addition to the silent molecular marker (disruption oiXbal 

site) at the MP stop codon, the presence of another marker Accl as well as the vector 
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sequence in some recovered molecules further confirmed that these RNA-2-like 

molecules are products of heterologous, intermolecular RNA recombination. 

Environmental condition affecting RCNMV transgenic recombination 

The effect of temperature on transgenic recombination was assessed by comparing 

the incidence of systemic infection of A5 plants inoculated with RNA-1 in different 

temperature regimes: 30°C day/20°C night and 20°C day/20°C night. As shown in Table 

4.2, while a high frequency of transgenic recombination was observed at 20°C/20°C 

condition, no recombination was observed at 30°C/20°C condition, suggesting that 

transgenic recombination could be permitted at a low temperature but inhibited at a high 

temperature. 

DISCUSSION 

In this study, we have generated a series of transgenic N. benthamiana plants 

expressing different levels of RCNMV RNA-2 that lacked either the 5'-terminus, 3'-

terminus, or both termini. None of these transgenic plants was resistant to RCNMV 

infection, or capable of complementing RNA-1 infection. Five days after inoculated with 

RNA-1, the time required for systemic infection of RCNMV in non-transformed N. 

benthamiana plants, no symptom was observed in these transgenic plants. However, after 

two days or a longer delay, systemic infection was developed in the RNA-1 inoculated 

transgenic plants that expressed the 5'-terminally truncated RNA-2 transcripts. 

Recombinant RNA-2 molecules between the MP transgene mRNA and the infecting 



Table 4.2 Effect of the temperature on the frequency of transgenic recombination. 

Temperature 20°C day/20°C night 30°C day/20°C night 

Recombination frequency 16/19 0/20 
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RNA-1 were recovered from these systemically infected A5 transgenic plants. In contrast, 

no systemic infection was observed in transgenic plants expressed the 3'-terminally or 

both-termini truncated RNA-2 transcripts after inoculated with RNA-l up to 8 weeks. 

MP gene expressed in transgenic plants is not capable of complementing RCNMV RNA-I 

infection 

The MP transgene was highly transcribed in the transgenic lines chosen for 

recombination study in this paper. However, neither MP nor MP function (mediating 

viral cell-to-cell movement) was detected by Western blot of the total protein purified 

firom MP transgenic plants with MP antiserum and complementation of RNA-l infection, 

respectively. The same MP antiserum used for detection of MP expressed from 

uninoculated transgenic plants was not capable of detecting the MP in the 

nontransformed plant systemically infected with wt RCNMV (data not shown), indicating 

that these antisera were not able to bind MP strongly and specifically in Western blot, 

therefore, not suitable for MP detection. Although MP was not detected, all the available 

evidence suggests that MP should be expressed in the transgenic plants. The in vitro 

transcripts from all four MP transformation constructs were translated as efficiently as wt 

RNA-2 in an in vitro wheat germ translation system, suggesting that they were functional 

templates for the plant translation system. The ability of the transgene mRNA to express 

fully functional MP was further demonstrated by the recombinant RNA-2 captured by 

RCNMV RNA-l. The recombinant RNA-2 was fully functional and capable of mediating 

the cell-to-cell movement of the recombinant virus, indicating there was no debilitating 



199 

mutation in the transgenes. Furthermore, sequencing of the 5' end of the transgenes taken 

from the transgenic plants did not show a single nucleotide change. Nevertheless, the 

MP-expressing transgenic plants failed to functionally complement infection by RCNMV 

RNA-l. This might be explained by the differential localizations between viral RNA 

replication and MP production from transgene mRNA which could physically prevent the 

MP to interact with FIN A-1 and complement its infection, or/and the improper timing of 

MP expression. Alternatively, the amount of MP translated from transgenic plant could 

be much lower than that expressed from replicating viral RNA-2 and beyond the 

detection limit in this study, as the viral RNA-2 could replicate and accumulate to a 

concentration much higher than the MP transgene mRNA in the transgenic plants (data 

not shown). 

Systemic infection of A5 transgenic plants inoculated with RNA-l resulted from 

transgenic recombination 

The systemic infection observed in the RCNMV RNA-l inoculated A5 transgenic 

plants in this study was clearly a result of transgenic recombination between the MP 

transgene mRNA and the infecting RNA-l. The virus recovered from the systemic 

infected AS transgenic plant contained the RNA-2 like molecule and was able to 

systemically infect non-transformed plants, indicating that the systemic infection in 

RNA-l inoculated A5 transgenic plants resulted from the RNA-2 like molecule that was 

captured, replicated, and encapsidated by RNA-l. The presence of RNA-l sequence of 5' 

terminus and the silent maricers (absence of Xbal at 1032 nt and presence of Accl at 55nt) 
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specific to the MP transgene, in addition to RNA-2 sequence, in the recovered RNA-2 

like molecules unambiguously demonstrated that these RNA-2 molecules were the 

products of transgenic recombination between the infecting RNA-l and RNA-2 transgene 

mRNA. In construct pVKA5 that was used to generate A5 transgenic plants, the 

transcription initiation site directed by 35S promoter is 30 nt upstream from the RNA-2 

sequence. These 30 nt were inherited from the vector and were transcribed as the 5' 

terminus of the transgene mRNA. The presence of this vector sequence in the recovered 

RNA-2 molecules further confirmed their recombinant nature. 

Transgenic recombination under selection pressure 

A high frequency of systemic infection (78.9%) resulting from transgenic 

recombination was observed in A5 transgenic plants inoculated with RCNMV RNA-l. 

The observed high recombination frequency was not entirely unexpected, considering the 

extremely high selection pressure for recombinant RNA-2 molecules in these plants. 

RCNMV contains two genomic RNAs. RNA-l encodes all proteins required for viral 

RNA replication (Xiong and Lommel, 1989). RNA-2 encodes MP protein required for 

cell-to cell- movement (Lommel et al., 1988). Without RNA-2 or MP, RNA-l can 

replicate by itself in single cell but is restricted in the original infected cell (Paje-Manalo 

and Lommel, 1993; Osman and Buck, 1987). The first 6 nt (ACAAAC) of 5' end and the 

3'-terminal stem-loop structure composed of the last 29 nt of 3' end are conserved in both 

RNA-l and RNA-2, and are required for progeny (+)-strand RNA synthesis and for 

complementary (-)-strand RNA synthesis, respectively (chapter 3; Turner and Buck, 
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1999). As MP transgene mRNA expressed in all of A5, A3, and A53 transgenic plants 

lacked one or both of these terminal elements required for RNA replication, they could 

not be replicated by RCNMV RdRp. Moreover, MP transgenic plants could not 

functionally complement RNA-1 infection. Therefore, a high selection pressure for 

acquisition of these terminal sequences in order for virus to move cell-to-cell and 

systemically was exerted in the RNA-1 inoculated MP transgenic plants. 

Transgenic recombination in other viruses was detected under a similarly strong 

selection pressure (systemic or cell-to-cell movement), including CCMV (Greene and 

Allison, 1994), TBSV (Boija, et a/., 1999), TMV (Adair and Kearney, 2000), PPV 

(Varrelmann et al., 2000), and CaMV (Schoelz and Wintermantel, 1993; Wintermantel 

and Schoelz, 1996). In CCMV, CP is required for systemic infection. The transgenic 

plants expressing the 3' two-thirds of the CCMV CP gene and the 3' UTR of RNA-3 

developed systemic infection after inoculated with a CCMV deletion mutant lacking the 

3' one-third of the CP gene. This systemic infection resulted from aberrant homologous 

recombinations between the transgenic mRNA and the infecting viral RNA mutant at the 

central one-third conunon region (Greene and Allison, 1994). In TBSV, lethal systemic 

symptom requiring flmctional CP was observed in transgenic plants expressing TBSV CP 

without 3'-UTR after inoculated with mutant TBSV having the 46 nucleotide within the 

5' of CP gene deleted (Boija, et al., 1999). The systemic infection is caused by double 

homologous recombination between the transgenic mRNA and the infecting viral RNA 

(Boija, et al., 1999). In TMV, CP is also required for systemic infection. After inoculated 

with mutant TMV having a 168 nt deletion in the central region of CP gene, the CP 
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transgenic plants showed efficient systemic infection through homologous recombination 

(Adair and Kearney, 2000). In the CaMV studies, gene FV, which determines systemic 

infection in solanaceous hosts, was expressed in transgenic N. bigelovii plants. In one 

case, CaMV isolates that were unable to systemically infect N. bigelovii acquired the 

transgene restoring systemic infection flmction in the process (Schoelz and Wintermantel, 

1993). In another case, a less aggressive CaMV isolate recombined with the transgene in 

N. bigelovii and became more aggressive (Wintermantel and Schoelz, 1996). Although 

CaMV is a DNA virus, the transgenic recombination in CaMV was reported to involve 

the transgene transcript and the RNA replication intermediate of the pararetrovirus 

(Schoelz and Wintermantel, 1993; Wintermantel and Schoelz, 1996). 

In these examples, an infecting mutant virus has recombined with transgenically 

expressed, cognate viral sequences that are required for the viral long distance movement. 

Our data showed that a transgene mRNA for a viral MP, which provides a cell-to-cell 

movement function, can also be a potential template for viral RNA recombination, 

without apparent sequence homology. 

In the field condition, the infecting viruses unrelated or less closely related to the 

transgene can systemically infect the virus-resistant transgenic plant; there would be little 

or no selection pressure for the possible recombinant RNA molecules between the 

infecting virus and the transgene mRNA. On the other hand, a fully functional virus that 

can systemically infect a transgenic plant would be infect most of the cells in the plant 

and dramatically increases potential contact between viral RNA and the transgene 

mRNA. In our current system, infection by RCNMV RNA-1 would be restricted to the 
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initially inoculated cells in the absence of recombination. In order to assess the natural 

transgenic recombination under the field condition, fiirther research on recombination 

between a viral transgene and a fiilly functional virus in the absence of selection pressure 

will be required. 

RCNMV transgenic recombination is non-homologous 

RNA-1 and -2 of RCNMV are non-homologous except the 5'-terminal 6 nucleotides 

(ACAAAC) and the 3'-terminal SLS composed of 29 nt (Lommel et al., 1988; Xiong and 

Lommel, 1989). Although the MP transgene in plants A5, A3, and A53 were derived fi-om 

the same virus as the infecting RCNMV RNA-1, they should be considered as non

homologous RNA molecules for RNA recombination as there was no sequence 

homology around the recombination crossover junction. Therefore, the seven species of 

recombinant RNA molecules recovered fi"om A5 transgenic plants inoculated with RNA-

1 were the products of non-homologous recombination. With the exception of two 

recombinant molecules that were generated by a crossover event at a UACC or UAC 

overlap, there was no sequence overlap at the crossover junction between the donor and 

receptor RNA molecules. This is the first report to show that transgenic recombination 

could be mediated by non-homologous I^A recombination in addition to homologous 

recombination observed in other viruses (Adair and Kearney, 2000; Boija et al., 1999; 

Greene and Allison, 1994; Varrelmann et al., 2000). 
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RCNMV transgenic recombination is via a viral polymerase-mediated template-switching 

mechanism 

High frequency of systemic infection was observed in A5 transgenic plants inoculated 

with RNA-1 via non-homologous RNA recombination between RNA-1 and MP 

transgene mRNA lacking the first 55 nt of 5' end of RNA-2. All seven species of 

recombinant RNA-2 molecules isolated from the systemically infected plants contained 

RNA-1 5'-terminus sequence at the 5' end and RNA-2 sequence including the entire MP 

ORF and the 3' UTR at the 3' end (Figure 4.8). In contrast to the high accidence of 

systemic infection produced in A5 transgenic plants inoculated with RNA-1, no systemic 

infection was developed in A3 transgenic plants under the same condition. The difference 

between plants A5 and A3 was that the A5 transgene mRNA contained the entire 3' end of 

RNA-2 while the A3 transgene mRNA lacked the last 219 nt of the 3' UTR, which 

contains the replication element essential for the initiation of (-) RNA synthesis (Chapter 

3). These data suggested the involvement of RCNMV RdRp in the observed transgenic 

recombination. Based on the studies of RNA virus recombination (Kirkegaard and 

Baltimore, 1986; Jarvis and Kirkegaard, 1992; Nagy and Simon, 1997; Figlerowicz and 

Bujarski, 1998; Chetverin, 1999), a viral polymerase-mediated template-switching model 

was proposed to explain the formation of recombinant RNA-2 molecules observed in this 

study (Figure 4.9). As the S'-tnmcated transgene mRNA expressed in the AS transgenic 

plants contains the complete RNA-2 3' sequence including the 3' replication element, the 

RCNMV polymerase can recognize and bind to this terminal element and initiate the 

synthesis of (-)- strand RNA-2. When RNA synthesis approaches the 5' terminus of the 
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AS transgene mRNA 5' —I I-Aj AAAAAAAAA 3' A. 

Nascent (-) RNA 9 AAAAAAAAA 3' B. 

(+)RNA-l 5' 

(-) recombinant 

3 acacgggggacucuagaggaucgauccccgGUAUACCAACAAUACAAAGAGGUUUGAGAUG 

I (-)RA512A6 

5' 
ACAAACG Jl' ixjuua, 

•UGUUUCUCCAAACUCUAC 
I I I I 11 I 
ACCGGUUUGUAAAUAGGA 

81. 

CI. 

5' ACAAACGi .H' lUUUUi 

(-)RA512A4 
•UGGUUGUUAUGUUUCUCCAAACUCUAC 
m i l l  I I  I I  I I I  
ACCGGUUUGUAAAUAGGAGCACACAAG C2. 

5' ACAAACGI :GtJUUUi 

(-) RA512A1/RA56A1/RA512A2L/RA512A2M 
gaucuccuagcuaggggcCAUAUGGUUGUUAUGU 
I I I  I  I  I  I  I I  I  I  I  I  I  I  I  I  

rACCGGUUUGUAAAUAGGAGCACACAAGCUCGCUAGUCGC 

RCNMV polymerase 9 
C3. 

3'-terminal stem-loop 

Figure 4.9 Polymerase-mediated template-switching model of transgenic recombination. AS transgene mRNA 
contains poly(A) tail at 3' end (A) and 30 nt vector sequence (Bl, lower case) upstream of RNA-2 sequence (Bl, 
Upper case) at 5' end. RCNMV polymerase recognizes and initiates the nascent (-) RNA synthesis from the 
3'SLS located upstream of the poly(A) tail of A5 transgene mRNA (A). When approaching to the 5' end of 
trangene mRNA, polymerase dissociated from the template at different nt (Bl) and switched to (+) RNA-1 
(receptor) downstream the 5' end (C, CI, C2, C3) with the assistance of partial base pairing between the nascent 
(-) RNA and (+) RNA-1. RNA synthesis was restmied and the 5' replication element was acquired in the (-) 
recombinant RNA firom RNA-1 (D). No extraneous nt was inserted where 3 or more base pairing formed between 
the 5' end of nascent (-) RNA and acceptor (+) RNA-1 (CI, C2). However, in the absence of base pairing 
between the 5' end of nascent (-) RNA and the receptor (+) RNA-l, extraneous nucleotides (italicized) would be 
randomly added by the TNTase activity of polymerase (C3). Until two randomly added nucleotides (5'GA in this 
study) formed base pairing with RNA-1, RNA-1 could be used as template by RCNMV polymerase (C3). 
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MP mRNA, the polymerase complex along with the attached nascent minus RNA 

dissociates from its original template (transgenic mRNA/donor RNA) and switches 

template to the 5' end of the RCNMV RNA-1 positive stand (acceptor RNA) where (-) 

RNA synthesis is resumed and completed. Different species of recombinant RNA-2 were 

then formed dependent on crossover junctions on the donor and receptor RNAs. In the 

case of molecules EIA512A4 and RAS12A6 which did not contain any non-viral 

sequences but contained 4 nt (TACC) or 3 nt (TAC) overlaps at the crossover sites in 

both parental RNAs, polymerase dissociated from donor RNA at the position of 21-25 nt 

and position of 13-16 nt, respectively, upstream of the AUG start codon of MP, and re-

associated with and resumed RNA synthesis at receptor RNA (RNA-1) at nucleotides 

between 10 to 14 and between 10 to 13 downstream of the 5' end of RNA-1, respectively. 

The common 4 or 3 nt at the crossover sites may help the template switching event by 

providing weak but potentially critical local hybridization between the nascent (-) RNA 

and the receptor (+) RNA-1. In molecules RA56A1, RA5I2A1, RA512A2L, and 

RA512A2S, non-viral sequences including vector sequence and sequences of unknown 

origin present and locate between RNA-1 and RNA-2 sequences. The unknown origin 

sequences are different from each other and show no homology with any sequence in the 

Genbank Database. These sequences may be randomly incorporated into recombinant 

RNA due to the terminal nucleotidyl transferase activity of polymerase (TNTase). This 

activity has been reported in the RdRps of hepatitis C virus (HCV) (Ranjith-Kumar et al., 

2001). The recombinant HCV RdRp purified from Escherichia coli was capable of 

adding nontemplated nucleotides (I to 5 nt) to the 3' end of viral RNA. Mutation of the 
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highly conserved GDD catalytic motif in HCV RdRp resulted in the abolishment of both 

viral RNA synthesis and TNTase activity, indicating that TNTase activity is an inherent 

function of HCV RdRp. Similar activity has also been reported during the replication of a 

plant virus. Turnip crinkle vims (TCV), a member of the Tombusviridae of which 

RCNMV is also a member (Guan and Simon, 2000). Transcripts with short deletions (4 

or 5 nt) of the conserved 3' end of satellite (sat) C RNA associated with TCV were 

repaired by the addition of wt or non-wt 3' nucleotides in vivo. RdRp purified from TCV 

infected plants was able to polymerize nontemplate nucleotides to the 3' end of the 

templates before using them to synthesize complementary RNA. A similar TNTase 

activity of RCNMV RdRp could be speculated to add non-template nucleotides during 

the synthesis of the (-) MP transgene mRNA, resulting in the incorporation of these non-

template nucleotides to the recombinant RNA molecules. As all the recombinant RNA 

molecules with non-template nucleotides contained the nearly complete transgene mRNA 

sequence at the 5' end, we can further speculate that the RCNMV TNTase activity could 

be stimulated due to no base pairing between the 3' end of the nascent (-) RNA and the 

receptor RNA (RNA-1). The switching over to the receptor RNA could then take place 

when some of the randomly incorporated nucleotides can form weak basepairing with 

RCNMV RNA-l. Our data did not rule out the possibility that the 5' 8-13 nt of the 

recombinant RNA-2 identical to RNA-1 sequences are generated randomly by the 

TNTase activity of RdRp in the same fashion as the generation of those unknown 

sequences, but this seems very unlikely. 
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The importance of proposed weak basepairing between the nascent (-) RNA and the 

acceptor RNA could also explain the effect of temperature on the frequency of transgenic 

recombination. A high frequency of transgenic recombination was observed when the AS 

transgenic plants inoculated with RNA-1 were kept at low temperature (20°C day/20°C 

night), whereas no transgenic recombination was detected when the inoculated plants 

were kept at high temperature (30°C day/20''C night). Partial local hybridization between 

the nascent RNA and the acceptor RNA should be more stable at a lower temperature 

than at a higher temperature. 

Although all the recovered recombinant RNA molecules contained the 5' terminal 

sequences from RCNMV RNA-1, crossover events during the transgenic recombination 

could occur all over the parental RNAs of transgene mRNA and the infecting RCNMV 

RNA-1. However, our assay would only detect those recombinant molecules that can 

replicate and provide the cell-to-cell movement fimction. These molecules must possess 

the entire MP ORF and has acquired the 5' terminal replication element. There were also 

indications that the recombinant molecules we detected could have rapidly evolved from 

unidentified intermediates. Sequence comparison around the crossover sites in molecules 

RA512A2L and RA512A2S revealed that they were almost identical except an internal 

57-nt fragment was deleted in RA512A2S. Thus, RA512A2S could have been evolved 

from RA512A2L by an internal deletion; and RA512A2L might be an intermediate for the 

production of the final recombinant molecule RA512A2S. Our results showed that 

different recombinant RNA molecules, RA512A1, RA512A2L, RA512A4, and RA512A6, 

were produced in different plants of the same transgenic line A5-12A, indicating that 
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different recombination events can occur with the same set of parental RNA molecules. 

Furthermore, different recombinant molecules, RA512A2L and RA512A2M, were 

recovered from the same transgenic plant A5-12A-2, showing that more than one 

recombination event could occur in the same plant. 

RCNMV transgenic recombination can lead to the production of virus causing different 

symptoms 

The incorporation of non-viral sequences in the recombinant RNA-2 changed the 

viral symptom. Five of the seven recombinant RNA-2 molecules that contained non-viral 

sequences (vector or unknown origin) caused milder mosaic symptom, whereas two other 

molecules without any non-viral sequences produced wild type symptom (data not 

shown). It indicates that transgenic recombination can result in altered viral symptoms. 

Although the transgenic recombination observed in this study produced disease with 

milder symptom, it is possible that virus with high virulence may be produced via 

transgenic recombination. 

Factors Affecting the Transgenic Recombination 

The occurrence of transgenic recombination may be affected by many factors, such as 

selection pressure, the presence of viral terminal sequences in transgenes, the homology 

between the transgenic mRNA and the infecting viral RNA, the level of the transgenic 

mRNA and the infecting viral RNA, and the environmental conditions. 
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The high rate of recombination in A5 transgenic plant was detected under strong 

selection pressure (cell-to-cell movement). A similar strong selection pressure (systemic 

or cell-to-cell movement) is the key factor for the detection of transgenic recombination 

in CP transgenic plant in other systems, including CCMV (Greene and Allison, 1994), 

TBSV (Boija, et al., 1999), TMV (Adair and Kearney, 2000), and PPV (Varrelmann et 

al., 2000). In contrast, when GFP (with AUG start codon disrupted) transgenic plants 

were inoculated with TMV fused with mutant GFP (containing wild type AUG start 

codon), no selective pressure was present for detecting the TMV with wild type GFP. In 

this case, no recombinant TMV fused with wild type GFP was detected (Adair and 

Kearney, 2000). 

Under the same conditions, a high frequency of recombination was detected in A5 

transgenic plants expressing the 5'-terminally truncated RNA-2 transcripts, whereas no 

recombination was found in A3 transgenic plants expressing the 3'-terminally truncated 

RNA-2. This result indicates that the 3'-terminal sequence that is required for the 

initiation of minus-strand RNA synthesis is another important factor for transgenic 

recombination. This result supports the hypothesis that the 3' UTR of viral RNA was 

important for transgenic recombination Greene and Allison (1994) proposed firom the 

transgenic recombination study in CCMV. 

Another factor governing frequencies of transgenic recombination is the accessibility 

of transgene mRNA to virus replication machinery for recombination. 

Compartmentalization of viral RNA replication and preferential localization of mRNA to 

endoplasmic reticulum membranes could potentially create physical separation between 
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the two. To measures the accessibility of transgene transcripts to viral RNA polymerase, 

transgene mRNA containing the fiill-length RNA-2 sequence was expressed in the FL 

transgenic plants. The viral RNA in the transgene mRNA was flanked by 30 non-viral 

nucleotides at the 5' terminus and 28 non-viral nucleotides in addition to poly (A) tail at 

the 3' end. To capture the transgenic RNA-2, RCNMV RdRp needs to directly contact 

with the transgene mRNA, initiates (-) RNA synthesis internally at the correct nucleotide, 

and terminates at the 5' terminus of RNA-2 to remove the extraneous vector sequence. 

The process of replication capturing of a transgene by viral RNA does not require a RNA 

recombination event. The frequency of replication capturing is a simple measure of the 

accessibility of transgene mRNA to viral RdRp, the ability of RdRp to internally initiated 

(-) viral RNA synthesis and to internally terminate (-) RNA synthesis at the correct 

nucleotide. Our results clearly showed that replication capturing of transgene mRNA, as 

measured by the frequency of systemic infection (successful capture of transgene mRNA) 

of the FL transgenic lines inoculated with RNA-1, was positively correlated with the 

level of viral RNA inoculum and with the amount of the transgene mRNA in the plants 

(Table 4.1). Both viral RNA inoculum and the amount of the transgene mRNA could be 

the limiting factor in this interaction. Since physical contact between mRNA and viral 

RdRp is also a prerequisite for transgenic recombination, the amount of viral RNA and 

transgene mRNA could also influence the recombination frequency as have been 

demonstrated in this study. In practice, choosing of transgene silenced virus-resistant 

lines could dramatically reduce the potential transgenic recombination, which in tum 

would decrease the risk of using virus-resistant, transgenic plants. 
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