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Abstract 

 

 

Virion assembly and disassembly are crucial aspects of the virus multiplication cycle, however, 

relatively little is known about these processes in plant viruses. While the former helps to 

produce multiple copies of stable infectious progeny virions, the latter is required for release of 

the encapsidated viral genome into a host cell for initiating new rounds of virus multiplication.  

In this thesis, I aimed to study Cucumber necrosis virus (CNV) particle assembly and 

disassembly and the role of CNV coat protein (CP) and host HSP70 homologs in these processes. 

I found that CNV infection of Nicotiana benthamiana causes a significant upregulation of 

HSP70 homologs, and that, in turn, HSP70 is co-opted by the virus at several stages of the 

multiplication cycle to promote various aspects of the infection cycle including viral RNA, CP 

and particle accumulation. HSP70 homologs were also found to assist CNV CP in chloroplast 

targeting possibly to attenuate chloroplast-mediated plant defence and thereby allow further 

spread of the virus. I also determined that the HSP70 homologue, Hsc70-2 is bound to CNV 

virions and that this association appears to facilitate the uncoating efficiency of CNV particles 

likely via triggering a conformational change in particles. This is the first report that a plant virus 

utilizes HSP70 homologs for disassembly. 

 

A highly basic “KGRKPR” sequence in the ε region of the CNV CP arm was also examined for 

its role in virion assembly and encapsidation of viral RNA.  Through mutational analysis, it was 

found that the basic residues promote T=3 versus T=1 virion formation and encapsidation of full-

length viral RNA in vivo. Moreover, mutants lacking two to four of the basic residues 

encapsidated proportionately greater amounts of host RNA suggesting the role of these basic 

residues in selection of viral RNA during assembly.  
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I also showed that heat shock enhances transcription of heat-inducible ONSEN-like retro-

transposons known to be induced during CNV infection. Since retrotransposons are known to 

play an important role in genome variation, the described studies may be helpful in 

understanding the importance of plant viruses in inducing genome variation and perhaps 

adaptation of plants to changes in the environment. 
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Lay Summary 

 

CNV is a plant virus that naturally infects cucumbers, reducing their marketability. The objective 

of this research is to understand how CNV induces disease with the overall aim of using the 

knowledge to generate new methods for virus disease control. Our studies have focused on how 

CNV uncoats to release its genome to establish infection and how new virions are assembled in 

cells, two essential aspects of the CNV infection cycle.  CNV was found to induce and interact 

with the host protein HSP70, which is normally involved in protein folding and unfolding.  Such 

interaction assists in CNV uncoating and also increases CNV RNA, coat protein and virion 

accumulation during infection.  A short sequence in the CNV coat protein was also found to be 

essential for efficient and proper virion formation.  It also ensures that viral rather than host RNA 

is encapsidated, and thereby assists in the formation of infectious virions.  
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The research work of this thesis was conducted under the able guidance of Dr. D’Ann Rochon at 

the Agriculture and Agri-Food Canada, Summerland Research and Development Center 

(SuRDC), Summerland, British Columbia, Canada from May 2012 to December 2016 by the 

Candidate. A list of manuscripts that are either published or in preparation are mentioned below 

which have resulted from the research conducted in this thesis. The contribution of the candidate 

is mentioned below. 

 

Chapter 1: Literature review 

The candidate wrote the chapter and Dr. D’Ann Rochon provided editorial support.  

 

A version of information presented in this chapter has been published in Virology, 

http://dx.doi.org/10.1016/j.virol.2013.12.035. Rochon, D., Singh, B., Reade, R., Theilmann, J., 

Ghoshal, K., Alam, S.B. and Maghodia, A. (2014); “The p33 auxiliary replicase protein of 

Cucumber necrosis virus targets peroxisomes and infection induces de novo peroxisome 

formation from the endoplasmic reticulum” (Virology Highlights). 

 

The candidate performed CNV inoculation experiments on 16C transgenic N. benthamiana 

plants, and performed confocal microscopy with the guidance of Dr. D’Ann Rochon.  

 

Chapter 2: “Cucumber necrosis virus recruits cellular heat shock protein 70 homologs at 

several stages of infection” was modified from the manuscript published in the Journal of 

Virology: Alam, S.B. and Rochon, D. (2016) “Cucumber necrosis virus recruits cellular heat 
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shock protein 70 homologs at several stages of infection”. J. Virol 90:3302–

3317.doi:10.1128/JVI.02833-15. 

 

The candidate and Dr. D’Ann Rochon designed the research. The candidate conducted 

experiments. Dr. D’Ann Rochon initially analysed the Next Generation Sequence Analysis raw 

data to obtain an Excel sheet containing a list of all the N. benthamiana host genes expressed 

during CNV infection. The candidate extracted and analysed all the data corresponding to 

upregulated HSP70 homologs, confirmed their annotation and prepared the Heat map. The 

candidate wrote the manuscript and Dr. D’Ann Rochon supervised the work, manuscript 

preparation and provided editorial support. 

 

Chapter 3: “Evidence that Hsc70 is associated with Cucumber necrosis virus and plays a 

role in particle disassembly” was modified from the manuscript published in the Journal of 

Virology: Alam, S.B. and Rochon, D. (2017) “Evidence that Hsc70 is associated with Cucumber 

necrosis virus and plays a role in particle disassembly” J. Virol 91:e01555-

16.https://doi.org/10.1128/JVI.01555-16. This article was chosen as a Journal of Virology 

Spotlight article, which are articles of significant interest selected by the editors.  

 

The candidate and Dr. D’Ann Rochon designed the research. The candidate conducted 

experiments. The candidate wrote the manuscript and Dr. D’Ann Rochon supervised the work, 

manuscript preparation and provided editorial support. 
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Chapter 4: “Evidence for the role of basic amino acids in the coat protein arm region of 

Cucumber necrosis virus in particle assembly and encapsidation of viral versus host RNA” 

A version of this Chapter is under preparation for publication. Anticipated author list: Alam, 

S.B., Reade, R., Theilmann, J. and Rochon, D. 

  

The candidate and Dr. D’Ann Rochon designed the research. The candidate conducted all the 

experiments. Ron Reade and Jane Theilmann, research technicians in Dr. Rochon’s lab 

technically assisted the candidate in cloning, contributing to approximately 1-2% of the research. 

The candidate wrote the manuscript and Dr. D’Ann Rochon supervised the work, manuscript 

preparation and provided editorial support. 

 

Chapter 5: General discussion     

The candidate wrote the chapter and Dr. D’Ann Rochon provided editorial support. A version of 

information presented in this Chapter is under preparation for publication. “Targeting of 

Cucumber necrosis virus coat protein to chloroplasts is associated with a delay in the onset 

of necrotic symptoms during infection” Anticipated author list: Alam, S.B., Reade, R., 

Maghodia, A., Ghoshal, B., Theilmann, J. and Rochon, D. 

 

Appendices 

 

Appendix A: “Various HSP70 mRNA homologs are induced during CNV infection”. (A.1) 

a version of this has been published in Journal of Virology as a supplementary figure in 

conjunction with Chapter 2. (A.2) the candidate constructed, sequenced and cloned N. 
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benthamiana Hsc70-2 (NbHsc70-2) into a binary vector pBin(+).(A.3) the candidate performed 

co-immunoprecipitation as well as virion extraction experiments as described in Sections 2.2.16 

and 3.2.1 respectively. Mass spectrometry on the co-immunoprecipitate and CNV virion 

preparation was performed using the using the Proteomics Core Facility at the University of 

British Columbia Center for High-Throughput Biology as described in Sections 2.2.17 and 3.2.4 

respectively.   

 

Appendix B: “Induction of specific retrotransposons by Cucumber necrosis virus infection 

likely occurs through activation of the heat-shock response”. A version of this along with 

additional experiments is anticipated to be prepared for publication. Anticipated author list: 

Reade, R., Alam, S.B., Theilmann, J. and Rochon, D.   

 

Dr. D’Ann Rochon, the candidate, Ron Reade and Jane Theilmann designed the research. The 

candidate conducted the analysis of HSEs in the LTRs of RTns along with Dr. Rochon and Ron 

Reade and performed the heat shock experiments and subsequent analyses. Ron Reade prepared 

samples for NGS analysis and constructed the pRTn5533-LTR/GFP/pBin(+) and pRTn0067-

LTR/GFP/pBin(+) clones. Jane Theilmann prepared the HSFA2 primers and conducted ddPCR 

analyses on heat-shocked leaf samples supplied by the candidate to determine if HSFA2 is 

induced during heat treatment. Dr. D’Ann Rochon analysed the NGS data as summarized in 

Figure B.1 as well as identified the LTRs of the retrotransposons. The candidate wrote the 

Appendix B and Dr. D’Ann Rochon provided editorial support.  
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 Chapter 1:  Literature review
1
 

 

1.1 Introduction 

 

 

Viruses are obligate, intracellular microparasites that can multiply only within living cells. 

Virusesare composed of an outer protective proteinaceous layer called the capsid that 

encapsulates the nucleic acid. The capsid is made up of repeating units of structural proteins 

called the coat protein (CP). Some virions also have an envelope surrounding the capsid which 

contains glycoproteins (1). The interaction between different CP subunits along with CP-nucleic 

acid interactions play an important role in forming a complete stable virion, a process termed 

virus assembly. A stably assembled complete virion forms an infectious particle that can move to 

an adjacent uninfected cell and establish a new infection following virus disassembly. Some 

plant viruses do not require virus particle assembly for movement to adjacent cells, rather viral 

RNA/movement protein complexes, likely in conjunction with other virus and cellular 

components, assists in movement to an adjacent cell (2).  Once the virion or the viral 

RNA/movement protein complex disassembles, the nucleic acid replicates and produces several 

copies of the genome which again is assembled into new progeny virions or RNA/movement 

protein complexes capable of infecting several uninfected cells. The nucleic acid that is 

encapsidated within virions is the genetic material that has coding capacity.  

 

Viral genomes can be single or double stranded DNA or RNA molecules. Single stranded RNA 

genomes could further be divided into positive or negative polarity genomes, depending on 

                                                 
1
 A version of information presented in this Chapter has been published in Virology as a Highlight Article. Rochon, 

D., Singh, B., Reade, R., Theilmann, J., Ghoshal, K., Alam, S.B. and Maghodia, A. (2014) The p33 auxiliary 

replicase protein of Cucumber necrosis virus targets peroxisomes and infection induces de novo peroxisome 

formation from the endoplasmic reticulum. Virology, http://dx.doi.org/10.1016/j.virol.2013.12.035. 
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whether the RNA can directly be used as a template for translation of viral proteins (positive 

polarity) or if the RNA needs to be transcribed first before commencing protein translation 

(negative polarity). The majority of the viruses infecting plants have single stranded (ss) RNA 

molecules of positive polarity, as their genome.  

 

In this thesis, I aimed to study specific aspects of the molecular biology of a positive polarity, 

ssRNA virus Cucumber necrosis virus (CNV) during infection of the laboratory host Nicotiana 

benthamiana. Single stranded RNA viruses generally have small genomes and limited coding 

capacity. Hence, these viruses rely heavily on their hosts for multiplication and spread. Viruses 

have evolved to co-opt host components at several stages of the multiplication cycle such as 

replication, assembly and disassembly. Virus assembly and disassembly are crucial aspects of the 

virus infection cycle, however, very little is known about mechanisms underlying these processes 

in vivo in non-enveloped viruses and in plant viruses in general. The studies described here will 

be helpful in providing deeper insight into these essential aspects of CNV infection. These 

studies are also expected to be applicable to other spherical plant viruses and possibly to non-

enveloped animal viruses as well. Finally, these studies may enable the development of global 

antiviral strategies with novel mechanisms of action that target critical host or viral components 

that are essential to infection and disease. Focusing on novel host-directed therapeutics will help 

avert the development of drug-resistant viral strains. Hence, in this thesis, using CNV as a model 

system virus, I was also interested in the role of host factors in various aspects of the virus 

multiplication cycle. In particular, I discovered that CNV infection causes induction of HSP70 

homologs which are co-opted by the virus at several stages of infection. Hence, the studies 

described in this thesis also will help to unravel the involvement of HSP70 in virus 
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multiplication and spread. I also discovered that CNV induces retrotransposons in N. 

benthamiana plants likely through its induction of heat shock factors that bind the long terminal 

repeats (LTRs) of retrotransposons inducing their transcription. Retrotransposons comprise a 

significant proportion of plant genomes and play an important role in shaping genome evolution. 

Thus, the studies described in this thesis also will help to unravel the importance of plant viruses 

in inducing genome variation and adaptation to the changing needs of the environment. 

 

1.2 Identification and classification of CNV 

 

 

CNV was isolated from infected greenhouse grown cucumber plants at the Harrow Research 

Centre laboratory in Ontario, Canada. The only known natural host so far for CNV is cucumber 

(Cucumis sativus). In 1959 McKeen et al. (3) was the first to describe the disease caused by 

CNV.  Initially, based on the symptoms the disease, infection was thought to be caused by a 

virus closely related to Tobacco ring spot virus (TRSV), a Nepovirus, whereas detailed analyses 

of symptoms and the mode of fungal transmission of the virus led the researchers to group it with 

Tobacco necrosis virus (TNV), a Necrovirus (3). Later, serological studies revealed that it is 

unrelated to TNV (4, 5). Rochon et al. (1988) (6), reported that the genome sequence of CNV is 

highly similar to that of Tomato bushy stunt virus (TBSV), the type member of the Tombusvirus 

genus.  Thus, CNV is currently grouped as a member of the genus Tombusvirus in the Family 

Tombusviridae (7). 
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1.3 CNV symptomatology and hosts 

 

 

During natural infection, CNV infected cucumber plants produce necrotic symptoms throughout 

the plant that ultimately lead to death of the plant. Earlier in infection, the infected plant also 

shows stunting, along with malformed fruits with reduced size. CNV has a wide experimental 

host range including many dicotyledonous plants such as members of the Cucurbitaceae, 

Solanaceae, Chenopodiaceae and Leguminosae. Nicotiana benthamiana, N. clevelandii, 

Chenopodium quinoa and Cucumis sativus are the commonly used experimental hosts. CNV 

infected N. benthamiana plants show symptoms of stunting. Inoculated leaves show chlorosis 

early in infection at 3-4 days post inoculation (dpi) and a spreading necrosis phenotype is 

displayed at 5-6 dpi.  This spreading necrosis ultimately leads to systemic necrosis in upper 

uninoculated leaves by 6-7 dpi and ultimate death of the plant by 9-12 dpi.  

 

1.4 CNV as a model system 

 

 

CNV is an excellent model system virus for characterizing basic aspects of the viral infection 

cycle. The small RNA genome, which is sequenced, is encapsidated within a capsid made up of 

identical copies of a single CP. Dr. Rochon’s laboratory has produced an infectious cDNA clone 

of CNV RNA, which allows extensive manipulation of the genome to study the roles of different 

proteins and their substituent amino acids. The virus accumulates to high levels in infected plants 

(~0.3 mg virus/g leaf tissue). Plants can readily be infected by mechanical inoculation of leaves 

using carborundum as an abrasive to facilitate entry of virus into host cells. The preferred 

laboratory host for CNV, N. benthamiana, is highly convenient to work with: i.e., plants can be 

inoculated approximately 5-6 weeks after seeding, they are easily agroinfiltrated for transient 
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expression of protein (8, 9) and a draft genome and transcriptome is published and available 

(http://www.ncbi.nlm.nih.gov, http://solgenomics.net, http://benthgenome.qut.edu.au/). 

Tombusviruses are one of the most highly studied plant virus genera; hence much literature is 

available as background information. Specifics of the replication and translation processes of 

Tombusviruses have been studied extensively (10-12). An X-ray crystal structure and cryo-

electron microscopy (cryo-EM) structure of CNV have been determined at 2.9Å and 12Å 

respectively (13, 14). Nevertheless, many questions are still unanswered and this model system 

virus provides an excellent opportunity for basic research in virology. An in-depth understanding 

of the molecular biology of CNV may provide insight into new strategies for virus disease 

control, not only for CNV but for other viruses as well. 

 

1.5 Virion properties  

 

 

1.5.1 Genome structure and function 

 

 

As stated above, CNV is a positive-strand ssRNA virus in the genus Tombusvirus, Family 

Tombusviridae. Positive-stranded ssRNA viruses comprise a vast group, infecting plants, 

animals, insects, fungi and bacteria (7). The CNV genome is 4.7 kb and monopartite.  The 5’ end 

is presumably uncapped and the 3’ end is not polyadenylated (1). The genome contains five open 

reading frames (ORFs) which encode five different proteins (Figure 1.1): namely the auxiliary 

replicase factor (p33), the RNA dependent RNA polymerase (RdRp) (p92), CP (p41), movement 

protein (p21) and the silencing suppressor (p20).  The UAG stop codon of ORF1 is read through 

approximately 10% of the time to produce the RdRp (15). The products encoded by ORF1 and 
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ORF2 comprise part of the viral replicase, with remaining components being derived from the 

host (10, 16-19). ORF 1 and 2 are translated from genomic RNA (gRNA). The CP being present 

on an internal region of the genome is translated from a 3’ co-terminal subgenomic RNA 

(sgRNA) of ~2.1 kb. Since, the CP is translated from sgRNA, which is distinct from the 

encapsidated gRNA within the virions, the CP molecules encapsidate CNV RNA in trans. The 

overlapping ORFs 4 and 5, which produce p21 and p20, respectively are expressed from distinct 

nested ORFs from a  second 3’ co-terminal sgRNA of ~0.9 kb (16) (Figure 1.1). p20 is translated 

following leaky scanning of the p21 AUG codon (20). 
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Figure 1.1: Genome organization of CNV showing the five ORFs and their encoded 

proteins.  

The locations and sizes of sgRNA1 and 2 relative to gRNA are also shown. 5’-ppp represents the 

uncapped presumed triphosphate group at the 5’ terminus and the 3’-OH represents the hydroxyl 

group at the 3’ end of the gRNA and sgRNAs. The approximate sizes of gRNA and sgRNAs are 

indicated. Also the exact number of nucleotides (nt) constituting CNV gRNA is mentioned above 

gRNA (4704 nt).The UAG is an amber termination codon which is read through to produce p92.  

For further details see Section 1.5.1. 
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1.5.2 Virus morphology 

 

 

The virus particle is a T=3 icosahedron consisting of 180 identical copies of the 41 kDa CP 

which occurs in three different conformations (A, B and C) in the icosahedron (Figure 1.2 A, B 

and C are shown in red, blue and green, respectively). Virions are non-enveloped with a diameter 

of 34 nm and have a rounded outline with a granular appearance when viewed by transmission 

electron microscopy (TEM). The CNV particle consists of an outer shell, as well as a structured 

inner shell, that may play an important role in the assembly of particles through forming a T=1-

like scaffold for the formation of the T=3 outer shell (21).   

 

Each of the CP subunits folds into three distinct structural domains: “R”, the N-terminal RNA 

binding domain that interacts with viral RNA and forms the inner shell; “S”, the shell domain 

constituting the capsid backbone, and “P”, the protruding C-terminal domain, (Figure 1.2 A) 

which projects in pairs from A/B and C/C dimers from the surface of the particle and gives the 

virus its granular appearance (Figure 1.2 C). The P and the S domains are connected by a short 

five amino acid hinge, “h” region. The “a” or arm region flexibly tethers the R and S domains 

allowing, along with “h”, for T=3 icosahedral symmetry. The β regions of the arms of three C 

subunits intertwine to form a β-annular structure at the particle 3-fold axis that contributes to 

particle stability (Figure 1.2 D) (22). The  region of the C subunit arm lies along the inner face 

of the S domain antiparallel to the first β sheet. As described further in this thesis, the ε region 

may, like the R domain, bind viral RNA as it is rich in basic amino acids and its position in the 

particle is co-incident with RNA based on neutron scattering (23). The S domains form a beta-

barrel structure made up of eight beta–strands oriented in an antiparallel fashion. Ca
2+ 

binding 
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sites stabilize contacts between the adjacent S domains of the A, B and C subunits (16) (Figure 

1.2 C).  
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Figure 1.2: Structure of the CNV CP, particle and β-annulus.  

(A) Linear structure of CNV CP subunit showing the different domains including the RNA 

binding (R), shell (S) and protruding (P) domains along with the arm and hinge (h) regions as 

well as the number of amino acids (aa) constituting them. The position of the β and ε regions 

within the arm is also shown, along with the number of aa that they are composed of. The CP 

transit peptide like sequence involved in chloroplast targeting (24) encompasses the entire arm 

along with four amino acids of the shell  and is shown by a black line. (B) Tertiary structure of 

the CNV CP showing the different domains: arm, S, h and P. The R domain, not shown in the 

figure, is located in the interior of the particle and is shown diagrammatically in A and C; the 

modified structure is adopted from (25) [Reprinted from Induction of particle polymorphism by 

Cucumber necrosis virus coat protein mutants in vivo, 82, 3, 1547-1557, Kakani, K., Reade, R., 

Katpally, U., Smith, T., Rochon, D.; Journal of Virology (2008) with permission from American 

Society for Microbiology)] (21). (C) Diagrammatic representation of the CNV particle based on 

that of TBSV showing spatial arrangement of the three conformationally different subunits (A, 

B, C subunits are shown in red, blue and green, respectively). Particle 2-fold, 3-fold, 5-fold and 

the quasi 3-fold (Q3) axes are also shown. [Reprinted from Tomato bushy stunt virus at 2.9Å 

resolution, 276, 5686, 368-373, Harrison, S.C., Olson, A.J., Schutt, C.E., Winkler, F.K., 

Bricogne, G.; Nature (1978) with permission from Macmillan Publishers LTD-Nature Publishing 

Group] (26). The modified structure has been adopted from (25). A, B and C refer to the CP 

subunits. For details see Section 1.5.2.  (D) Schematic representation of the β-annulus.  This 

structure is formed by three interwined β regions of three C subunits and is shown in black, red 

and blue, respectively) The β -annulus is viewed down the particle 3-fold axis [Reprinted from: 

Evaluation of the roles of specific regions of the Cucumber necrosis virus coat protein arm in 

particle accumulation and fungus transmission, 80, 12, 5968-5975, Hui, E., Rochon, D.; Journal 

of Virology (2006) with permission from American Society for Microbiology)] (22).  
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1.5.3 Physical properties of virions 

 

 

Virions are stable at acidic pH but expand above pH 7 in the presence of a Ca
2+ 

chelator such as 

EDTA or EGTA. The isoelectric point of the virion is pH 5.2. Virions are resistant to elevated 

temperatures and thermal inactivation of infectivity occur above 80
°
C. Particles are insensitive to 

non-ionic detergents and organic solvents (such as phenol, chloroform). Ca
2+ 

ions stabilize the 

interaction between adjacent CP Sdomains by bringing together adjacent aspartate residues at the 

particle Q3 axis (Figure 1.2B). There also appears to be a novel Zn
2+ 

binding site at a histidine 

residue (H62) within the β-annulus (14) of unknown function. However, it was hypothesized that 

Zn
2+

 could play a role in stabilizing the capsid at the β-annulus or could help drive assembly in 

the cell as has been described for a Rotavirus (27). It was also suggested that the interaction of 

the Zn
2+ 

ion with the imidazole ring of H62 might play a role in extrusion of the arms during 

fungus transmission and disruption of this interaction could lead to an altered conformation that 

could render defects in fungal transmission.   

 

1.5.4 Transmission 

 

 

CNV is transmitted under natural conditions to cucumber roots by zoospores of the 

Chytridiomycete fungus Olpidium bornovanus (28-30). In the laboratory, CNV can be 

transmitted by mechanically rubbing leaves of a variety of hosts with virus in buffer in the 

presence of the abrasive, carborundum.  Infection can be achieved this way with either ground 

infected leaf exudate, purified particles, virion RNA (vRNA) or transcripts of the infectious 

cDNA clone, pK2/M5 (31).  
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1.5.5 Cytopathic effects 

 

 

Tombusvirus virions are found predominantly in the cytoplasm of the infected host plant cell but 

virions have occassionally been observed in chloroplasts, mitochondria and peroxisomes, but at a 

lower level. Multivesicular bodies (MVBs) are found within infected cells, which are formed by 

remodelling of either peroxisomal or outer mitochondrial membranes (32-34) (see below for 

further details on CNV). 

 

1.6 Stages of the multiplication cycle of CNV 

 

 

1.6.1 Virus entry  

 

 

CNV enters the plant cell either naturally through the roots by fungal zoospores (O. bornovanus) 

or mechanically under laboratory conditions by rub inoculation of leaves as described above (29, 

35).  

 

1.6.2 Virus uncoating/disassembly 

 

 

It is believed that the virus uncoats (or disassembles) under conditions of high pH and/or in a 

calcium-deprived region within the host cell.  Under these conditions the CP-CP interactions 

which are stabilized by Ca
2+

 at the Q3 axis become destabilized. This results in swelling of the 

virus particle by about 10% and subsequent partial or full release of the viral genome as has been 

suggested for other viruses (36, 37). The A and B subunit R and arms, which may be bound to 
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RNA due to their highly basic nature, are believed to exit through the hole created at the Q3 axis 

and this may facilitate exit of virion RNA.As described in this thesis, host factors such as HSP70 

homologs appear to be involved in bringing about a conformational change in the particle,  

facilitating its disassembly (24). It has been suggested that some spherical plant viruses uncoat 

during in vitro translation in cell-free systems, such as the rabbit reticulocyte and wheat germ 

systems, following swelling of particles and exposure of the 5’ end of the genome (37). Viral 

RNA, released or partially released from particles, is translated using the host translation 

machinery. However, numerous attempts to obtain translation products from swollen CNV 

particles were not successful (S.B. Alam, unpublished results). 

 

1.6.3 Primary translation of CNV RNA 

  

 

Translation of the CNV genome, in analogy to Tomato bushy stunt virus, is cap-independent and 

is controlled by elements in the 3’ untranslated region of the genome (3’-UTR) (38). The 3’-UTR 

contains translational enhancers, which consist of a series of stems and loops termed the cap 

independent translational enhancer (CITE) (38). These elements form base pairs with sequences 

in the 5’- UTR to promote non-covalent circularization of the genome. Formation of this 

structure mimics the cap-polyA tail protein bridge formed during translation of cellular mRNA, 

and likewise facilitates viral mRNA translation (39).  

 

Primary translation might accompany uncoating as has been suggested for other viruses as 

described above (36, 37). The first protein to be translated is the auxiliary replicase factor (p33) 

as well as its read through product, the RdRp (p92). The newly synthesized p33 and p92 proteins 
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along with host factors such as HSP70 homologs, physically co-ordinate to allow viral RNA 

replication (10, 11). Replication occurs in peroxisome-derived MVBs which are induced during 

virus infection. MVBs contain numerous 80-150 nm spherules or cup-shaped invaginations of 

the peroxisomal boundary membranes. Spherules serve a protective role against degradation of 

viral RNA and the replication complex by host enzymes. They also help to concentrate the viral 

RNA, replicase and host factors required for replication in a small region to facilitate the 

initiation of replication (16). It has been found that CNV p33 contains the targeting information 

required for peroxisomal localization of the replicase (17, 32). Also, I participated in a 

collaborative project where it was found that p33 induces de novo formation of peroxisomes 

from endoplasmic reticulum (32).  

 

As the ssRNA genome is of positive polarity, it can act both as an mRNA for translation and a 

template for replication. Consequently, regulatory mechanisms must be in place to allow the 

switch from the translation mode to the replication mode to avoid collision of the ribosomes, 

travelling from the 5’ to the 3’ end of the viral RNA, and the viral RdRp which travels from the 

3’ to the 5’ end of the viral RNA (16).  

 

HSP70 is also associated with the replicase.  It enhances viral RNA replication and, as well, 

assists in the assembly of the replicase complex (40). A complementary (-) strand is synthesized 

by the viral replicase using the (+) strand as a template. This involves the recognition of cis-

acting elements in the genome by the replicase. The newly formed (-) strand forms 

doublestranded (ds) RNA intermediate with the (+) strand and this dsRNA  then serves as a 

template for the synthesis of numerous progeny (+) strands. The replicase recognizes enhancer 
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elements located internally in the viral genome and places itself at the complementary genomic 

promoter located at the 3’end of the (-) strand intermediate. RNA replication is asymmetric in 

nature producing excess amounts of (+) strand progeny RNA as compared to (-) strands (34).  

 

Tombusviruses do not encode a helicase as do many other (+)ssRNA viruses. In TBSV it has 

been found that host factors such as glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and 

various DEAD-box RNA helicases are important for maintaining the asymmetry of viral RNA 

replication.  DEAD-box RNA helicases help unwind secondary structures at the 3’ end of TBSV 

(-) RNA facilitating plus-strand RNA synthesis (19, 41-43).  

 

1.6.4 Formation of sgRNA 

 

 

In addition to progeny (+) strand genome RNAs, CNV also produces two 3’ co-terminal 

sgRNAs. The 2.1 kb sgRNA serves as a mRNA for the synthesis of the CP and the 0.9 kb 

sgRNA serves is a bicistronic mRNA for the synthesis of both the movement protein and the 

silencing suppressor from nested ORFs (Figure 1.1) (31). The templates for synthesis of sgRNAs 

are (-) strand RNAs that arise through premature synthesis of (-) strand RNA from genomic (+) 

strand in the vicinity of the sgRNA promoter. Plus-strand synthesis from the truncated (-) strand 

products ensues and the sgRNAs are formed (44). Sub genomic RNAs are 3’-coterminal with 

gRNA and allow the translation of otherwise internal ORFs by placing their initiator AUG 

codons at the proximal 5’-terminus, a position which is greatly favoured by eukaryotic ribosomes 

for initiation of translation (45, 46). During infection, the sgRNA2 accumulates first, followed by 

the accumulation of the sgRNA1(16).  
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1.6.5 Secondary translation of CNV RNA 

 

 

Seondary translation of CNV RNA occurs when translation of newly synthesized genomic or 

sgRNA occurs.  This results in the production of each of the five encoded proteins.  

 

1.6.6 Virus particle assembly 

 

 

The newly formed progeny (+)ssRNA and the CP assemble to make new virus particles. The site 

of virus assembly is not known but may occur at or near the site of replication as has been shown 

for other viruses (47, 48). CNV particles might assemble initially from a nucleating agent 

consisting of a trimer of C/C dimers as has been suggested for Turnip crinkle virus (TCV) (49). 

Alternatively, a mechanism similar to the Southern bean mosaic virus (SBMV) or Sesbania 

mosaic virus (SeMV) may be utilized where assembly initiates from a pentameric cap made up 

of five A/B dimers (50, 51). Assembly might also require the assistance of a scaffolding protein 

(scaffolding protein assisted capsid assembly) (52) or specific nucleic acid sequences or structure 

(nucleic acid assisted capsid assembly) (53). Previous studies in Dr. Rochon’s lab have 

suggested that the R domain of the CNV CP acts as a scaffold during assembly initiation. The R 

domain along with bound viral RNA assembles to form the T=1 like inner shell.  This inner shell 

then serves as a scaffold upon which further assembly occurs to form the complete  CNV T=3 

particle (13). Additional viral or cellular factors, including chaperones, have been found to assist 

in proper folding of the CP of other viruses (54) and contribute towards the formation of intact 

particles. These interactions would also be expected to prevent premature aggregate formation 

(52, 54-56). In this thesis, it is shown that the molecular chaperone Hsc70-2 assists in CNV CP 

folding and that HSP70 homologs also assist in virion assembly.  
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1.6.7 Movement to adjacent and systemic cells in the infected plant 

 

 

Finally, the newly formed progeny RNA then moves either to adjacent cells (cell-to cell 

movement) or the virion enters the vascular system of the plant (systemic movement) for further 

infection. In cell-to-cell movement, CNV RNA likely moves through the plasmodesmata, 

junctions connecting the symplast of adjacent plant cells. The means by which the MP of CNV 

facilitates movement is not known but it may coat viral RNA and elongate it to facilitate its 

movement through plasmodesmata as has been proposed for Tobacco mosaic virus (TMV) (57). 

It is known that coat protein is not required for CNV cell-to-cell movement, and is also not 

required for systemic movement, although it does facilitate systemic movement (58). For 

systemic movement to other plant parts, virus particles likely enter through the phloem and move 

to distant cells (58). However the means by which particles enter and exit phloem tissue is not 

known. 

 

1.6.8 Transmission to a new host 

 

 

As described previously, transmission of CNV in nature to a new host occurs via a specific 

fungal vector (O. bornovanus) present in the soil or water medium (14). This involves a fungal 

zoospore receptor interaction between specific regions or amino acids in the virus particles and a 

mannose/fucose containing glycoprotein on the zoospore surface.  Further studies have shown 

that binding of CNV virions to zoospores induces a conformational change resulting in a state 

similar to “swollen” virus (35, 59). This may facilitate subsequent uncoating in cucumber root 

cells penetrated by zoospores containing virus particles (29, 60). CNV particles enter the root 

cells of cucumber plants upon entry of the zoospore and infection ensues (61).  One of the 
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proteins recognized by the CNV particles on zoospore membranes is HSP70 (D. Rochon, 

unpublished) leading to the speculation that HSP70 assists in CNV swelling upon zoospore 

attachment.  
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Figure 1.3: Schematic representation of the multiplication cycle of CNV.  

For details see Section 1.6 
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1.7 Research objectives  

 

1. To assess the potential role of HSP70 homologs in CNV particle assembly and 

disassembly. 

2. To assess the potential role of basic amino acid residues of the CNV CP arm in 

encapsidation of full-length viral RNA, particle assembly and stability. 

 

The overall objective of this thesis was to characterize molecular mechanisms of CNV virion 

assembly, disassembly and the potential role of HSP70 homologs in this process. Molecular 

studies on interactions of CP and particles with HSP70 homologs in assembly and disassembly 

have not been previously conducted in CNV or any other member of the Tombusvirus genus.  

During the course of this research I found that HSP70 homologs play dual roles in particle 

assembly and disassembly during the multiplication cycle of CNV. So a further objective became 

to elucidate the additional roles of HSP70 homologs during CNV infection such as in CP 

stability and accumulation, and CP targeting to chloroplasts as described in Chapters 2 and 3.  

 

In Chapter 4, I have also undertaken a detailed characterization of the role of basic aa residues of 

the CNV CP arm in encapsidation of viral RNA and virion assembly. During the course of this 

work I found that removal of all four basic aa residues of a “KGRKPR” sequence in the CP arm 

lead to encapsidation of host RNA suggesting that the basic residues may be important for 

selective encapsidation of viral RNA. To my knowledge, the role of basic aa of the CP in 

imparting selectivity of viral RNA encapsidation over that of cellular RNA have not yet been 

evaluated in plant viruses.  

 

Additionally, I contributed to a team that studied the induction of retrotransposons by CNV 

during infection. Induction of heat-inducible retrotransposons by plant viruses has not been 
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reported yet. In particular, I studied the role of heat shock in induction of retrotransposons 

showing that heat shock induces the expression of certain specific retrotransposons known to be 

induced during CNV infection.  Hence, an additional objective was added to my thesis and the 

studies are summarized in Appendix B.  

 

The majority of my thesis research was focused towards studying the role of HSP70 homologs in 

the multiplication cycle of CNV.  In the next section I will first describe heat shock proteins, 

along with the mechanism of induction HSP70. I will also describe the structure and known 

functions of HSP70 family of proteins along with their mechanism of action.  

 

1.8 Discovery of heat shock proteins 

 

 

The discovery of heat shock proteins was made in 1962, by Italian geneticist, Ferruccio Ritossa, 

when a lab worker accidentally boosted the incubation temperature  of the larvae salivary glands 

of the fruit fly, Drosophila melanogaster (62). When examining the chromosomes, Ritossa found 

that temperature shock induced a new set of puffs that indicated enhanced gene transcription of 

an unknown protein.  Twelve years later, Tissieres & Mitchell found that the induction of the 

puffing pattern coincides with the synthesis of a set of new proteins that are heat inducible (63). 

The universality of the heat shock response phenomena from bacteria to human was recognized 

shortly thereafter (64). This discovery eventually led to the identification of heat shock proteins 

(HSPs) or heat stress proteins (65-67). HSPs are named according to their molecular weight. The 

heat shock protein 70 family or HSP70 homologs are a family of HSPs having the molecular 

weight of ~70 kDa. Heat shock 70 kDa protein (Hsp70) and heat shock cognate 70 kDa protein 
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(Hsc70) are inducible and constitutively expressed homologs of the HSP70 family, respectively. 

These proteins are one of the most widely studied families of HSPs. Hence, in the next section, I 

will discuss the structure, mechanism of activation, mode of action as well as functions of 

HSP70 homologs. 

  

1.9 Structure of HSP70 homologs 

 

 

HSP70 homologs consist mainly of two domains: namely, the N-terminal ATPase or nucleotide 

binding domain (NBD) which is 45 kDa and the 24 kDa C-terminal substrate binding domain 

(SBD) (68). The SBD is further divided into a 15 kDa β-sandwich and a 10 kDa α-helical 

subdomain. The β-sandwich subdomain constitutes the substrate binding pocket and the α-helical 

subdomain functions like a lid which opens and closes depending upon the type of nucleotide 

(ATP- open lid or ADP- closed lid) bound at the NBD (Figure 1.4A).  

 

1.10 Mechanism of activation or induction of HSP70 family of genes 

 

 

The induction of HSP70 is dependent on the activation of specific transcription factors termed 

heat-shock factors (HSFs) which bind to several cis-acting sequences known as  heat-shock 

elements (HSE) in the promoters of the genes encoding HSP70s (69, 70). The transcription 

factor HSF consists of discrete functional domains, including a DNA-binding hydrophobic repeat 

domain (DBD).  The DNA binding domain of each monomeric HSF unit binds to the 

pentanucleotide unit, 5’-nGAAn-3’ (or 5’-nTTCn-3’), in the target DNA. The DBD in HSF binds 

to the pentanucleotide unit and the typical HSE is composed of three copies of the 



23 

 

pentanucleotide unit and HSF exists as a homotrimer (71-74). As described for Saccharomyces 

cerevisiae (75), there are three different types of HSEs that can interact with HSF. The “perfect-

type” (P type) HSE consists of continuous inverted repeats of the pentanucleotide unit (5’-

nTTCnnGAAnnTTCn-3’ or 5’-nGAAnnTTCnnGAAn-3’), the “gap-type” (G type) contains one 

gap between the units [5’-nGAAnnTTCn(5bp)nTTCn-3’ or 5’-nTTCnnGAAn(5bp)nGAAn-3’ or 

5’-nGAAn(5bp)nGAAnnTTCn-3’ or 5’-nTTCn(5bp)nTTCnnGAAn-3’] and the “step-type” (S 

type) contains two gaps [5’-nGAAn(5bp)nGAAn(5bp)nGAAn-3’ or 5’-

nTTCn(5bp)nTTCn(5bp)nTTCn-3’]. 

 

1.11 Mechanism of action of the HSP70 family of proteins 

 

 

1.11.1 The ATPase cycle 

 

 

The ATPase cycle of HSP70 consists of a low affinity ATP bound state with fast exchange rates 

for the substrate and a high affinity ADP bound state with low substrate exchange rates. As soon 

as there is a need for protein folding or protecting the cell from the cytotoxic effects of misfolded 

or aggregated proteins, the ATPase cycle of the heat shock proteins come into action. HSP70 has 

a very low intrinsic ATPase activity, but association with the substrates in the substrate binding 

cleft and the J-domain proteins (JDP) synergistically stimulate the ATPase activity up to several 

thousand-fold. After ATP hydrolysis, the α-helical subdomain acts as a lid and closes and locks 

the substrate into the binding pocket (Figure 1.4B) (56, 68).  
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HSP70s transiently associate with exposed hydrophobic segments of the client via the C-terminal 

SBD, thereby preventing aggregation and promoting proper folding. Binding of ATP to the 

HSP70 NBD induces conformational changes in the adjacent SBD, opening up the SBD whereas 

ATP hydrolysis leads to closure of the pocket and stabilizes the client interaction (76, 77). 
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Figure 1.4: Structure and mechanism of function for HSP70 chaperones.  

(A) Structure of HSP70 chaperones showing different domains (56); (B) ATPase cycle of HSP70 

chaperones and action of some co-chaperones on the ATPase cycle [Reprinted from Recruitment 

of Hsp70 chaperones: a crucial part of viral survival strategies,153, 1-46, Mayer, M.P.; Reviews 

of Physiology, Biochemistry and Pharmacology (2005) with permission from Springer] (56). For 

details see Sections 1.9 and 1.11.1 respectively.  
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1.11.2 Induction of substrate unloading 

 

 

In order to unload the client protein so that the substrate binding cleft can be emptied for starting 

a new cycle, nucleotide exchange factors such as GrpE and Bag-1 come into play. GrpE 

stabilizes the open conformation of the α-helical lid and promotes ADP release whereas Bag-1 

stimulates ADP release and stabilizes the open conformation (56, 78). 

 

1.11.3 Nucleotide stabilizing factors 

 

 

HSP70-interacting protein (Hip) interacts with ATPase domain and stabilizes the ADP state of 

HSP70 by preventing premature substrate release. It antagonizes the substrate discharging 

function of Bag-1 for binding to the ATPase domain of HSP70, thereby preventing Bag-1 

stimulated nucleotide release. 

 

HSP70 homologs perform various functions as described below in Section 1.12 within a cellular 

milieu. Hence regulation of the access of HSP70 homologs to their target substrates is essential 

and is carried out by a group of J-domain proteins called co-chaperones (78). The ATPase cycle 

of Hsp70 chaperones is controlled by co-chaperones. The co-chaperones not only target HSP70 

homologs to their substrate targets but by nucleotide exchange factors also determine the lifetime 

of HSP70-substrate complex. HSP70-HSP90 organising protein (Hop) stimulates the ATPase 

activity and interacts via the TPR domain with the EEVD motifs found at the C terminus of 

HSP70/90 (56, 78). It functions as a co-chaperone to assist and regulate the chaperoning activity 

of HSP70 or HSP90 chaperones.  
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1.11.4 Decision making between protein folding and degradation 

 

 

The carboxyl-terminus of HSP70 interacting protein (CHIP) competes with Hop for binding to 

the C-terminus of HSP70/90. It acts as an E3-ubiquitin ligase ubiquitinating the bound 

polypeptide substrates, hence promoting their degradation by the cytosolic proteasome (78). 

 

1.12 Known cellular functions of HSP70 

 

 

The HSP70 family of proteins have chaperone activity and are involved in signal transduction 

and quality control functions within a cellular milieu. Hsp70 is activated under stress conditions 

such as heat, virus infection and oxidative stress (56, 78). Hsc70 is expressed constitutively but 

can also be induced by environmental stresses such as thermal and pesticide stress (79, 80). It has 

also been found that Hsp70 and Hsc70 may complement each other in a synergistic manner to 

preserve cellular integrity during metabolic challenges (81). The primary function of HSP70 

family chaperones is to fold unfolded or misfolded proteins by interacting with a stretch of 

hydrophobic amino acids in the client unfolded proteins and by maintaining proteins in soluble, 

yet conformationally dynamic states (68, 82). It binds with high affinity to both hydrophobic-

aromatic sequences like FYQLALT and hydrophobic-basic sequences like NIVRKKK (83, 84). 

HSP70 homologs also prevent unfolded proteins from associating with other non-native 

intermediates thereby preventing the cell from the cytotoxic effects of protein aggregation (78). 

HSP70s facilitate the recognition of misfolded degradation substrates by the ubiquitin ligation 

machinery and finally shuttle them to the proteasome (85).  
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Hsc70s have also been found to play an important role in the disassembly of large 

macromolecular complexes (56, 78, 86) such as the DNA-replication origin complexes (87) and 

clathrin coated vesicles (88-91) and are also involved in the inhibition of apoptosis (56, 78). 

They play an important role in the assembly of large macromolecular protein complexes such as 

the microtubule cytoskeleton (92), purinosome (93) and steroid receptors (94-98).  

 

Hsp70 or Hsc70 has also been found to play an important role in the chloroplast import of 

nuclear encoded chloroplast destined preproteins by interacting with transit peptides (containing 

chloroplast targeting sequences) located near the N-terminus of the preproteins and facilitating 

their transport to the chloroplast (76, 99). Most chloroplast transit peptides (approximately 82%) 

have the capacity to bind Hsp70 or Hsc70 (100-102). After navigating through the cytoplasm to 

chloroplasts, the preproteins encounter the translocon at the outer envelope (TOC; translocon at 

outer envelope of chloroplast) and inner envelope (TIC; translocon at inner envelope of 

chloroplast). During or after translocation, the transit peptide is cleaved off by the stromal 

processing peptidase (SPP) in the stroma (103). The mature proteins are then released and folded 

in the stroma (76). Stromal Hsp70 has been known to play a role in “reeling in” of the incoming 

cargo and contributes to the folding, assembly and intraorganellar guidance of the proteins (76). 

Previous studies have shown that, individual Hsp70 molecules can apply ATP dependent 

conformational force to protein substrates and by means of entropic pulling can accelerate the 

local unfolding and pulling of translocating polypeptides into mitochondria (104). 
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Hsc70 can also protect and reactivate thermally inactivated enzymes (105) and hence it plays a 

prominent role in acting as a molecular thermometer in acquired cellular thermotolerance and 

recovery from thermal damage.  

 

Because, of the diverse cellular roles played by HSP70 homologs, they are co-opted by a variety 

of viruses at several stages of the multiplication cycle (56). In the next section, I will describe 

why several viruses recruit HSP70 homologs during their multiplication cycle, with an emphasis 

on the role of HSP70 family of proteins in virus disassembly, replication and assembly. 

 

1.13 Why do viruses recruit HSP70 homologs? 

 

 

In the course of virus multiplication, a large number of proteins are synthesized in a relatively 

short period of time, whereby protein folding can become a limiting step. Many viruses therefore 

recruit cellular chaperones during their multiplication cycle to assist in folding of viral-encoded 

proteins. Apart from r protein folding, viruses also need to interfere with host cellular processes 

such as signal transduction, cell cycle regulation and attenuation of apoptosis in order to create a 

favourable environment for their persistence and to avoid premature cell death. HSP70 

chaperones, as central components of the cellular chaperone network are involved in the control 

of these processes and are frequently recruited by viruses to reprogram the host cell (56). HSP70 

chaperones also seem to be involved in avoidance of host defense mechanisms deployed during 

virus infection. HSP70 homologs have been found to play multiple roles at several stages of the 

infection of a variety of animal and plant viruses (56).  
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1.14 Role of HSP70 homologs in virus disassembly 

 

 

Disassembly is the first and crucial aspect of the virus multiplication cycle which is important for 

the establishment of infection. Due to the ability of the HSP70 homologs to disassemble stable 

oligomeric complexes (106), viruses have evolved to recruit these cellular disassembling 

machines to uncoat their capsids. As described above, Hsc70 is one of the most abundant 

cytosolic HSP70 isoforms and plays a role in both preventing and reversing protein aggregation 

and in disassembling protein complexes (78, 86). ssRNA viruses result in a significant financial 

loss in crops every year (107); thus, they have been studied extensively over many years. Over 

75% of all known plant viruses have messenger sense ssRNA genomes (108). Compared to 

viruses with genomes of ss/dsDNA or dsRNA/negative polarity ssRNA, positive polarity ssRNA 

viruses can initiate gene expression as soon as the capsid uncoats. Hsc70 homologs have been 

found to promote the uncoating process of several animal viruses such as Polyomaviruses, 

Papillomaviruses, Reoviruses, Adenoviruses, Nodaviruses, Rotaviruses and Nervous necrosis 

virus (109-115). A virally encoded HSP70 homolog of Beet yellows virus has been hypothesized 

to play a role in disassembly of the helical capsid (116). During the course of my research, I 

determined that the HSP70 homolog, Hsc70-2 is bound to CNV virions and plays a role in 

particle disassembly (described in detail in Chapter 3) (117). 

 

1.15 Role of HSP70 homologs in virus replication  

 

 

Once the capsid uncoats to release its nucleic acid, it must be protected from host nucleases and 

the viral RNA must replicate to prompt progeny virion production. Replication in the case of 

ssRNA viruses involves the formation of the replicase complex that includes association of 
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virally encoded proteins with certain host factors, as well as targeting to the site of replication. 

Members of the HSP70 family of proteins have also been found to be involved in the assembly 

of replicase complex of TBSV and Red clover necrotic mosaic virus (RCNMV) (17, 118). They 

have also been found to increase the replication efficiency of several RNA viruses including 

TBSV, RCNMV, Potyviruses, Pepino mosaic virus, Rabies virus and Respiratory syncitial virus 

(52, 118-121). Hsp70 is found to be associated with the replicase complex, and plays a role in the 

assembly and insertion of the replicase complex into the peroxisomal membranes, which is the 

site of replication, during TBSV infection (17, 18, 40). It has also been found to interact with the 

replicase complex of CNV extracted from CNV infected N. benthamiana protoplasts and to 

promote the replication process in experiments conducted on yeast cells (17, 40). Also, as will be 

described in Chapter 2, research conducted by me on N. benthamiana plants, showed that 

upregulation of HSP70 homologs positively regulates gRNA accumulation consistent with the 

role of HSP70 in enhancing CNV replication (122).  

 

1.16 Role of HSP70 homologs in virus assembly 

 

 

Assembly of the newly replicated viral RNA within the capsid to form a complete metastable 

virion, which is capable of infecting an uninfected cell is one of the critical steps in the 

multiplication cycle of viruses. Due to the inherent property of HSP70 family homologs in 

protein folding and assembly of protein complexes, they have been recruited by some viruses 

such as Hantavirus, Polyomavirus, Simian virus 40 (SV40), Closteroviruses, Enteroviruses, 

Papillomaviruses and Human immunodeficiency virus I (HIV I) (123-129) for virus assembly. A 

virally encoded chaperone promotes the folding of major capsid protein of African swine fever 
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virus (ASFV) (130). Also, as will be described in detail in Chapter 2, I found that HSP70 

homologs play an important role in the assembly of virus-like particles (VLPs) formed during 

agroinfiltration of CP in N. benthamiana independent of its role in CP accumulation (122). I 

speculate that as with VLPs, HSP70 homologs might promote the assembly of CNV virions. 

   

Apart from the role of host factors, such as members of the HSP70 family in virus assembly, 

there are several other factors which play a prominent role in virus assembly. As CNV is an 

icosahedral virus, in the following section I will describe the various strategies utilized by 

icosahedral viruses for particle assembly. 

 

1.17 Major strategies by which icosahedral viruses undergo assembly 

 

 

Icosahedral viruses comprise a vast group of viruses infecting plants, insects, fungi, bacteria and 

humans (1). Assembly of the viral genome into spherical virions having icosahedral geometry 

with the help of CP subunits is an important aspect of the virus multiplication cycle. In the case 

of plant viruses, assembly is usually important for systemic movement and in some cases for 

virus movement from cell-to-cell and is also important for a transmission to new hosts, most 

likely in a ligand-receptor mediated fashion (29, 35, 59, 131). Most plant viruses are non-

enveloped and have a positive polarity ssRNA genome. The ssRNA genome could be 

monopartite (e.g. TMV), bi-partite (e.g., RCNMV) or tri-partite (e.g., Brome mosaic virus, 

BMV). Virion phenotypes include capsids having rigid rods (e.g., Tobamoviruses), flexuous rods 

(e.g., Potyviruses), icosahedral shells (e.g., Cucumoviruses, Tombusviruses, Nepoviruses) and 

bacilliform structures (e.g., Alfalfa mosaic virus, AMV) (1). Despite having various virion 



33 

 

phenotypes among different families, the mature virions of a given virus species is often a 

homogeneous population, suggesting the precision and accuracy of the assembly process. 

Icosahedral capsids are a feature of roughly half the virus families and the majority of plant 

viruses have icosahedral symmetry (1). Hence, in this section I will focus on the three major 

strategies by which icosahedral viruses in general undergo assembly. 

 

1.17.1 Unassisted capsid self-assembly 

 

 

The simplest icosahedral capsids are self-assembled from 60 identical CP subunits in the same 

conformation through equivalent sets of interactions (e.g. Satellite Tobacco necrosis virus, 

STNV having T=1 symmetry). On the other hand, capsids having larger geometries that 

encapsidate a longer genome undergo self-assembly by either allowing the CP subunits to adopt 

different conformations or by involvement of a molecular switch that leads to a conformational 

change in the CP to promote CP oligomerization and formation of T=3 particles (55). Molecular 

switches can include a short CP segment at the N- or C-terminus which is ordered in some CP-

CP interactions but disordered at others. Some molecular switches involve other elements 

sensitive to environmental changes such as divalent cations, protons, water-mediated hydrogen 

bonds, segments on viral genome or aa on viral proteins (55). For example, in the Flock house 

virus (FHV) T=3 capsid, the conformational switch is provided by the N-terminus of the CP and 

a capsid-bound RNA duplex (for details see Section 1.19.2). In the case of CNV, proline residues 

in the arm region of the capsid may promote the ability of the arm to assume the distinct 

positions required for formation of T=3 particles (60).   
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1.17.2 Scaffold protein-assisted assembly 

 

 

Viruses that have a complex quaternary structures such as dsDNA phages and Herpesviruses 

need the assistance of a virally encoded scaffolding protein during assembly (55). Scaffold 

proteins are also regarded as assembly chaperones by virtue of the role played during the 

assembly process. Scaffold protein and CP co-assemble into stable, virion precursor structures 

called procapsids. They transiently participate in the assembly process by protein-protein 

interaction with CP subunits and are later removed from the mature virions before or during 

DNA packaging. Their main function is to promote capsid nucleation initiation by increasing the 

local concentration of CP species via gathering all of the necessary CPs for procapsid formation 

and by lowering the energy barrier of conformational transition from an assembly incompetent 

state to an assembly competent state. They also prevent incorporation of non-specific proteins 

into the capsid and promote the proper conformational switch in the CP subunits so that they are 

properly positioned at defined positions in the capsid. Some viral or host auxiliary proteins 

promote the assembly of viral capsids, however, they are not considered to be scaffold proteins 

as they are not removed from the capsid after particle assembly. In the case of CNV the CP R 

domain that forms the inner shell acts as a scaffold which facilitates the formation of the virion 

outer shell (13). Similar to this, the inner capsid in Reoviruses acts as a template for the assembly 

of outer capsid (132). As described in detail in Chapter 2, I speculate that HSP70 homologs 

might function as a scaffold protein or an auxiliary host factor to promote the assembly of CNV 

particles (for details see Chapter 2). 
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1.17.3 Viral nucleic acid-assisted assembly  

 

 

In the majority of the ssRNA viruses, nucleic acid packaging occurs concomitantly with capsid 

assembly. Viral RNA is recruited early in the assembly process by CP-RNA interactions, so that 

no empty virions are formed.  This process directly yields nucleic acid containing progeny 

virions. In the case of CNV, since empty capsids are not found during natural infections, it is 

believed that assembly of virions is RNA dependent (53).    

 

Viruses do not generally accumulate particles containing cellular RNAs and preferentially 

encapsulate viral RNA(s) during infection to produce infectious progeny virions. In the next 

section I will briefly discuss the packaging profile of virus particles.   

 

1.18 Packaging of host RNA by viruses 

 

 

Although, the predominantly encapsidated RNA species within a population of virions is of viral 

origin, previous studies have shown that sometimes, authentic virus particles contain cellular 

RNA, albeit at a low level. The first evidence of cellular RNA encapsidation by a plant virus was 

provided by Siegel et al. (1971) (133). The author demonstrated that in standard TMV 

preparations, a small proportion of pseudovirions are present.  These are tobamovirus-like 

particles that encapsidate host RNAs primarily of chloroplast origin rather than encapsidating 

viral RNA. It was found that 2-2.5% of the total TMV virion RNA consisted of host RNAs. It 

was hypothesized that, despite the presence of mechanisms for selective packaging of viral 

RNAs, a low level of host RNA mis-encapsidation into virions occurred which might reflect the 

site of particle assembly inside the cell. Studies on FHV showed that about 1% of the total 
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encapsidated virion RNA is of cellular origin (134). Also, research conducted by Ghoshal et al. 

(2015) in Dr. Rochon’s lab, suggests that ~0.1-0.7 % of the total encapsidated RNA in CNV 

virions consists of host RNA (135). Of the encapsidated RNAs, the majority were chloroplast 

encoded RNAs.  Interestingly, CNV CP targets chloroplasts during infection and so it is possible 

that chloroplast RNA may be encapsidated within chloroplasts by imported CNV CP (24). Also, 

nuclear encoded mRNAs corresponding to retrotransposon-like sequences were amongst the 

most abundantly encapsidated cytoplasmic RNAs. It was postulated by the authors that 

encapsidation of retrotransposon-like sequences by authentic CNV virions might play an 

important role in horizontal transmission of new genetic information into a new host that could 

lead to genome evolution.  

 

1.19 Overview of factors involved in the assembly of plant viruses 

 

 

Since, assembly of the majority of the plant viruses is primarily believed to dependent on 

interaction between the CP and viral RNA (1, 53, 136), in this section, I present a general 

overview of the factors involved in the assembly process of virus particles from CP subunits and 

viral RNA. This is relevant to Chapter 4 of my thesis where I have found that mutation in an 

RNA binding site in the CNV CP leads to disproportionate assembly of host RNA rather than 

viral RNA. 

 

1.19.1 Electrostatic interactions 

 

 

Electrostatic or ionic interactions play a prominent role in virion assembly; whereby the 

negatively charged phosphate groups of the RNA molecule interact with the positively charged 
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side chains of the basic amino acids [lysine (K) and arginine (R)] (1, 137). Divalent cations such 

as Ca
2+

, have also been found to stabilize the CP subunit interactions and contribute to the 

formation of a complete metastable virion at lower pH by bridging the adjacent carboxyl groups 

of different CP subunits, as observed in members of the genus Sobemovirus (138) as well as in 

Tombusviruses and Carmoviruses (1). Electrostatic interactions are thought to be sequence-

independent as CP can non-specifically encapsidate cellular RNA as determined by in vitro 

assembly assays (139). However, viruses predominantly and preferentially encapsidate their own 

RNA rather than host RNA during infection. If electrostatic interactions were the only driving 

force required for assembly of viral RNA into virions, then viral CP would bind to host RNA and 

encapsidate it non-specifically at a high level.  This suggests that in addition to electrostatic 

interactions, other factors are involved in specific encapsidation of viral RNA into virus 

particles. For example, the RNA genome itself has been found to contain PSs that promote 

specific recognition between the viral CP and viral RNA (see Section 1.19.6).  

 

1.19.2 Amino acid sequences on the CP  

 

 

Viruses have evolved to ensure the encapsidation of their negatively charged genomes. 

Depending on the type of nucleic acid to be encapsidated, different viruses utilize different 

strategies for successfully encapsulating the genetic material to form an infectious virion. Among 

the viruses having DNA genomes, SV40 has been shown to form minichromosomes using 

positively charged cellular histones (140) and Adenovirus have been shown to use a virally 

encoded basic core protein VII for complexing its DNA (141). Negative polarity RNA viruses 

(e.g. Vescicular stomatitis virus, Respiratory syncytial virus) encode nucleocapsid proteins that 
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bind their RNA through a positively charged cleft (142). However, many positive polarity RNA 

viruses have a common motif rich in positively charged amino acids in the CP that faces the 

interior of the virion. This region has been postulated to play an important role in 

electrostatically interacting with viral RNA and initiating capsid nucleation events (55). An 

arginine-rich motif (ARM) in the CP of several plant RNA viruses has been shown to play an 

important role in RNA interaction and genome packaging as described below.  

 

In some positive polarity RNA viruses such as Cucumber mosaic virus (CMV), Cowpea 

chlorotic mottle virus (CCMV), SBMV, Semliki Forest virus, Nodavirus and Sindbis virus, an 

unstructured motif in the CP rich in basic amino acid residues extends into the center of the 

virions.  These regions are largely unresolved in the crystallographic maps, suggesting their 

potential interaction with viral RNA (143-148). The electrostatic interactions between these 

positively charged motifs of the CP and viral RNA has additionallybeen postulated to constrain 

the length the of encapsidated genome (149, 150).  

 

Studies on several viruses such as STMV, Beet black scorch virus,  BMV, Ourmia melon virus, 

CMV, AMV, RCNMVs, CCMV, SeMV, FHV, HIV, Macrobrachium rosenbergii nodavirus  

and Melon necrotic spot virus (MNSV), have shown that a basic aa rich region in the N-terminal 

portion of the CP plays an important role in virion RNA encapsidation (51, 53, 151-163). Also, 

previous work in Dr. Rochon’s lab by Reade et al. (2010) showed that a lysine rich “KGKKGK” 

sequence in the R domain of the CNV CP plays an important role in encapsidation of full-length 

viral RNA. Removal of the KGKKGK sequence was found to promote the encapsidation of less 

than full-length viral RNA, possibly due to the inability of CP mutant to neutralize the negative 
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charge of the phosphate backbone of full-length RNA (164). In FHV, in addition to the above 

mentioned positively charged residues at the N-terminus, which helps in the selective packaging 

of RNA1 (160), the aromatic amino acid phenylalanine at the C-terminus of the CP promotes 

specific packaging of RNA2, likely via base stacking of the aromatic side chains of 

phenylalanine with viral RNA (165).  

 

A study on BMV, has shown that the basic aa regions in the N-terminal tail of the CP faces 

inward into the virion and interacts with virion RNA promoting both assembly and virion 

stability likely through electrostatic interactions (157). BMV mutants with decreased positive 

charges packaged lower amounts of RNA whereas mutants with increased positive charges 

packaged greater amounts of RNAs consisting of truncated and full-length BMV RNA, as well 

as cellular RNAs up to ~900 nucleotides, without having a significant change in the capsid 

structure as determined by cryo-EM. These results suggest that the changes in the charge of the 

capsid could result in changes in the profile of encapsidated RNA species. Also, mutations of 

specific arginine residues to lysine resulted in defective specific encapsidation of one or more of 

the four BMV positive-strand RNAs. However, the authors suggested that electrostatic 

interactions are not the only driving force governing encapsidation in these mutants (157). 

  

Eukaryotic RNA viruses with icosahedral symmetry generally exhibit physical homogeneity 

among assembled virions in vivo for which an optimal CP conformation must be selected. 

Studies on icosahedral viruses like SeMV and FHV have revealed that near the N- and C-

terminus, the CP contains flexible “molecular switches”, the interaction between which 

determines the morphology of progeny virions (166, 167). Interactions between the N- and C- 
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termini of the different CP subunits is essential for the formation of CP dimers, the building 

blocks of Bromoviruses (168) and removal of either leads to the formation of polymorphic 

virions likely due to improper  CP-CP interactions (169, 170).  

 

Studies on BMV have shown that specific amino acids on the CP are also involved in 

maintaining virion structure and stability. Interaction between the N- and C-terminal regions is 

envisioned to play a crucial role during virus assembly. A lysine rich seven amino acid sequence 

at the N-terminus of the BMV CP (KAIKAIA) and the related CCMV CP (KAIKAWT) was 

determined to act as a molecular switch during the assembly process (171). By structural 

analyses, it was shown that this region of the capsid supports a critical contact (the “clamp”) with 

the C-terminus of 2-fold related subunits that ties the capsomeres together. Hence sequences at 

both the N- and C-termini play an important role in particle morphology. Mutant viruses, lacking 

the putative seven amino acid N-terminus molecular switch contained truncated RNA likely due 

to weak CP-RNA interaction that would make the RNA in the capsid more susceptible to 

extensive nuclease fragmentation.  

 

The CPs of CCMV and BMV have also been characterized to contain four highly conserved 

RNA-interacting domains (RID) which have been postulated to contribute towards weak non-

specific RNA-protein interactions to promote viral RNA encapsidation and maintain overall 

stability of virions in synergy with the strong specific interactions provided by the ARM (172). 

Also, during the course of my research, I found that a highly basic “KGRKPR” sequence in the ε 

region of the CNV CP arm plays an important role in encapsidation of viral RNA during particle 

assembly (for details see Chapter 4). 
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1.19.3 Conformational collapse of vRNA 

 

 

The genomes of RNA viruses play multiple roles, including acting as a template for both 

translation of viral proteins and replication to produce multiple copies of RNA. As well, 

encapsidation of the replicated RNA within the protective CP shell is required for the formation 

of progeny virions. During the former two processes, the RNAs are not in a compact 

conformation; however, packaging of virion RNA requires the RNA to be compacted within the 

restricted space available within the capsid. Studies on MS2 bacteriophage and STNV have 

suggested a “2-stage cooperative mechanism” for particle assembly (173, 174). According to this 

model, it is proposed that since the size of RNA to be encapsidated is larger than the space 

available within a capsid, compaction of RNA is necessary.  This is brought about by multiple 

interactions of different regions on vRNA with CP subunits. The binding of multiple CP subunits 

with different affinities to sequences or structures distributed throughout the RNA genome 

mediates rapid condensation of RNA with a 20-30% reduction in the hydrodynamic radii. This 

multiple RNA-CP interaction forms the assembly initiation complex. The subsequent addition of 

CP subunits to the nucleating complex in a co-operative manner further collapses the RNA to a 

radius that can be accommodated in the capsid interior and particle assembly is achieved. The 

proper distribution and relative positioning of multiple low or high affinity signals on the 

genome have also been suggested to play an important role in genome condensation and 

encapsidation during the assembly process (174). 
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1.19.4 CP-mediated capturing of RNA secondary structures is compatible with capsid 

geometry  

 

 

FHV, a Nodavirus, is a bipartite (+)ssRNA virus. Both the RNA1 and RNA2 are encapsidated in 

a single T=3 icosahedral shell. The high-resolution X-ray structure of FHV suggests that ten bp 

of well-ordered dsRNA is located at each of 30 2-fold axes of the virion resulting in a regular 

distribution of RNA in the particle interior (175). Using cryo-EM of mutants having different 

RNA and CP content, it was determined that the encapsidated viral or heterologous RNA was 

organised as a dodecahedral cage of duplex RNA within the virions that sits directly beneath the 

protein shell adjacent to the CP (176). The similarity in the tertiary structure of RNA 

encapsidated in different mutants suggested that, irrespective of the nucleotide sequence and 

length of RNA, the CP is able to exploit the plasticity of RNA secondary structures, to adopt a 

conformation that is compatible with the capsid geometry.  

 

1.19.5 Replication coupled encapsidation  

 

 

For efficient encapsidation of replicating RNA into virions to produce exclusively infectious 

particles, replication is believed to occur in conjunction with encapsidation in many virus 

systems, a process referred as replication coupled encapsidation. However, different mechanisms 

for the specificity of encapsidation have been proposed for different viruses as described below. 
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1.19.5.1 Physical interaction between CP and the replication complex  

 

 

One efficient way viruses ensure selective packaging of their own RNA from a pool of cellular 

RNAs is by interaction of the CP with the replication proteins or essential components of the 

replication complex. In the case of Poliovirus assembly, RNA replication and encapsidation are 

coupled which is mediated by a direct physical interaction between the replication complex and 

the CP (177). Moreover, further studies by another group have also shown that RNA is 

assembled into virions at the site of replication which is governed by protein-protein rather than 

RNA-protein interactions (178). In this case, encapsidation of RNA does not seem to require an 

RNA packaging signal (PS) and several attempts to search for a RNA PS have failed (179). 

However, a direct physical interaction between the capsid protein VP3 and the non-structural 

protein 2C
ATPase

 is sufficient for genome packaging at the site of genome replication. Viral RNA 

released from the replication complex associates with the pentamers (generated from the 

protomers that are made up of trimers of mature CP subunits VP0, VP1 and VP3) through their 

VP3 domains. VP3 interacts with the non-structural protein 2C
ATPase

 on the surface of 

membranous replication complex and hence ensures selective packaging of replicating RNA.  

 

A recent report on STMV shows that the interaction between the N-terminal basic motif of the 

STMV CP with the helper TMV replicase plays an important role in replication and specific 

packaging of STMV RNA (151). Also, as will be described further in detail in this thesis, during 

the course of my research, I found that CNV CP directly or indirectly associates with the 

auxiliary replicase protein p33. Hence, I speculate that this association might render the 

specificity of viral RNA encapsidation during particle formation (for more details see Chapter 4).  
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1.19.5.2 Conformational change in the CP as a result of interaction with the replicase  

 

 

One of the basic criteria in the assembly process is the formation of capsid building blocks which 

is primarily initiated by forming CP dimers. Dimer formation takes place when the assembly 

incompetent capsid proteins are converted to the assembly competent state most likely by a 

conformational change (55). The conformational change in the CP was proposed to promote the 

formation of CP dimers and interestingly with an optimal conformation that only recognizes viral 

RNA for encapsidation (180-182). Studies in BMV have suggested that interaction between the 

replicase protein p2a with the newly synthesized CP at the cytoplasmic side of the ER, which is 

the site of BMV replication, induces a conformational change in the CP. This conformational 

change assymetrically upregulates the formation of (+) strand synthesis over (-) strand. 

 

1.19.5.3 Translation of CP in cis from replicating RNA and the microenvironment  

 

 

The compartment of the cell where replication and assembly of the newly replicated viral RNA 

into progeny virions takes place plays an important role in the selectivity of the encapsidation 

process. RNAs that are abundant in a particular microenvironment will largely impact the type of 

species encapsidated. Also, one of the most efficient ways by which virions can ensure selective 

packaging of replicating RNA within the CP shell is by exhibiting a direct association of the CP 

translated in cis from the viral genome with the viral RNA. Studies on FHV provide an excellent 

example. It has been shown that CP translated from the replicating RNA2 specifically 

encapsidates replicating RNA 2 in cis and RNA1 in trans, while the CP that is synthesized from 

non-replicating RNA2 encapsidates relatively higher amounts of cellular RNAs. It was 

hypothesized that FHV RNA is confined and concentrated to a cellular compartment which is in 
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the vicinity of mitochondria, which is the site of replication and this compartmentalization 

contributes to specific genome recognition and encapsidation (183). The authors provided 

evidence by showing that the N-terminal ARM of FHV targets the CP to the site of replication, 

i.e., mitochondria (160).  

 

In a separate study, a Baculovirus expression system was used to study if uncoupling of viral 

protein translation from RNA replication affects the nature of encapsidated species. It was found 

that neither RNA1 nor RNA2 were encapsidated efficiently when the CP was supplied in trans 

from a nonreplicating RNA (183). Also, particles purified from infected cells contained 

predominantly random cellular RNA, suggesting the importance of spatial coordination of RNA 

and CP synthesis in genome packaging. An intriguing hypothesis was that replication of RNA2 

is essential for the packaging of FHV RNAs because it guarantees that CP is synthesized in a 

cellular location that permits immediate access to progeny RNA1 and RNA2 (183). Whereas in 

the case of transcripts made from a nonreplicating system, after exiting the nucleus, the viral 

RNAs are translated in a separate location distal from the replication site, thereby leading to 

packaging of cellular RNAs.  

 

In the case of CNV it has been found that the CP when expressed by agroinfiltration encapsidates 

predominantly host RNA which is consistent with the results described above concerning FHV.  

However,  CNV CP mRNA is also encapsidated, and moreover, it is encapsidated more 

efficiently than other species analyzed (135).  This suggested that CP translated from CP mRNA 

encapsidates the mRNA in cis relatively strongly in comparison to encapsidation of host RNA.  

However, the TBSV p19 mRNA which is highly similar in sequence to the CNV p20 (86% 
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identical),  is also encapsidated relatively highly efficiently (135).  These latter results suggest 

viral RNAs may contain cis acting PSs which promote assembly (see below).  

 

1.19.5.4 Translation of the non-structural protein in cis from replicating viral RNA  

 

 

Due to the high error prone nature of RdRp encoded by RNA viruses, strict in vivo mechanisms 

must exist to prevent the amplification and transmission of defective viral RNAs while 

promoting the packaging of authentic viral genome among viral quasi species. A common 

mechanism to specifically encapsidate viral RNAs is the use of PSsin the RNA genome, which 

are recognized by the viral CP that can be expressed in trans from a separate sgRNA molecule 

such as in the case of BMV and RCNMV (53). A strict cis requirement for a viral structural 

protein in packaging is found in FHV as described above in Sections 1.19.2 and 1.19.5.3, where 

translation of capsid protein in cis directs packaging of replicating FHV genomic RNA by direct 

association with the RNA from which it is translated (183). Studies on a positive strand 

Flavivirus, Kunjin, has demonstrated a very good example for the cis requirement of a “non-

structural viral protein” translation in genome packaging into virus particles along with viral 

RNA replication (184). Kunjin virus RNA replicates within replication complexes located in 

virus-induced membranous structures in the cytoplasm called vesicle packets. Translation of the 

non-structural protein NS3 was shown to be involved in specific packaging of the viral genome. 

NS3 is a multifunctional protein with enzymatic activities involved in viral polyprotein 

processing, viral RNA replication and RNA capping. Additionally, NS3’s helicase has been 

shown to be involved in releasing nascent positive-stranded RNA from the replication complex. 

The 5’-triphosphatase activity of NS3 in conjunction with the methyltransferase activity of 
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another non-structural protein, NS5, caps the 5’ terminus of the released RNA. To support the 

idea of replication coupled packaging, it was hypothesized that NS3 after being translated from 

the newly synthesized RNA, remains bound with the RNA and associates with other non-

structural proteins or host factors that targets the RNA-NS3 complex to the site of virus assembly 

containing a high concentration of capsid protein. 

 

1.19.6 Packaging signals 

 

 

It is believed that viral RNAs contain one or more high affinity sequences or secondary 

structures that bind the CP subunits or oligomers to participate in capsid nucleation initiation 

events. These sites are collectively referred as the PS. Possession of these sequences or structures 

serves to help the CP in discriminating viral RNA from cellular RNA to prevent the “mis-

encapsidation” of defective viral or host RNAs. PSs could be single or multiple and can be 

present on any portion of the genome depending on the type of the virus.  

 

In TCV, the PS is located at the 3’ end of the CP ORF as a 28 nt bulged hairpin loop (185). In 

the case of SBMV, a 28 nt stem-loop structure in the putative RdRp region acts a PS (186). 

Specific secondary structures at the 5’ or 3’ UTR could also serve as a PS as found in the case of 

Hepatitis B virus (HBV) (187) and AMV (188), respectively. In a helical plant virus, TMV, the 

PS is described to be a 51 nt region bearing a stem-loop structure in the MP ORF (189). In 

RCNMV, a 34 nt stem-loop structure in the RNA2 transactivator region is characterized as a PS 

(190). FHV uses a 32 nt bulged stem-loop structure in a specific region of defective interfering 

(DI) RNA derived from RNA2 as a PS (191). The relative position of the PS within the genome 
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also plays an important role in it’s efficiency as a PS as described for Sindbis virus (192). Other 

auxiliary factors such as cellular tRNAs as well as virus-encoded tRNA-like structures at the 3’ 

UTR have been shown to participate in RNA packaging, the latter being the case for BMV (193, 

194).  

 

Studies have shown that CCMV, which is a Bromovirus like BMV does not have an apparent PS. 

The CCMV CP can encapsidate heterologous RNA in vitro with a packaging efficiency of up to 

50% that of virion RNA and the packaged RNA does not bear any apparent sequence similarity 

with CCMV gRNA (195).  

 

Owing to the limitations associated with a high affinity PS and the relatively high abundance of 

cellular RNAs over viral RNAs, affinity to a single PS alone might be insufficient to achieve 

specificity during encapsidation. As such, a co-operative packaging mechanism involving several 

weak or low affinity RNA-CP interactions is preferred and ensures selection during the assembly 

process.  There is an emerging perception that icosahedral viruses appear to bear multiple PSs, 

because for such viruses specific binding of CP to PSs throughout the RNA would also help in 

the compaction of viral RNA to accommodate the RNA within the volume of the virion (174, 

196). Viruses such as BMV (197), STNV (198), HIV-1 (199) and Feline immunodeficiency virus 

(FIV) (200) have been shown to have more than one PS. Also, previous work conducted by K. 

Ghoshal in Dr. Rochon’s lab suggests the absence of a single high affinity PS on CNV RNA 

(201). It is possible that like other icosahedral viruses, as described above, CNV RNA has 

evolved to bear several signals having different affinities towards the CP to promote 

encapsidation.  
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1.19.7 Physical size constraint 

 

 

Assembly is also influenced by the inherent curvature of the capsid that imposes an upper limit 

on the size and amount of viral genome to be encapsidated. Nucleic acid substantially larger than 

wild type genome size can’t be encapsidated within a single capsid, regardless of the presence of 

packaging signals. This phenomena has been well studied in TCV which is a 30 nm T=3 

icosahedral positive polarity ssRNA virus that encapsulates an approximate a 4 kb genome but 

not sgRNA. While analyzing the size limits for encapsidated RNA in TCV virions, Qu & Morris 

(185) observed that virions of TCV isolated from protoplasts coinfected with wild-type TCV and 

a chimeric construct of the structurally related TBSV and TCV (TBSV-TCV chimera, where the 

TBSV CP gene was replaced with the TCV CP gene) only contained the 2 kb sgRNA of the 

chimera but not the larger genomic RNA of 4.6 kb. It was postulated that to meet the criteria of 

encapsidation within the available volume of the virion interior, two copies of the 2 kb sgRNA 

(corresponding to 4 kb) are encapsidated in a virion so that the final amount of RNA closely 

resembles what is encapsidated during WT TCV infections.  In a similar coinfection assay 

performed with a truncated version of the TBSV-TCV chimera having a 4.13 kb genome, 

packaging the chimeric construct was observed (185). The authors also claimed that the presence 

of sgRNA in virions, albeit at a low level, suggests that assembly of smaller than genome size 

RNAs does indeed occur. However, the cumulative summation of smaller sized genome must be 

close to that of WT virus. The evidence for this comes from the observation that, of the two TCV 

sgRNAs of size 1.7 kb and 1.45 kb, only the smaller one is packaged although both are suggested 

to contain a packaging signal. It was proposed that possibly three 1.45 kb sgRNA are packaged 

in a single virion which would then be similar to the size of WT TCV (4.35 kb versus 4 kb). 

Collectively, these observations suggested that, despite having the required packaging signal, 
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there is a strict RNA size preference for assembly of complete TCV. Hence, the length of the 

packaged nucleic acid plays a prominent role in determining virion morphology.  

 

1.19.8 CP-CP interactions in virus assembly 

 

 

Interaction between the CP and an optimal sized RNA compatible with the interior volume of the 

capsid has been believed to be a predominant virion assembly determinant. However, in some 

cases such as Comoviruses (e.g. Cowpea mosaic virus) and Tymoviruses (e.g. Turnip yellow 

mosaic virus), capsids are predominantly stabilized by noncovalent CP-CP interactions (such as 

the van der Walls force of attraction, hydrophobic interactions, polar interactions, hydrogen 

bonds, salt bridges, disulphide linkages) and hence capsid shells can be formed in the absence of 

RNA (1, 53).  

 

1.20 Background, hypothesis and synopsis of Chapters 

 

1.20.1 Chapter 2 

 

Background 

 

Because of the small size of the genome and its limited coding capacity, CNV is dependent on 

interaction with host cellular components to complete its multiplication cycle.  A potential 

candidate for such processes could be members of the HSP70 family; both due to their 

abundance and multiple roles in cellular phenomena. Also, previous work in Dr. Rochon’s lab 

has shown that 1-5% of the CP is targeted to chloroplast during infection (24) and as described in 
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Section 1.12, HSP70 plays an important role in chloroplast targeting of cytoplasmically 

synthesized preproteins (99).  

 

Hypothesis 

 

In this chapter, I hypothesized that HSP70 is induced during CNV infection. I also hypothesized 

that the induced HSP70 is recruited by CNV at several stages of the multiplication cycle, such as 

for CP accumulation, CP solubilisation, chloroplast targeting and particle assembly.  

 

Synopis 

 

I found that CNV co-opts a highly CNV-induced host factor, HSP70, and that HSP70 homologs 

play multiple roles during several stages of the CNV multiplication cycle. Using Next 

Generation Sequencing (NGS) and Western blot analyses, respectively, I found that several 

isoforms of Hsp70 and Hsc70 transcripts are induced to very high levels during CNV infection 

of N. benthamiana and that HSP70 proteins are also induced by at least 10 fold, possibly as a 

result of the host response to the high levels of CNV proteins that accumulate during infection.  

Moreover, I have found that CNV co-opts HSP70 family homologs to facilitate several aspects 

of the CNV infection process such as viral RNA, CP and virus accumulation. Downregulation of 

HSP70 homologs also interferes with the chloroplast targeting of CNV CP. Since, chloroplasts 

play an important role in plant defence, targeting of CP to chloroplasts with the help of HSP70 

homologs may aid in CNV suppression of host defense responses. 
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1.20.2 Chapter 3 

 

Background 

 

Virus particles must disassemble and release their nucleic acid in order to establish infection in a 

cell.  Despite the importance of disassembly in the ability of a virus to infect its host, little is 

known about this process, especially in the case of non-enveloped spherical RNA viruses. 

HSP70 homologs have previously been shown to play an important role in disassembly of large 

oligomeric complexes as well as uncoating of several animal viruses as described in Sections 

1.12 and 1.14 respectively. Also, in Chapter 2, I found that HSP70 interacts with CNV CP both 

in vivo and in vitro and plays multiple roles at several stages of the multiplication cycle. Hence, 

in Chapter 3, I extended my previous observations and examined a potential role of HSP70 

homologs in the CNV disassembly process.  

 

Hypotheis 

 

I hypothesized that HSP70 is bound to CNV virions and that in conjunction with additional 

cytoplasmic HSP70 homologs promotes the uncoating process of CNV by triggering a 

conformational change in the capsid.  

 

Synopsis 

 

Using Western blot analysis and mass spectrometry, I found that the HSP70 homolog, Hsc70-2, 

copurifies with CNV particles. Virus overlay and immunogold labelling assays suggest that 
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Hsc70-2 is physically bound to virions. Furthermore, trypsin digestion profiles suggest that the 

bound Hsc70-2 is partially protected by the virus indicating an intimate association with 

particles. To investigate a possible role of Hsc70-2 in particle disassembly, I showed that 

particles incubated with Hsp70/Hsc70 antibody produce fewer local lesions compared to 

prebleed control antibody on C. quinoa. In conjunction, CNV virions purified using CsCl and 

having undetectable amounts of Hsc70-2 produce fewer local lesions. I also showed that plants 

with elevated levels of HSP70/Hsc70 produce higher numbers of local lesions following CNV 

inoculation. Finally, incubation of recombinant N. benthamiana Hsc70-2 with virus particles in 

vitro leads to conformational changes or partial disassembly of capsids as determined by TEM 

and particles are more sensitive to chymotrypsin digestion. Taken together, the data points to an 

important role of the host factor, Hsc70-2, in CNV disassembly process. 

    

1.20.3 Chapter 4 

 

Background 

 

Encapsidation of viral RNA by CP molecules is a crucial aspect of the virus assembly process. 

Positively charged amino acids in the CP subunits play an important role in interacting with viral 

RNA at least in part via electrostatic interactions and hence encapsidation and assembly into a 

complete virion. The cryo-EM structure of the CNV particle suggests that it consists of two 

concentric shells with viral RNA sandwiched between the shells (13). Previous work in Dr. 

Rochon’s lab has identified a highly basic “KGKKGK” sequence in the RNA binding domain of 

the CP that plays an important role in the encapsidation of full-length viral RNA and in particle 

morphology (62). 
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Hypothesis 

 

In this chapter I hypothesized that basic residues in the ε region of the CP arm may play a role in 

particle assembly, stability and encapsidation of full-length viral RNA.  

 

Synopsis 

 

I found that the ε region of the CNV CP arm contains a highly basic “KGRKPR” sequence which 

in C subunits lines the inner side of the outer shell at the 2-fold axis and coincides with viral 

RNA. Multiple sequence alignment of this region across several genera in the Tombusviridae 

showed conservation of basic aa residues.  Seven different mutants were constructed in the CNV 

ε region in which the basic residues were mutated to alanine (A) individually, in pairs or in total. 

Although CP production was affected for each mutant, particle accumulation was affected 

proportionately more, especially for mutants with two or four aa substitutions, suggesting that 

the basic aa in the KGRKPR sequence affect particle assembly and accumulation.  Double and 

quadruple “KGRKPR” mutants produced T=1 particles as well as T=3 particles suggesting the 

importance of “KGRKPR” sequence in determining virion morphology. Significantly more 

truncated RNA species are encapsidated in double or quadruple mutants suggesting that 

encapsidation of full-length CNV RNA requires these basic aa residues in the ε region. 

Interestingly, “KGRKPR” mutants encapsidate a significantly higher proportion of host RNA 

than WT CNV suggesting that the ε region plays a role in selective encapsidation of viral RNA 

over host RNA. Taken together, the data presented in this chapter assisted in mapping the RNA 

binding sites on CNV CP. 
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 Chapter 2:  Cucumber necrosis virus recruits cellular heat shock protein 70 homologs at 

several stages of infection
2
 

 

2.1 Introduction 

 

  

CNV is a positive strand RNA virus in the genus Tombusvirus, Family Tombusviridae (7). The 

CNV genome is monopartite and consists of approximately 4.7 kb of positive polarity single-

stranded RNA. The genome contains five ORFs which encode five different proteins: the 

auxiliary replicase factor (p33), the RNA dependent RNA polymerase (RdRp) (p92), the coat 

protein (CP) (p41), the movement protein (p21) and the silencing suppressor (p20) (Figure 

2.2.1A). The UAG stop codon of the p33 ORF is read through to produce the RdRp. p33 and p92 

comprise part of the viral replicase which also consists of host components (40). p33 and p92 are 

translated from gRNA. The CP ORF, being present on an internal region of the genome, is 

translated from a sgRNA of ~2.1 kb. p21 and p20, which are translated from the overlapping 

ORFs 4 and 5, are expressed from a second sgRNA of ~0.9 kb (16). p20 is translated following 

leaky scanning of the p21 AUG codon (20).  

 

The CNV capsid is a T=3 icosahedron that consists of 180 identical CP subunits. The CNV CP 

has three distinct domains: the “R” domain, which is the N-terminal RNA binding domain that 

interacts with viral RNA and forms the inner shell; the “S” or shell domain which constitutes the 

outer shell and the “P” or protruding C-terminal domain, which projects as dimers from the 

surface of the shell. The “a” or arm region flexibly tethers the R and S domains allowing for the 

quasi-equivalent subunit interactions required for T=3 icosahedral symmetry (202).  

                                                 
2
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necrosis virus recruits cellular heat shock protein 70 homologs at several stages of infection. J. Virol 90:3302–
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The arm region can further be divided into the β region which is hydrophobic and the ε region 

which contains several basic residues. The “S” and the “P” domains are connected by a short 

flexible hinge, “h”. 
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Figure 2.1: Features of CNV CP.  

(A) Genome organization of CNV showing the five ORFs and their encoded proteins. The start 

sites and sizes of sgRNA1 and sgRNA2 relative to gRNA are also shown. The CP ORF is 

expanded and the three main domains R, S and P along with the arm region (including the β and 

ε regions) and hinge (h) are shown. The region of the CP that contains the chloroplast transit 

peptide-like sequence is underlined. (B) Diagrammatic representation of two cleavage events that 

take place during targeting of the CNV CP to chloroplasts. The first cleavage is near the R/arm 

junction resulting in a N-terminal truncated CP where the chloroplast transit peptide is at the N-

terminus of the protein.  The second cleavage is within the arm followed by a third cleavage near 

the arm/S junction.  This cleavage occurs within the stroma likely via the stromal processing 

peptidase (59). 
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Plant and animal RNA viruses are agriculturally and medically important viruses. RNA viruses, 

having small genomes, are highly dependent on their hosts and have evolved to co-opt host 

components as a part of their multiplication strategy (19, 56, 203). In the course of virus 

multiplication, a large number of proteins are synthesized in a relatively short period of time, 

whereby protein folding can become a limiting step. Many viruses therefore recruit cellular 

chaperones during their multiplication cycle (19, 56, 204).  

 

Heat shock protein 70 (HSP70) family homologs including Hsp70 (heat shock 70 kDa protein) 

and Hsc70 (heat shock cognate 70 kDa protein) chaperones are central components of the 

cellular chaperone network and are frequently recruited by viruses (19, 56, 204, 205). Hsp70 is 

activated under stress conditions such as heat, virus infection and oxidative stress (56, 68, 78, 

205-212).  Hsc70 is expressed constitutively but can also be induced by environmental stresses 

such as thermal and pesticide stress as well as virus infection (79, 80, 205, 213, 214). It has also 

been found that Hsp70 and Hsc70 may complement each other in a synergistic manner to 

preserve cellular integrity during metabolic challenges (81).  

 

The primary function of HSP70 family chaperones is to fold unfolded or misfolded proteins and 

maintain proteins in a soluble, yet conformationally dynamic state (68, 78, 82, 215). HSP70 

homologs play an important role in the assembly of large macromolecular protein complexes 

(92-98) including the assembly of viruses such as Reovirus, Hantavirus, Polyomavirus, SV40, 

Closteroviruses, Potyvirus, Enteroviruses, Papillomaviruses and HIV I (52, 110, 123-129). A 

virally encoded chaperone have been found to promote the folding of the major capsid protein of 

ASFV (130). HSP70 homologs have also been found to be involved in the cell-to-cell movement 
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of Closteroviruses and Tomato yellow leaf curl virus (TYLCV) (126, 216, 217). Hsc70 has been 

found to interact with the coat protein and virions of Pepino mosaic virus and colocalizes with 

virions in the phloem of infected plants (213). HSP70s have also been found to be involved in 

the assembly of the replicase complex of TBSV and RCNMV (17, 118) and positively regulate 

the replication process of several other RNA viruses including Potyviruses, Pepino mosaic virus, 

Rabies virus, Rice stripe virus, Tomato yellow leaf curl virus and Respiratory syncitial virus (52, 

119-121, 218). Hsp70 is found to be associated with the replicase complex, and plays a role in 

the insertion of the replicase complex into peroxisomal membranes during TBSV infection (17, 

18, 40). It has also been found to interact with the replicase complex of CNV and to promote the 

replication process (17, 40).  

  

Hsp70 or Hsc70 have both been found to play an important role in the chloroplast import of 

nuclear encoded cytosolic preproteins by interacting with transit peptides (containing chloroplast 

targeting sequences) located near the N-terminus of the preproteins (76, 99). Most chloroplast 

transit peptides (approximately 82%) have the capacity to bind Hsp70 or Hsc70 (100-102). After 

navigating through the cytoplasm to chloroplasts, the preproteins encounter the translocon at the 

outer and inner envelope of the chloroplast. During or after translocation, the transit peptide is 

cleaved off by the stromal processing peptidase (SPP) in the stroma (103) and the mature 

proteins are then released and folded (76). A stromal HSP70 has also been shown to participate 

in uptake of preproteins into the chloroplast (219). Previous work in Dr. Rochon’s lab has shown 

that approximately 1-5% of the total CNV CP present in a cell during infection of Nicotiana 

benthamiana is found within chloroplasts (220). The N-terminus of the CP is cleaved near the 

R/arm junction to yield a protein (34.7 kDa) which is functionally equivalent to a chloroplast 



60 

 

preprotein. This chloroplast preprotein is targeted to chloroplasts followed by a second cleavage 

within the arm to yield a 32.9kDa species that resides in the chloroplast inter membrane space. 

Once the 32.9 kDa species enters the stroma, it is further cleaved to a 31.1 kDa product (Figure 

2.2.1B) (220). It has been postulated that N. benthamiana HSP70 family homologs bind the CP 

preprotein in the cytoplasm and promote its targeting to chloroplasts (220). 

 

Next generation sequence analysis shows that the mRNAs of several isoforms of Hsp70 and 

Hsc70 are highly induced during CNV infection and that the proteins of one or both isoforms are 

also strongly induced. I confirmed that HSP70 homologs play a role in CNV RNA accumulation 

during infection in both N. benthamiana and Chenopodium quinoa. I also showed that 

overexpression of cytosolic Hsc70-2 promotes both CP accumulation and virion assembly and 

that the presence of Hsc70-2 assists in folding of CNV CP in vitro. Additionally, downregulation 

of HSP70 is associated with decreased chloroplast targeting, suggesting the involvement of 

HSP70 homologs in transport of CNV CP chloroplast. 

  

2.2 Materials and methods  

 

2.2.1 Transcript inoculation  

 

 

Approximately 1.5 μg (in 110 μl) of T7 polymerase run-off transcripts of an infectious CNV 

cDNA clone (pK2/M5) was used to inoculate 3-4 leaves of 4-6 week old N. benthamiana as 

previously described (31). Aliquots of transcript reaction mixtures were routinely examined by 

agarose gel electrophoresis to check the quality and quantity of transcripts produced. 
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2.2.2 SDS-PAGE and Western blot analysis 

 

 

Total leaf protein (TLP) samples were obtained by grinding leaf tissue to a fine powder in liquid 

nitrogen and mixing 100 mg with 350 μl of 1.4X LDS  protein denaturation buffer with sample 

reducing agent according to the manufacturer’s recommended protocol (NuPAGE, Thermo 

Fisher Scientific). TLP containing sample reducing agent was electrophoresed through NuPAGE 

4-12% Bis-Tris gels (Thermo Fisher Scientific), blotted onto polyvinylidine difluoride (PVDF) 

membranes (Bio-Rad) and probed with either a monoclonal antibody that detects both Hsc70 and 

Hsp70 (ADI-SPA-820-F, 1mg/ml, Enzo Life Sciences) (referred to as HSP70 antibody hereafter) 

or a rabbit polyclonal antibody specific to bacterially expressed CNV CP S and P domain 

sequences (SP antibody). Antigen-antibody complexes were detected with peroxidase labelled 

goat anti-mouse or anti-rabbit antibodies as appropriate (Sigma-Aldrich).  

 

2.2.3 SYPRO Ruby and Ponceau S staining 

 

 

TLP samples were subjected to NuPAGE (Thermo Fisher Scientific) followed by staining with 

SYPRO Ruby protein gel stain (Thermo Fisher Scientific) as recommended by the 

manufacturer’s protocol. Ponceau S staining of PVDF membranes was conducted by immersing 

blots in staining solution [0.2% Ponceau S (Sigma-Aldrich), 0.5% glacial acetic acid] for 2-3 h 

followed by several successive washes with distilled water. Ribulose-1,5-bisphosphate 

carboxylase/oxygenase (Rubisco) was used as the control to standardize the mass of total protein 

loaded onto the gel. 
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2.2.4 Transcriptome analysis by next generation sequencing (NGS) 

 

 

Two to three leaves on 2-3 N. benthamiana plants (4-6 weeks old) were inoculated with 

infectious CNV transcripts as described above. For mock inoculations, plants of the same age 

and leaves at identical developmental stages were rubbed with 10 mM sodium phosphate buffer, 

pH 7.0 following dusting of leaves with abrasive carborundum. At 3 dpi, both mock and CNV 

infected leaf tissue were collected and ground to a fine powder in liquid nitrogen. Total leaf 

RNA (TLR) was extracted from 100 mg of ground material using the RNeasy Plant Mini Kit 

(Qiagen) according to the manufacturer’s instructions which included DNase I on-column 

treatment, to remove contaminating DNA. rRNA was removed from TLR using an rRNA 

depletion step (Applied Biological Materials, Cat. No. IR16002) and then subjected to NGS 

analysis using the Illumina Platform (Applied Biological Materials).  

 

Following quality control analyses and trimming of sequences, reads from CNV infected leaf 

tissue were mapped to the CNV genomic RNA sequence (NCBI accession number M25270) and 

unmapped reads were collected. Residual rRNA and tRNA reads from CNV infected and mock 

infected leaves were mapped to N. tabacum cytoplasmic (NCBI accession numbers AF479172 

and AJ236016), mitochondrial (NCBI accession number BA000042) and chloroplast rRNAs 

(NCBI accession number Z00044), as well as the corresponding tRNAs of Solanum tuberosum 

(http://plantrna.ibmp.cnrs.fr) (221). Unmapped reads were collected for further analysis using the 

CLC Genomics Workbench v7.5. Reads were mapped to the N. benthamiana transcriptome (N. 

benthamiana v5 transcriptome, 

http://sydney.edu.au/science/molecular_bioscience/sites/benthamiana/) (222). Approximately 10 

million and two million reads were obtained from mock and CNV infected leaves respectively. 

http://plantrna.ibmp.cnrs.fr/
http://sydney.edu.au/science/molecular_bioscience/sites/benthamiana/
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Sequences that mapped to the N. benthamiana transcriptome were identified based on the 

annotations in the downloaded N. benthamiana transcriptome. Reads corresponding to N. 

benthamiana genes annotated as “heat shock 70 kDa protein” or “heat shock cognate 70 kDa 

protein” (all isoforms including those annotated as “probable” or “similar to”, excluding 

mitochondrial or chloroplast isoforms) were compiled. The accuracy of all the annotations was 

checked by BLAST analysis against the NCBI database and adjusted accordingly. Reads were 

converted to reads per kilobase per million (RPKM) and a heat map from the log2 transformed 

values was constructed for visualization of data.  Parameters used for creating the heat map, 

using the CLC Genomics Workbench v7.5, utilizing the hierarchical clustering feature under the 

clustering tool, were as follows: Euclidean distance was selected as a measure of the distance and 

average linkage was selected as a cluster-linkage criterion. 

  

2.2.5 Heat shock of Chenopodium quinoa 

 

 

Chenopodium quinoa (a CNV local lesion host) plants of identical age were heat-shocked (HS) 

at 48 ̊C for 30 min and allowed to recover for 2 h at 26 ̊C as described for HS treatment of 

Arabidopsis thaliana (223). Untreated plants of the same age were kept at 26 ̊C. After recovery, 

leaves at comparable positions in heat-treated or untreated plants were rubbed with carborundum 

and then immediately inoculated with 4 ng of CNV particles (10 ul). Four to six leaves per plant 

were inoculated and 2-3 plants were used per treatment. Samples were collected at time points 

indicated in the figure legend (Figure 2.4).  
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For local lesion assays, 10 ul of CNV particles (0.004 ng/ul) were used to inoculate heat-shocked 

and untreated plants of identical age. Comparable leaves with respect to developmental position 

on the plant (12-20 leaves per treatment) were analyzed for the size of lesions using ImageJ 

software (http://imagej.nih.gov/ij/) at 7 dpi. Photographs were taken at 7 dpi (Nikon Camera 

Control Pro 2 version 2.14.0). GraphPad software was used to evaluate statistical differences 

between the size of local lesions in heat-shocked and untreated plants using a Student’s t-test. 

Probability values (p) less than 0.05 were considered as indicating statistically significant 

differences.  

 

2.2.6 Production and purification of CNV VLPs 

 

 

N. benthamiana plants were agroinfiltrated with pCNVCPpBin(+) which is a binary vector that 

expresses the CNV CP, as described previously (135). Agroinfiltration was performed in the 

presence of pNbHsc70-2/pBin(+) which encodes N. benthamiana Hsc70-2 (see below) or 

pGFP/pBin(+) which expresses GFP as a control. I also included pTBSVp19/pBin(+) to express 

the silencing suppressor TBSV p19 (224) to increase protein levels in co-agroinfiltrated plants. 

The OD600nm of cultures used for agroinfiltration was 1.0 for each construct.  VLPs were purified 

from approximately 5 to 10 g of tissue using a previously described protocol (21, 225) with some 

modifications. Agroinfiltrated leaf material was ground in liquid nitrogen and added to at least 5 

volumes of 100 mM NaOAc pH 5.0 containing 20 mM β-mercaptoethanol. The slurry was 

gently rotated at 4°C for at least 1 h and then spun at 8000 x g for 15 min at 4°C to remove plant 

debris. The supernatant was passed through twolayers of Miracloth (Calbiochem) and the 

solution was adjusted to 8% polyethylene glycol (PEG8000, Sigma-Aldrich) and incubated for at 

http://imagej.nih.gov/ij/
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least 2 h at 4°C with constant stirring. The virus was pelleted at 10,000 x g for 20 min at 4°C 

then resuspended in 300-600 µl of 10 mM NaOAc, pH 5.0, depending on size of the pellet. The 

virus was subjected to constant rotation at 4°C overnight, and then centrifuged again at 15,000 x 

g for 20 min at 4°C. The supernatant (containing virions) was collected and stored at 4°C until 

further use. 

 

2.2.7 Virus purification 

 

 

A miniprep procedure was employed to purify CNV particles (225) for comparative studies in 

Hsp70 or Hsc70 upregulation and downregulation experiments. Virus concentration was 

determined by co-electrophoresis of virus particles with highly purified CNV particles of known 

concentration extracted by a differential centrifugation technique as described previously (30). 

The concentration of the highly purified virus particles was determined spectrophotometrically 

(absorbance at 260 nm of a 1 mg/ml suspension of CNV is 4.5). 

  

2.2.8 Agarose gel electrophoresis of purified particles 

 

 

Virus particles were electrophoresed through 1% (w/v) agarose gels in TB buffer (45 mM Tris, 

45 mM borate, pH 8.3) as described previously (30). Virions were stained with ethidium bromide 

(EtBr) in the presence of TB buffer containing 1 mM EDTA and photographed under ultraviolet 

illumination (Gel Doc, Alpha Innotech Corporation) (59). Electrophoresis of VLPs was 

conducted by using  2% (w/v) agarose gels in TB buffer for 2 h as described previously (21) 

followed by ethidium bromide and SYPRO Ruby staining to visualize ribonucleoprotein 
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complexes. Known concentrations of CNV particles (as determined by spectrophotometry, see 

above) were used as mass standards. 

 

2.2.9 TLR extraction and electrophoresis 

 

  

Two to three leaves from two plants were ground in liquid nitrogen to a fine powder and 100 mg 

was used for RNA extraction using phenol/chloroform as described previously (202). RNA to be 

used for droplet digital PCR (ddPCR) was purified as described above using an RNeasy Plant 

Mini Kit which included DNase I treatment. RNA was analyzed by electrophoresis through 1% 

agarose gels buffered in 0.5 X TBE (45 mM Tris, 45 mM boric acid, 1 mM EDTA, pH 8.0) and 

visualized by staining with EtBr as previously described (30). 

 

2.2.10 ddPCR  

  

 

Reverse transcription polymerase chain reaction (RT-PCR) was conducted using 250 ng of 

purified total leaf RNA using Superscript III enzyme (Thermo Fisher Scientific). Gene specific 

reverse primers (see Table 2.1) for either CNV RNA (NCBI accession number M25270) i.e. 

CNV386R corresponding to the reverse complement of CNV nts 924-945 or N. tabacum 

cytoplasmic 18S rRNA (NCBI accession number AJ236016) i.e. 18S1R corresponding to the 

reverse complement of nts 1652-1673 were used in the reverse transcription reaction according 

to the manufacture’s recommended conditions. A combination of primers CNV387F, 

corresponding to CNV nts 749-769, and CNV388R corresponding to the reverse complement of 

CNV nts 846-868 was used to amplify CNV cDNA. 18S rRNA primers, 18S2F corresponding to 
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nts 924-945 and 18S3R corresponding to the reverse complement of nts 1117-1135 were used to 

amplify 18S rRNA cDNA. A pilot experiment was conducted to determine the optimal 

conditions for quantitative assessment of CNV RNA and 18S rRNA levels. ddPCR was 

conducted and the data were analyzed according to the manufacturer’s (Bio-Rad, QX200
TM 

ddPCR
TM

) protocol.  

 

2.2.11 Cloning of pNbHsc70-2 cDNA and construction of pNbHsc70-2/pBin(+) and 

pNbHsc70-2/GFP/pBin(+)  

  

 

cDNA clones of the complete coding region of N. benthamiana Hsc70-2 RNA were produced 

using Gibson assembly (226).  Four to six week old N. benthamiana plants were heat-shocked at 

42 ̊C for2h as described (205) and TLR was extracted using the RNeasy Plant Mini Kit. First 

strand cDNA synthesis was conducted using the reverse primer GA2R (see Table 2.1) which 

corresponds to the 3’ terminal region of N. tabacum Hsp70 ORF (NCBI accession number 

AY253326) according to the manufacturer’s recommended conditions (Thermoscript, Thermo 

Fisher Scientific). The underlined region represents the overlapping region complementary to 

the intermediate cloning vector pBBI525 and the remaining sequences correspond to the 

complement of the 3’ terminal 23 nts of the N. tabacum Hsp70 ORF including the stop codon 

(shown in italics, Table 2.1).  

 

Hsp70 cDNA was amplified using a degenerate forward primer, GA1F, and GA2R as reverse 

primer. GA1F contains pBBI525 overhangs (indicated as underlined) and includes an ATG 

initiator codon (shown in bold as well as italics, Table 2.1). The degenerate primer was designed 

based on an alignment of N. tabacum Hsp70 sequences (NCBI accession numbers AY253326, 
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AB689673 and AY372071) and Solanum lycopersicum Hsp70 (NCBI accession number 

FR828679). (It is noted that although the N. tabacum genes were indicated as being Hsp70 in the 

NCBI data base, subsequent BLAST searches showed that they are more closely related to 

Hsc70).   

 

pBBI525 was amplified using primer pBBI525F corresponding to nts 800-820 and primer 

pBBI525R which corresponds to the reverse complement of pBBI525 nts 776-797. Gibson 

assembly of the amplified Hsp70 cDNA and pBBI525 fragments was conducted using the 

Gibson Assembly Cloning Kit (New England Biolabs) as per the manufacture’s 

recommendations. The Hsp70 region of the resulting clone pNbHsp70/pBBI525 was sequenced 

and found to be 99% identical to N. benthamiana Hsc70-2 (Nbv5tr6412958) (the sequence is 

available through the University of Sydney N. benthamiana database; 

http://sydney.edu.au/science/molecular_bioscience/sites/benthamiana/index.php) (referred to as 

NbHsc70-2, see Appendix A.2 for complete nucleotide sequence of the clone). The resulting 

construct, pNbHsc70-2/pBBI525, was digested with SmaI, HindIII and BglI and the 2.9 kb 

fragment, containing the duplicate 35S promoter,  the Hsc70-2 insert and the NOS terminator, 

was cloned into SmaI, HindIII digested pBin(+). The sequenced pNbHsc70-2/pBin(+) construct 

was transformed into Agrobacterium tumefaciens strain GV3101/c58c1 (PMP90) and used for 

agroinfiltration of N. benthamiana leaves as described below. 

 

The Hsc70-2 GFP fusion construct, pNbHsc70-2/GFP/pBin(+) was constructed by Gibson 

assembly technology by performing PCR on pNbHsc70-2/pBBI525 using the forward primer 

GA11F and the reverse primer GA12R (see Table 2.1). The GFP ORF was amplified from an 

http://benth-web-pro-1.ucc.usyd.edu.au/blast/get_sequences.cgi?database=db/Nbv5tr&hit_count=1&alignment_seq_1=Nbv5tr6412958%20Heat%20shock%20cognate%2070%20kDa%20protein%202%20(probable)
http://sydney.edu.au/science/molecular_bioscience/sites/benthamiana/index.php
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existing plasmid using the forward primer GA13F and reverse primer GA14R. The Gibson 

assembly reaction of the resulting fragments was conducted as per the manufacture’s 

recommendations. After confirmation by sequencing, the resulting clone pNbHsc70-

2/GFP/pBBI525 was digested with SmaI, HindIII and BglI. The 3.3 kb fragment containing the 

duplicate 35S promoter, the Hsc70-2/GFP insert and the NOS terminator, was cloned into SmaI 

and HindIII digested pBin(+). The sequenced pNbHsc70-2/GFP/pBin(+) construct was 

transformed into A. tumefaciens strain GV3101/c58c1 (PMP90) and used for agroinfiltration of 

N. benthamiana leaves as described below.  

 

2.2.12 Cloning and purification of bacterially expressed N. benthamiana Hsc70-2 

[pNbHsc70-2/His7/pET24D(+)] 

  

 

N. benthamiana Hsc70-2 was cloned into a bacterial expression vector pET24D(+) (Novagen) 

with 7X His tags at the C-terminus (NbHsc70-2/His7) using the Gibson assembly cloning 

strategy. pET24D(+) was amplified using the forward primer GA15F, corresponding to 

pET24D(+) nts 168 to 203 and the reverse primer GA16R corresponding to pET24D(+) 

nucleotides 43 to 87 (see Table 2.1). Hsc70-2 was amplified from pHsc70-2/pBBI525 with 

pET24D(+) overhangs using the forward primer GA17F and the reverse primer GA18R.  

 

After confirmation of the clone through sequencing, the DNA was transformed into E.coli BL21 

RIL cells (Thermo Fisher Scientific). Isopropylthio-β-galactoside (IPTG) (Thermo Fisher 

Scientific) (1 mM) was used to induce 500 ml of log phase (OD600nm = 0.6-0.8) bacterial culture. 

NbHsc70-2/His7 was purified under denaturing conditions from the total (soluble and insoluble) 

lysate using TALON Superflow metal affinity resin (Clontech) using methods recommended by 
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the manufacturer. The purified recombinant protein was concentrated using 2 ml centrifuge 

filters (Amicon) with a 50 kDa nominal molecular weight limit Centricon filter (Millipore) and 

quantified by running several dilutions on a SDS-PAGE using bovine Hsc70/Hsp73 (ADI-SPP-

751-D, Enzo Life Sciences) (referred to as bovine Hsc70) as mass standards. The purified protein 

was stored at 4 ̊C in the presence of 1X cOmplete™ EDTA-free Protease Inhibitor (Roche). 

 

2.2.13 Agroinfiltration  

 

 

For transient gene expression in N. benthamiana, agroinfiltration was performed as described 

previously (220).  

 

2.2.14 In vitro CP solubilisation assay  

 

 

100 μg of purified CNV particles were dissociated in 300 μl disassembly buffer [5.4 M 

guanidine-HCl, 270 mM NaCl, 45 mM NaPO4, pH 7.0] containing  80 units  of RNaseOut 

(Thermo Fisher Scientific), 1 mM DTT and  1X cOmplete™ EDTA-free Protease Inhibitor 

(Roche). The reaction was incubated at room temperature (RT) for 30 min then placed into a 3.5 

kDa molecular weight cut off dialysis cassette (Thermo Fisher Scientific). A step-wise dialysis 

was performed against guanidine-HCl at concentration of 4 M, 3 M and 2 M each in buffer A (50 

mM NaPO4, 300 mM NaCl, pH 7.0) for at least 1 h at 4 ̊C.   

 

Solution was removed from the dialysis bag and mixed with either 100 ul (200 ug) of purified 

NbHsc70-2/His7 in buffer A or 100 ul (200 ug) Bovine serum albumin (BSA) in buffer A or with 
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100 μl of buffer A only. The mixtures were then transferred to another dialysis cassette and 

dialyzed against successively against 1 M, 0.5 M and 0 M guanidine-HCl in Hsc70-2 binding 

buffer (10 mM Tris-HCl, pH 7.0, 5 mM MgCl2, 5 mM CaCl2, 50 mM KCl, 1 mM DTT, and 1 

mM ATP) containing 1X cOmplete™ EDTA-free Protease Inhibitor at least for 1 h. A further 

dialysis was performed for 2 h at 4 ̊C as described above in the Hsc70-2 binding buffer.  

 

The solution was then taken out of the dialysis bags and allowed to stand overnight at 4 ̊C. The 

solutions were removed and equal aliquots of each mixture were centrifuged at 10,000 x g for 2 

min at 4 ̊C. The supernatant was saved and adjusted to 1X LDS buffer and the pellet was 

resuspended in 1X LDS/6 M urea in a volume equivalent to that of the supernatant. For analysis, 

equal volumes of the pellets and supernatants were subjected to Western blot analysis using the 

CNV antibody SP. 

 

2.2.15 Quercetin treatment  

 

 

A 100 mM quercetin (Sigma-Aldrich) stock solution was prepared in 100% DMSO (17). Four to 

six week old N. benthamiana plants were infiltrated with a 1 mM solution of quercetin (diluted 

from the stock solution in 10 mM sodium carbonate buffer, (Na2CO3) pH 9.6. Plants were mock 

infiltrated with an equivalent amount of DMSO (1%) in 10 mM Na2CO3 buffer, pH 9.6. At 10 

min post-infiltration, the leaves were patted dry, dusted with carborundum and inoculated with 5 

ng of WT CNV particles in 25 mM KPO4 buffer, pH 6.8. 
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2.2.16 Co-immunoprecipitation  

 

 

Protein G Sepharose beads (Protein G Sepharose 4 Fast Flow, GE Healthcare) were bound to 

CNV polyclonal or prebleed antiserum and cross-linked by incubating the beads with 1X PBS 

containing 0.05% glutaraldehyde (Sigma-Aldrich) for 2 h at RT. The beads were washed free of 

non-cross-linked IgG using 0.1 M glycine, pH 2.7. Beads were washed immediately; once with 

10 mM Tris HCl, pH 9.0 and twice with 20 mM NaPO4, pH 7.0. The antibody conjugated resin 

was stored at 4 ̊C overnight.  

 

Four to six week old N. benthamiana plants were co-agroinfiltrated either with pCNVCPpBin(+) 

plus pTBSVp19/pBin(+) or  empty vector (EV) plus pTBSVp19/pBin(+).  Atfour days post 

agroinfiltration (dpai), approximately 8-10 g of leaf material was collected and homogenized in 

1X homogenization buffer [(50 mM HEPES, 75 mM NaCl, 10 mM EDTA, 5 mM DTT, pH 7.3 

and 1X EDTA-free cOmplete™ Protease Inhibitor Cocktail (Roche)]. The homogenate was 

filtered through two layers of Miracloth and two layers of cheese cloth. The filtrate was 

incubated with antibody conjugated beads (as described above) in 1X homogenization buffer 

containing 0.1% Triton X100 for 1 h at 4 ̊C. The beads were washed 7X times with wash buffer 

[50 mM HEPES, 125 mM NaCl, 10 mM EDTA, 5 mM DTT, pH 7.3 and 1X EDTA-free 

cOmplete™ Protease Inhibitor Cocktail (Roche)] before elution with 1 ml of hot protein 

denaturation buffer (1X LDS at 70 ̊C, Thermo Fisher Scientific). Equal volumes of eluent from 

CNV polyclonal antibody bound beads from both samples were analyzed by Western blot 

analysis using HSP70 antibody.  
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2.2.17 Mass spectrometry 

 

 

Co-immunoprecipitated samples were analyzed by mass spectrometry using the University of 

British Columbia’s Center for High-Throughput Biology. Formaldehyde isotopologues were 

used to differentially label the control sample [EV and pTBSVp19/pBin(+)] and the experimental 

sample [pCNVCPpBin(+) and pTBSV p19/pBin(+)]. Equal volumes of the differentially labelled 

control and experimental samples were pooled and electrophoresed into an SDS PAGE for 4 mm 

and the single unresolved band was excised from the gel and digested with trypsin followed by 

liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. Predicted peptides 

were blasted against the SWISS-PROT database (http://web.expasy.org/docs/swiss-

prot_guideline.html).  

 

2.2.18 Confocal microscopy 

 

 

Four to six week old N. benthamiana plants were co-agroinfiltrated with pNbHsc70-

2/GFP/pBin(+) and pTBSVp19/pBin(+) or with pGFP/pBin(+) and pTBSVp19/pBin(+) using 

cultures adjusted to OD600nm =1.0.  Leaf samples were analyzed at 3 dpai using a Leica TCS SP2-

AOBS microscope as described previously (32). 

 

2.2.19 Temperature sensitivity assay 

  

CNV virions (600 ng) were incubated with Hsc70 binding buffer [10 mM Tris-HCl, pH 7.5, 50 

mM potassium chloride (KCl), 5 mM magnesium chloride (MgCl2), 1mM dithiothreitol (DTT), 1 

http://web.expasy.org/docs/swiss-prot_guideline.html
http://web.expasy.org/docs/swiss-prot_guideline.html
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mM adenosine triphosphate (ATP)], BSA or NbHsc70-2/His7 in binding buffer in the presence of 

1X cOmplete EDTA-free protease inhibitor as previously established for Hsc70 (227, 228) with 

some modifications. The mixture was incubated at 25 ̊C. After a 3.5 h incubation period, the 

reaction mixture was subjected to increasing temperatures (25°C-75°C) for 30 min followed by 

agarose gel electrophoresis through a 1% agarose gel buffered in TB for 1 h. The gel was stained 

with EtBr to stain virion RNA.  
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Table 2.1:  Oligonucleotides used for RT-PCR, PCR and ddPCR 

 

 

Primer 

name
a
 

Sequence from 5’ to 3’ 

direction
b
 

Description of use
c 
 

CNV386R ATGACATCCCTGTCAACATAC

C 

3’ primer used in the FS cDNA synthesis of 

CNV gRNA  

CNV387F ACTGGCAGTAGGATGACAAA
G 

5’ primer to amplify p33 region of CNV gRNA 
in combination with CNV388R 

CNV388R CTCAGGAGTGTTCTTCAGGTA

AC 

3’ primer to amplify p33 region of CNV gRNA 

in combination with CNV387F 

18S1R CGGATCATTCAATCGGTAGGA
G 

3’ primer used in the FS cDNA synthesis of 18S 
rRNA  

18S2F GAAAGACGAACAACTGCGAA

AG 

5’ primer to amplify 18S rRNA in combination 

with 18S3R 

18S3R TTCAGCCTTGCGACCATAC 3’ primer to amplify 18S rRNA in combination 
with 18S2F 

GA1F CTTTCAAATACTTCCACCATG

GCM(A,C)GGAAAAGGW(A,T)G

AAGGW(A,T)CC 

5’ primer to amplify N. benthamiana Hsc70-2 

ORF in combination with GA2R 

GA2R ACGATCGGGGATCCGTCTAGA

TTAGTCGACCTCCTCAATCTTG

G 

3’ primer to amplify N. benthamiana Hsc70-2 

ORF in combination with GA 1-F. Also used as 

the 3’ primer in the FS cDNA synthesis of 
Hsc70-2 

pBBI525F TCTAGACGGATCCCCGATCGT 5’ primer to amplify pBBI525 in combination 

with pBBI525R 

pBBI525R CCATGGTGGAAGTATTTGAAA
G 

3’ primer to amplify pBBI525 in combination 
with pBBI525F 

GA11F TAATCTAGACGGATCCCCGAT

CG3 

5’ primer to amplify Hsc70-2/pBBI525 in 

combination with GA12R 

GA12R GTCGACCTCCTCAATCTTGGG
ACC3  

3’ primer to amplify Hsc70-2/pBBI525 in 
combination with GA11F 

GA13F GTGCAGGTCCCAAGATTGAGG

AGGTCGACGTGAGCAAG 

5’ primer to amplify GFP ORF in combination 

with GA14R 

GA14R CGATCGGGGATCCGTCTAGAT
TACTTGTACAGCTCGTCC 

3’ primer to amplify GFP ORF in combination 
with GA13F 

GA15F CACCACCACCACCACCACTGA

GATCCGGCTGCTAAC  

5’ primer to amplify pET24D(+) in combination 

with GA16R 

GA16R GGTATATCTCCTTCTTAAAGTT
AAACAAAATTATTTCTAGAGG

GG 

3’ primer to amplify pET24D(+) in combination 
with GA15F 

GA17F GTTTAACTTTAAGAAGGAGAT
ATACCATGGCAGGAAAAGGA

GAAGGTCC 

5’ primer to amplify Hsc70-2 in combination 
with GA18R 

GA18R GGATCTCAGTGGTGGTGGTGG

TGGTGGTCGACCTCCTC  

3’ primer to amplify Hsc70-2 in combination 

with GA17F 
 

a 
F= forward primer, R=reverse primer. 

b
 = bold italicized sequence (ATG) represent the start codon; normal italicized sequence (TAA) 

represent the stop codon; underlined sequences represent the overlapping regions to amplify the 

insert using the Gibson assembly method. 

c 
FS= first strand cDNA.  
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2.3 Results  

 

2.3.1 Heat shock protein 70 (HSP70) family proteins are induced during CNV infection 

 

 

Since Hsp70 and Hsc70 family proteins have been found to have important roles in many 

different aspects of the infection cycle of several animal and plant viruses (56), I wished to 

investigate if plant HSP70 family homologs play a role in CNV infection. To initiate these 

studies, I conducted Western blot analysis using an antibody that binds both Hsp70 and Hsc70 

(HSP70 antibody). CNV inoculated N. benthamiana leaves (4-6 leaves) were collected daily 

from 1-6 dpi along with systemically infected leaves at 6 dpi and equal volumes of total leaf 

protein were blotted and probed with HSP70 antibody. HSP70 protein levels were found to 

increase significantly during the course of CNV infection in N. benthamiana (Figure 2.2), where 

an approximate 10 fold increase occurred over the six day time period analyzed.  

 

However, due to the nature of the antibody, which binds both Hsp70 and Hsc70 homologous, I 

was unable to conclude which isoform was induced. It is to be noted here that the increase in 

HSP70 protein level parallels the increase in CNV CP (Figure 2.2, compare first panel with the 

middle panel). However induction of HSP70 was not specific to expression of CP or to any other 

particular viral protein (S.B. Alam, unpublished observations).  
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Figure 2.2: HSP70 is induced during CNV infection.  

Western blot analysis of N. benthamiana plants infected with CNV. N. benthamiana plants were 

either mock inoculated or inoculated with CNV transcripts and infection was allowed to proceed 

for six days. Three leaves each from two inoculated plants were collected daily from 1-6 dpi and 

ground in liquid nitrogen. Samples of systemically infected leaves (Sys-Inf) along with the 

corresponding leaves from a mock inoculated plant (Sys-Mock) at 6 dpi were also removed and 

ground in liquid nitrogen. One hundred mg of ground material was then added to 350 μl of 1.4X 

LDS protein denaturation buffer. Equal volumes were loaded onto duplicate NuPAGE gels and 

following electrophoresis, the gels were blotted.  An antibody that reacts to both Hsc70 and 

Hsp70 (HSP70 antibody) was used in the upper blot and a CNV CP antibody (SP) was used in 

the lower blot. Bovine Hsc70 was used as a positive control in the upper blot (lane 10) and CNV 

CP as a control in the lower blot (lane 10) as indicated.  The bottom panel is the Ponceau S 

stained blot showing Rubisco as a loading control. The experiment was conducted three times 

and representative results are shown. 
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2.3.2 Both Hsp70 and Hsc70 mRNA levels increase during CNV infection  

 

 

To assess which isoform of the HSP70 family is induced during CNV infection, I performed next 

generation sequence analyses on mock and CNV infected TLR obtained from leaves at 3 dpi and 

mapped the reads to the N. benthamiana transcriptome. Reads specific to Hsp70 and Hsc70 

homologs were compiled and log2 transformed RPKM values were utilized for constructing a 

heat map to analyze differential expression of HSP70 family genes in CNV compared to mock 

inoculated samples.  

 

It can be seen in the heat map in Figure 2.3A that several different Hsc70 and Hsp70 isoforms 

are induced in CNV infected plants compared to mock inoculated plants. To examine the level of 

induction, the ratio of the RPKM value of HSP70 homolog mRNAs in CNV infected plants 

versus mock inoculated plants was determined and the ranked values are shown in Appendix A.1 

and summarized in Figure 2.3B. It is noted that some of the isoforms are strongly induced (≥ 100 

fold), some are moderately induced (>4.5-100 fold) while others are only mildly induced (< 4.5 

fold).  The most highly induced homologs include Hsc70, Hsc-70-1, Hsc70-2, Hsp70 and Hsp70-

5. The moderately induced group mainly consists of Hsc70-2, Hsp70, Hsp70-15, Hsp70-8 and 

Hsp70-18 isoforms. Those that are more mildly induced include mainly Hsp70-16, Hsp70-17 and 

Hsp70-15 which as stated above also has isoforms that falls into the moderately induced group 

(For details see Appendix A.1). Figure 2.3C shows a tabular representation of different Hsp70 

and Hsc70 isoforms which are maximally induced (>1000 fold) during CNV infection.  The most 

predominantly induced isoforms are Hsc70 followed by Hsc70-5 (~4,000-5,500 fold induction) 

and then mostly Hsp70 and Hsp70-5 (~1,000-4,000 fold induction) (for details see Appendix 

A.1).  
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HSP70 family homologs have been previously shown to be induced by several animal and plant 

viruses (208, 209, 214, 229, 230). But, it is interesting that Hsc70 is strongly induced as it is 

generally believed that Hsp70 is the major inducible isoform. However, cases where Hsc70 can 

be induced such as from heat shock, ethanol treatment, virus infection or pesticide toxicity have 

been described but such cases are not prominent in the literature (80, 214, 231-233). Hsc70 

isoforms have been found to be induced during Baculovirus infection but only very modestly 

(234). Hsc70 is induced in White spot syndrome virus infection as high as 40 fold and has been 

suggested to assist in the prevention of apoptosis induced by virus infection (235). Infection of 

Pseudomonas syringae pv. tomato DC3000 on A. thaliana leads to an induction of Hsc70-2 and 

Hsc70-4 isoforms (236). In the case of Turnip mosaic virus (TuMV) and TCV it has been 

suggested that the induction of Hsc70 may be related to a process analogous to the unfolded 

protein response in reaction to the high level of protein that accumulates during virus infection 

(214).  

 

From the results shown above, I postulated that CNV may have evolved to co-opt the induced 

Hsp70 or Hsc70 isoforms for one or more aspects of its multiplication cycle such as replication, 

CP accumulation, chloroplast targeting or particle assembly during infection. 
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Figure 2.3: Hsc70 and Hsp70 mRNA isoforms are highly induced during CNV infection.  

(A) Heat map corresponding to HSP70 mRNA homologs differentially expressed in mock 

inoculated versus CNV infected plants at 3 dpi.  The reads per kilobase per million (RPKM) 

values for individual transcripts were determined and the heat map was constructed from the log2 

transformed RPKM values. RPKM values that were 0 were converted to 0.001 in order to obtain 

log2 values. (B) Tabular summary of different isoforms of Hsc70 and Hsp70 that are induced at 
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different levels based on original RPKM expression values. (C) Tabular representation of 

different Hsc70 and Hsp70 isoforms that are induced greater than 1000 fold.  The level of 

induction in B and C was measured by dividing the RPKM values obtained for a given transcript 

ID in CNV infected leaves by that obtained in mock inoculated leaves. Appendix A.1 shows the 

RPKM values for all identified HSP70 homologs along with the level of induction. Note thatfour 

of the HSP70 homolog transcript IDs have RPKM values that equal zero and therefore the level 

of induction could not be calculated with certainty.  These data were therefore omitted from B 

and C. 
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2.3.3 Increased levels of Hsp70 and/or Hsc70 in CNV infected plants is associated with 

enhanced CNV gRNA, CP and virion accumulation  

 

 

To determine if increased levels of Hsp70 enhance CNV accumulation I heat-shocked the CNV 

local lesion host C. quinoa for 30 min at 48 ̊C and then allowed plants to recover 2 h prior to 

CNV inoculation. I confirmed that Hsp70 is significantly induced 2 h post heat shock treatment 

and remains at elevated levels for at least three days (Figure 2.4A, lanes 5-8). To assess if CNV 

multiplication is increased in plants containing elevated levels of Hsp70 I inoculated both heat-

shocked and untreated plants with CNV, 2 h post treatment and analyzed leaf samples for the 

levels of viral gRNA at 3 dpi. Figure 2.4B, panel i, lane 2, shows that total leaf RNA of heat-

shocked plants contained CNV gRNA as determined by agarose gel electrophoresis and EtBr 

staining, whereas untreated plants contained little or no detectable CNV gRNA (Figure 2.4B, 

panel i, lane 1). This observation is consistent with the notion that Hsp70 increases the ability of 

CNV to replicate in plants as has been shown previously (17, 40). Enhanced gRNA accumulation 

was further confirmed and quantified using ddPCR (Figure 2.4B, panel ii), where I found that 

heat-shocked plants accumulated approximately five fold more CNV gRNA than untreated 

plants. 

  

Furthermore, CP levels in total leaf protein extracts as determined by Western blot analysis of 

equal volumes of denatured protein from equal masses of tissue showed that heat-shocked plants 

contained significantly higher levels of CNV CP than untreated plants (Figure 2.4C, compare 

lanes 2 and 1, respectively).  
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Virion accumulation was also greater in heat-shocked versus untreated plants as determined by 

agarose gel electrophoresis of equal volumes of virions isolated from equal masses of infected 

leaf tissue (Figure 2.4D, compare lanes 2 and 1, respectively). The increased levels of CP and 

virions is consistent with my finding that viral RNA levels are increased in plants with elevated 

levels of Hsp70. Figure 2.4E confirms that levels of HSP70 are increased in C. quinoa plants that 

were heat-shocked and then inoculated with CNV. It is noted that it has been reported that Hsc70 

can also be induced by heat shock treatment (80, 214, 232) so the observed increase in CNV 

multiplication may also be related to Hsc70 induction.  

 

I also examined the phenotype of lesions produced on heat-shocked C. quinoa plants inoculated 

with CNV versus untreated CNV inoculated plants.  It can be seen in Figure 2.4F, panel i that 

heat-shocked leaves on average contained larger lesions than untreated leaves. At 7 dpi, I 

measured the size of the lesions and conducted a Student’s t-test which showed that lesions 

formed in heat-shocked plants are significantly larger than those of untreated plants (0.048 mm
2
 

vs. 0.014 mm
2
 on average respectively; p<0.05) (Figure 2.4F, panel ii). The increase in diameter 

of the lesions could reflect increased replication and accumulation of CNV resulting in increased 

movement. It is also possible that heat-shocked plants support greater cell-to-cell movement of 

CNV as has been reported previously for other viruses (126, 204, 213). Additionally, heat-

shocked plants might display compromised resistance to CNV allowing for increased spread. 

The larger lesion size could indicate that less apoptosis is occurring in heat-shocked plants 

resulting in a greater capacity for viral multiplication and spread. For example, Hsp70 induction 

has been shown to be associated with decreased apoptosis (235, 237-239), however there are a 
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few reports in the literature that suggest that Hsp70 might positively regulate apoptosis (223, 

236, 240, 241). The basis for increased lesion size remains to be determined.  

 

I also heat-shocked N. benthamiana plants at 48 ̊C. However, HSP70 levels had actually declined 

following a 2 hour recovery period.  When inoculated plants were examined for levels of viral 

RNA, CP and virions, little or no increase was observed (S.B. Alam, unpublished observations). 

I therefore lowered the temperature used for heat shock to 42 ̊C for 2 h as previously described 

(205) where I found an approximate two-fold increase in HSP70 levels.  However, no consistent 

increase in the levels of CNV virion RNA, CP or virions was observed likely due to the low level 

of induction of HSP70 (S.B. Alam, data not shown).      
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Figure 2.4: Increased levels of Hsp70 and/or Hsc70 in CNV infected plants is associated 

with enhanced CNV gRNA, CP and virion accumulation.  

(A) Western blot analysis showing the levels of Hsp70 in C. quinoa either not treated or heat-

shocked. Total leaf protein samples were obtained from leaves collected before treatment and at 

30 min, 2 h and 3 days post heat shock. Three leaves from two plants were combined and ground 

to a fine powder with liquid nitrogen and 100 mg of tissue was placed in 350 μl of LDS 

denaturation buffer.  Equal volumes were electrophoresed, blotted and then probed with HSP70 

antibody.  The blot was stained with Ponceau S and Rubisco was used as loading control. (B, C, 

D) C. quinoa plants were either subjected to no treatment or heat-shocked as indicated and then 

2h post treatment each leaf was inoculated with 4 ng of CNV particles. At 3 dpi three leaves 

from two plants were combined and ground with liquid nitrogen as described above. Total leaf 

RNA (B) and total leaf protein (C) was obtained from 100 mg of ground tissue and virions (D) 

were obtained from the remaining tissue. RNA from each treatment was resuspended in an equal 

volume and equal volumes were electrophoresed through a 1% agarose gel and stained with 

ethidium bromide [(B) i]. 18S rRNA was used as a loading standard. [(B) ii] The amount of 

gRNA present in untreated (no treatment) and heat-shocked plants was quantified using ddPCR 

using primers specific to the CNV p33 ORF and using 18S rRNA as a standard. The relative 

amounts of CNV gRNA are shown in the bar graph. (C) Total leaf protein was placed in 350 µl 

of LDS denaturation buffer as described above and equal volumes were electrophoresed, blotted 

and probed with CNV CP antibody SP.  Rubisco was used as a loading standard and the blot was 

stained with Ponceau S. (D) Virions were resuspended in 40 μl of NaOAc buffer, pH 5.0 at 160 

μl/gram of tissue and equal volumes were electrophoresed through a 1% agarose gel and stained 

with ethidium bromide. (E) Western blot showing the levels of HSP70 at 3 dpi in untreated and 

heat-shocked CNV inoculated plants using samples prepared as in C. (F) C. quinoa plants were 
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either subjected to no treatment or to heat shock as indicated and 2 hours post treatment leaves 

were inoculated with CNV using 0.04 ng/leaf. (i) Photographs of inoculated leaves were taken at 

7 dpi. (ii) The average area of the lesion was calculated using ImageJ software 

(http://imagej.nih.gov/ij/) followed by a statistical t-test. All experiments were conducted at least 

three times and representative results are shown. 
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2.3.4 Downregulation of Hsp70 or Hsc70 in CNV infected plants is associated with 

decreased CNV gRNA, CP and virions  

 

 

To assess the effects of Hsp70 downregulation, I used a commercially available chemical 

inhibitor quercetin, previously described in the analysis of the role of Hsp70 in TBSV replication 

(17). As seen for TBSV, I found that quercetin treated N. benthamiana plants contained lower 

levels of CNV gRNA (Figure 2.5A) and that the CP (Figure 2.5B) and virion (Figure 2.5C) 

levels were also lower.  

 

Since quercetin blocks Hsp70 synthesis only transiently and normal levels of Hsp70 are reached 

after an initial delay of 3-4 hrs (242), I wished to utilize an additional method for assessing the 

effect of downregulation of Hsp70 on CNV multiplication. To do this I attempted to clone N. 

benthamiana Hsp70 mRNA using primers designed against N. tabacum Hsp70 mRNAs for use 

in silencing assays.  My only resulting clones were derived from Hsc70-2 mRNA. Subsequent to 

this I found that the Hsp70 cDNA sequences used to design primers actually corresponded to 

Hsc70-2 sequences due to inadvertent mis-annotation in the NCBI database. I nevertheless 

proceeded and cloned Hsc70-2 sequence into the A. tumefaciens binary vector pBin(+) resulting 

in the construct pNbHsc70-2/pBin(+) (Figure 2.5D, panel i, upper construct).  

 

To confirm the cytoplasmic localization of the cloned Hsc70-2 sequence, I fused GFP to the 

pNbHsc70-2/pBin(+) clone at the C-terminus resulting in the clone pNbHsc70-2/GFP/pBin(+) 

(Figure 2.5D, panel i, lower construct). Four to six week old N. benthamiana plants were 

agroinfiltrated with pNbHsc70-2/GFP/pBin(+) in the presence of TBSV p19 and the leaves were 

analysed using confocal microscopy. Figure 2.5D, panel ii, part a shows that NbHsc70-2 is 
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cytoplasmic in nature as indicated by the green fluorescent signal in the cytoplasm surrounding 

chloroplasts in mesophyll cells. Such results were similar to those observed in pGFP/pBin(+) 

agroinfiltrated plants (Figure 2.5D, panel ii, part b). Hence it can be concluded that the cloned N. 

benthamiana Hsc70-2 is a cytoplasmic isoform.   

 

I next agroinfiltrated plants with pNbHsc70-2/pBin(+) to silence Hsc70 followed by inoculation 

with CNV. Figure 2.5E shows a Western blot of equal amounts of total leaf protein from the EV 

control and pNbHsc70-2/pBin(+) infiltrated, CNV inoculated plants at 3 dpi, probed with HSP70 

antibody. It can be seen that no detectable signal was observed indicating that Hsc70 was 

silenced. Also, since the antibody binds both Hsc70 and Hsp70 and no signal was obtained it is 

possible that Hsp70 was also silenced in this experiment. I then assessed the levels of CNV 

gRNA in silenced plants by examining total leaf RNA extracts by agarose gel electrophoresis. It 

can be seen in Figure 2.5F, that levels of CNV gRNA are strongly reduced in silenced plants 

compared to the EV control indicating that Hsc70 and/or Hsp70 is required for CNV gRNA 

accumulation, which is consistent with the previously published report (17) where it was shown 

using virus-induced gene silencing (VIGs) that Hsp70 downregulation resulted in decreased 

accumulation of CNV gRNA. Silencing of Hsc70 and/or Hsp70 also resulted in decreased CP 

levels (Figure 2.5G) as well as decreased virion accumulation (Figure 2.5H) consistent with the 

decreased gRNA accumulation observed in Figure 2.5F. The results of these experiments are 

consistent with those using quercetin for downregulation of HSP70 and thus provide further 

support for the involvement of HSP70 homologs in the enhancement of CNV gRNA 

accumulation and CP and virion accumulation as described below.  
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Figure 2.5: Downregulation of Hsp70 or Hsc70-2 in CNV infected plants is associated with 

decreased CNV gRNA, CP and virions.  

Downregulation of Hsp70 using quercetin. (A) RNA, (B) CP and (C) virion accumulation in N. 

benthamiana plants at 3 dpi in which Hsp70 was down-regulated by infiltrating leaves with 1 

mM quercetin in 1% DMSO and 10 mM sodium carbonate buffer pH 9.6, for 10 min prior to 

inoculation. Control plants were infiltrated with 10 mM sodium carbonate buffer containing 1% 

DMSO. See Figure 2.4 for details on sample preparation and analysis. (D) (i) Schematic 

representation of pNbHsc70-2/pBin(+) and pNbHSc70-2/GFP/pBin(+). The dual Cauliflower 

mosaic virus 35S promoter is shown, along with the AMV translation enhancer and the nopaline 

synthase transcription terminator (NOS-T). (ii) (a) N. benthamiana plants were agroinfiltrated 

with pNbHsc70-2/GFP/pBin(+) in the presence of pTBSVp19/pBin(+) and at 3 dpai analyzed by 

confocal microscopy. (b) A similar experiment was conducted using pGFP/pBin(+) and 

pTBSVp19/pBin(+). The first panel shows GFP fluorescence (green), the second panel 

chloroplast autofluorescence (red) and the third panel a digitally merged image of the first and 

second panels. (E) Plants were agroinfiltrated with either EV control (OD600nm=0.5) as a control 

or pNbHsc70-2/pBin(+) (OD600nm=0.5). At 3 dpai three pre-infiltrated leaves from two plants 

were inoculated with 50 ng of CNV particles. At 3 dpi leaves were collected, ground with liquid 

nitrogen and levels of HSP70 (E), CNV gRNA (F), CP (G) and virions (H) were analyzed by 

Western blot analyses (E, G) or agarose gel electrophoresis (F, H) as described in Figure 2.4. All 

experiments were conducted at least three times and representative results are shown.  
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2.3.5 Overexpression of Hsc70-2 is associated with increased CNV CP accumulation and 

VLP assembly  

 

 

It cannot be determined from the above described experiments if HSP70 levels can affect levels 

of CP and virion accumulation independently of the effect on viral RNA accumulation. To assess 

the possibility that Hsc70-2 plays a direct role in CNV CP accumulation, I first tested  whether 

N. benthamiana Hsc70-2 could be overexpressed in N. benthamiana by co-agroinfiltration of 

pNbHsc70-2/pBin(+) with TBSV  p19 (224). The results (Figure 2.6A) show that NbHsc70-2 is 

highly overexpressed by 3 dpai.  

 

To determine the effects of NbHsc70-2 overexpression on CP levels, I co-agroinfiltrated 

pCNVCPpBin(+) with either pNbHsc70-2/pBin(+) plus pTBSVp19/pBin(+) or the control 

pGFP/pBin(+) plus pTBSVp19/pBin(+) and analyzed the levels of CP over a six day time period. 

I found that more full-length CP accumulates in pCNVCPpBin(+) agroinfiltrated plants co-

agroinfiltrated with pNbHsc70-2/pBin(+) than with pGFP/pBin(+) (Figure 2.6B). I also observed 

an increase in the levels of the chloroplast localized 32.9 kDa CP cleavage product as well as a 

slight increase in the levels of the second chloroplast localized 31.1 kDa species. These CP 

species arise during chloroplast targeting and stromal uptake of the CNV CP (243) (Figure 

2.2.1B) and would be expected to rise should full-length CNV CP levels rise. Taken together, the 

results suggest that the presence of NbHsc70-2 in agroinfiltrated plants increases accumulation 

of the CP independent of its role in increasing accumulation of viral RNA. It is to be noted here 

that during WT CNV infection the majority of the full-length CP (41 kDa) is assembled into 

virions and only about 1-5% of the CP is targeted to chloroplasts resulting in a low proportion of 

cleaved CP species (32.9 kDa and 31.1 kDa) (24). However, during argoinfiltration of plants 
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with CP, the majority of the CP is unassembled likely due to the absence of a replicating viral 

RNA that might contain PSs for encapsidation and concurrent particle assembly (see Section 

1.19.6). Hence the majority of the unassembled full-length CP is targeted to chloroplasts 

followed by cleavage during orgenellar uptake to yield a relatively greater proportion of CP 

cleavage products (135).  

  

The observed increase in the level of CP could conceivably arise as a result of HSP70 directly 

conferring stability to the CP or as described below, it could also result from HSP70 playing a 

role in particle assembly, which would indirectly increase the stability of the CP.  To assess the 

latter possibility, I analyzed the level of VLPs that accumulated in the above described 

experiment at 6 dpai. We have recently found that pCNVCPpBin(+) agroinfiltrated plants 

accumulate VLPs that harbor host RNA (135). The particles consist of both T=3 and T=1 

icosahedra as well as intermediate sized (IS) spherical particles of unknown icosahedral 

symmetry (Rochon Lab, unpublished observations).  

 

Figure 2.6C shows that at 6 dpai there is a clear increase in the level of VLPs in 

pCNVCPpBin(+) and pHsc70/pBin(+) co-infiltrated plants as determined by agarose gel 

electrophoresis of purified VLPs from the experiment conducted in Figure 2.6B.  Densitometric 

analyses of CP species as well as VLP bands were conducted (Figure 2.6D). In the experiment 

shown, an approximate increase of ~3.5 fold was found in the case of VLPs whereas the increase 

in the level of CP subunit at 6 dpai in Figure 2.6B was determined to only be ~1.4 fold.  

Together, these observations suggests that Hsc70-2 not only contributes to increased CNV CP 

accumulation but that CNV particle assembly is also increased since there is a proportionately 
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greater increase in VLP levels as compared to CP subunit levels. In an independent experiment 

similar results were obtained (Figure 2.6D); i.e., CP accumulation was found to increase by ~1.7 

fold whereas VLP accumulation increased by ~4.2 fold.   

 

I therefore conclude that Hsc70-2 assists in both CP subunit accumulation independent of its 

effect on viral RNA accumulation and increased VLP production independent of its effect on CP 

subunit accumulation. As stated in the Introduction, HSP70 homologs have been found to be 

involved in the assembly of some viruses such as Hantavirus, Polyomavirus, SV40, 

Closteroviruses, Enteroviruses, Papillomaviruses and HIV I (123-129) and the folding of the 

major capsid protein of ASFV is mediated by a chaperone (130, 216). This is the first report of 

an HSP70 homolog being involved in the assembly of an icosahedral plant virus.  

 

It is interesting that CNV CP is targeted to chloroplasts with the aid of HSP70 homologs (see 

below).  In previous studies we have shown that the CP utilizes molecular mimicry to enable 

chloroplast targeting as the CP arm region is sufficient for targeting GFP to chloroplasts (220). It 

is possible that the molecular mimicry evolved, at least in part, to enable CP interaction with 

HSP70 homologs in order to facilitate the CNV particle assembly process. Further studies are 

required to ascertain a role of HSP70 homologs in the CNV assembly process. 
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Figure 2.6: Overexpression of Hsc70-2 via agroinfiltration increases both CNV CP and 

VLP accumulation.  

(A) Western blot analysis of N. benthamiana leaves co-agroinfiltrated with pNbHsc70-2/pBin(+) 

and pTBSVp19/pBin(+) (p19) (each at OD600nm=0.5) at 1 and 3 dpai as indicated using a HSP70 

antibody (upper panel). A Ponceau S stained image of the blot showing levels of Rubisco used as 

a loading control is present in the lower panel. (B) Western blot analysis of a time course (from 

3-6 dpai) of pCNVCPpBin(+) co-agroinfiltrated with pGFPpBin(+) (GFP) or pNbHsc70-

2/pBin(+) both in the presence of co-agroinfiltrated pTBSVp19/pBin(+) (p19). An OD600nm=1.0 

was used for each construct for agroinfiltration. A Ponceau S stained image of the blot showing 

levels of Rubisco used as a loading control is present in the lower panel. (C) EtBr stained agarose 

gel of VLPs extracted from N. benthamiana plants at 6 dpai which were agroinfiltrated with 

pCNVCPpBin(+) and either pGFPpBin(+) (GFP) or pNbHsc70-2/pBin(+) both in the presence of 

pTBSVp19/pBin(+) (p19). VLP preparations (lanes 1 and 2) contained T=3, T=IS (intermediate 

sized) and T=1 particles whereas WT CNV from infected leaves (lanes 3-7) contained T=3 

particles as indicated. (D) Graphical representation of densitometric analyses of the relative 

increase in CP at 6 dpai (as in B, lanes 7 and 8) and VLP levels at 6 dpai (as in C, lanes 1 and 2). 

The level of CP or VLP in the presence of Hsc70-2 was determined compared to that of CP and 

VLP in the presence of GFP.  
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2.3.6 Hsc70-2 co-immunoprecipitates with CNV CP 

  

 

To confirm that an interaction occurs between CNV CP and HSP70 family homologs, I 

agroinfiltrated plants with pCNVCPpBin(+) and immunoprecipitated these leaf extracts or EV 

infiltrated leaf extracts with a CNV polyclonal antibody. Figure 2.7A shows a Western blot of 

the co-immunoprecipitate probed with an HSP70 antibody.  It can be seen in Figure 2.7A (lane 

6) that the HSP70 antibody binds strongly to a 70 kDa protein in co-immunoprecipitates of 

pCNVCPpBin(+) infiltrated plants but only a low level of binding is present in that of EV 

infiltrated plants (Figure 2.7A, lane 3). Such binding was only apparent following a longer 

exposure of the blot (longer exposure not shown). The presence of the strong signal in 

pCNVCPpBin(+) infiltrated plants suggests that CNV CP binds HSP70 homologs in plants. The 

faint signal in EV infiltrated plants may be due to the presence of some HSP70 antibody in the 

CNV polyclonal antibody; since I have found a low level of Hsc70-2 in CNV particle 

preparations (see Chapter 3).  

 

To confirm the presence of a HSP70 family homolog(s), the co-immunoprecipitated proteins 

were analysed by mass spectrometry.  In total, five peptides were detected that were 100% 

identical to N. benthamiana Hsc70-2 (Gene ID no. Nbv5tr6412958) (Figure 2.7B) in the N. 

benthamiana database available through the University of Sydney, AU 

(http://sydney.edu.au/science/molecular_bioscience/sites/benthamiana/index.php).  

 

These results indicate that CNV CP interacts with Hsc70-2 either directly or indirectly in plants. 

In addition, the data suggest that CP interacts predominantly with Hsc70-2 rather than Hsp70.  

My finding that CNV CP co-immunoprecipitates with Hsc70-2 suggests that these two proteins 

http://benth-web-pro-1.ucc.usyd.edu.au/blast/get_sequences.cgi?database=db/Nbv5tr&hit_count=1&alignment_seq_1=Nbv5tr6412958%20Heat%20shock%20cognate%2070%20kDa%20protein%202%20(probable)
http://sydney.edu.au/science/molecular_bioscience/sites/benthamiana/index.php
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interact either directly or indirectly in plants and is consistent with my findings that Hsc70-2 can 

assist in CNV CP and VLP accumulation. 
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Figure 2.7: Hsc70-2 co-immunoprecipitates with CNV CP.  

(A) Western blot analysis of leaves agroinfiltrated with EV plus pTBSVp19/pBin(+) or 

pCNVCPpBin(+) plus pTBSVp19/pBin(+). Leaf extracts at 4 dpai were incubated with CNV 

pre-bleed antiserum (lanes 2 and 5) or CNV polyclonal antiserum (lanes 3 and 6) previously 

bound to Protein G sepharose beads. After washing extensively, CP was eluted and equal 

amounts of  the co-immunoprecipitates were analyzed by Western blotting using HSP70 

antibody.  Lanes 1 and 4 show total protein from EV plus pTBSVp19/pBin(+) or 

pCNVCPpBin(+) plus pTBSVp19/pBin(+) agroinfiltrated leaf extracts, respectively. Note that in 

an independent experiment a weak signal was observed in the co-immunoprecipitate of CNV 

polyclonal antibody and  EV plus pTBSVp19/pBin(+) leaf extracts.  This is likely due to the fact 

that the CNV virions used to make the polyclonal antibody contain low levels of Hsc70-2 (see 

Chapter 3). (B) Figure showing the five Hsc70-2 peptides obtained from mass spectrometric 

analysis of two independent co-immunoprecipitation experiments. The score for each experiment 

is shown based on a MASCOT search that identified these peptides in Solanum lycopersicum.  X 

indicates the presence of the peptide in the mass spectrometric analysis. A BLAST analysis of 

the five peptides in the taxid Nicotianoideae identified four proteins that showed 100% identity 

to all five peptides with the accession numbers AAP04522, AAR17080, XP009620324.1 and 

XP009777579.1  All four proteins are most similar to Hsc70-2 like proteins as determined by 

BLAST analysis of each of the proteins against the taxid Nicotianoideae. The nucleotide 

sequences of these genes are most similar (96%)  to N. benthamiana Hsc70-2 (Nbv5tr6412958; 

University of Sydney, Au; http://sydney.edu.au/science/molecular_bioscience/benthamiana). 

 

 

 

 

 

http://sydney.edu.au/science/molecular_bioscience/benthamiana
http://sydney.edu.au/science/molecular_bioscience/benthamiana
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2.3.7 N. benthamiana Hsc70-2 prevents aggregation of CNV CP in vitro 

  

 

HSP70 family homologs are known to have a prominent role in protein folding as well as 

preventing the formation of aggregates (68, 77, 78). To determine if N. benthamiana Hsc70-2 

assists in folding of CNV CP in vitro, I cloned N. benthamiana Hsc70-2 into the bacterial 

expression vector pET24D(+) [construct pNbHsc70-2/His7/pET24D(+)]. I then purified the 

expressed protein (NbHsc70-2/His7) and tested its ability to facilitate solubilisation of CNV CP 

using an in vitro solubilisation assay.  

 

To do this, I first denatured CNV CP by incubating virions in the presence of 5.4 M guanidine-

HCl and then successively lower concentrations of guanidine-HCl until 2M guanidine levels 

were reached. NbHsc70-2/His7, BSA or buffer was added to the CP and step wise dialysis was 

conducted in Hsc70-2 binding buffer.  Following overnight incubation in binding buffer without 

guanidine the dialysate was removed and centrifuged at 10,000 x g for 2 min to precipitate any 

insoluble protein. The pellet was resuspended in a volume equal to that of the supernatant.  

 

Equal volumes of supernatant and pellet were electrophoresed under denaturing conditions and 

blotted using a CNV CP SP antibody to compare levels of the CNV CP in the pellet (insoluble) 

and supernatant (soluble) fractions. It can be seen that in the presence of NbHsc70-2/His7 some 

protein is present in the supernatant (soluble) fraction (Figure 2.8, lane 2), however protein was 

not detectable in the supernatant fraction when NbHsc70-2/His7 was not added or when BSA 

was added (Figure 2.8, lanes 1 and 3, respectively). This observation suggests that NbHsc70-2 

can bind and assist in folding and/or in preventing the development of insoluble CNV CP 

aggregates. These results are consistent with previous reports where it was found that 
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overexpression of Hsp70 can increase the solubility and expression of recombinant proteins in 

bacterial and insect cells (244, 245). It is therefore possible that in plants, Hsc70-2 assists in the 

accumulation of CNV CP as described in Figure 2.6B via preventing its aggregation and 

consequent degradation by the ubiquitin proteasome degradation pathway (246). 

 

Attempts were made to determine if NbHsc70-2 could also assist in the in vitro assembly of 

CNV particles, however, particles were not observed in the presence or absence of NbHsc70-2, 

possibly due to the low level of soluble protein produced in my in vitro system.  Further 

optimization of in vitro assembly conditions may assist in resolving whether Hsc70-2 can assist 

in CNV assembly in vitro.  
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Figure 2.8: Hsc70-2 assists in solublization of CNV CP.  

One hundred µg of CNV particles were denatured in 5.4 M guanidine-HCl and then dialyzed at 

successively lower concentrations and finally in 2 M guanidine-HCl. Either 200 µg of bacterially 

expressed N. benthamiana Hsc70-2 (NbHsc70-2/His7) or BSA or an equal volume of buffer was 

added to dialysates.  The mixtures were successively dialyzed against lower concentrations of 

guanidine-HCl in Hsc70-2 binding buffer and then finally in binding buffer only for 2 h. 

Mixtures were then allowed to stand overnight at 4°C and centrifuged at 10,000 x g for 2 min. 

The pellet (corresponding to insoluble protein) was resuspended in 1X LDS buffer containing 6 

M urea equivalent to the volume of the supernatant (resuspended in a final concentration of 1X 

LDS). Equal volumes of the pellet and supernatant fractions were analyzed by denaturing gel 

electrophoresis and Western blot analysis using CNV CP antibody SP.  Lanes 1-3 correspond to 

the supernatant fraction whereas lanes 4-6 correspond to the resuspended pellet. Lanes 7-10 

contain the indicated amounts (in ng) of CNV CP used as a mass and size standard. The 

experiment was conducted three times and representative results are shown. 
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2.3.8 HSP70 facilitates targeting of CNV CP to chloroplasts  

 

 

One of the well characterized functions of HSP70 family homologs is to facilitate the chloroplast 

import of cytoplasmically synthesized cellular chloroplast preproteins (99, 247). Previous work 

in Dr. Rochon’s lab has shown that CNV CP efficiently targets chloroplasts and that 

approximately 1-5% of the CP is present in chloroplasts as cleaved proteins of 32.9 kDa and 31.1 

kDa (220). To determine if targeting of CNV CP to chloroplasts occurs with the aid of a HSP70 

family homolog(s), I conducted silencing experiments through agroinfiltration with pNbHsc70-

2/pBin(+) (as in Figure 2.5E) and then inoculated the silenced plants with CNV. Western blot 

analysis of total leaf protein at 4 dpi showed that the two typical chloroplast cleavage products 

(32.9 kDa and 31.1 kDa), were not detectable in silenced plants when equal amounts of full-

length CP were loaded onto the gel (Figure 2.10, lane 3), whereas these two proteins were 

readily detected in CNV infected uninfiltrated plants and plants infiltrated with EV (Figure 2.10, 

lanes 1 and 2, respectively). I therefore conclude that N. benthamiana HSP70 homologs play a 

role in targeting CNV CP to chloroplasts during infection. 

  

It is also known that stromal Hsp70 acts as a molecular motor facilitating uptake of chloroplast 

preproteins into to chloroplast stroma (219).  However, little nucleotide sequence identity exists 

between this nuclear encoded protein and Hsc70-2 (approximately 66% overall and only 1 region 

of extended nucleotide sequence identity of only 20 nucleotides; data not shown) so the observed 

decrease in chloroplast targeting of the CNV CP is likely due to the role of the cytoplasmic 

HSP70 homologs in chloroplast targeting.  
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Figure 2.9: Downregulation of HSP70 interferes with chloroplast targeting of the CNV CP 

in N. benthamiana.  

Western blot analysis of total leaf extracts from plants that were agroinfiltrated with EV 

(OD
600nm

=0.5) or pNbHsc70-2/pBin(+), (OD
600nm

=0.5). At 3 dpai, leaves were inoculated with 

100 ng of CNV particles along with a control plant which was not infiltrated prior to inoculation 

(uninfiltrated control). Total protein extracts were analyzed at 4 dpi by running equal amounts of 

the full length CP. (Note this corresponded to a 4X greater mass of total protein in the 

pNbHsc70-2/pBin(+) infiltrated sample due to the lowered accumulation of CNV CP in silenced 

plants as well as a longer exposure of the blot). The lower two arrows on the right point to CNV 

CP chloroplast cleavage products that are present in uninfiltrated and EV infiltrated plants but 

not apparent in silenced plants. HSP70 downregulation was confirmed by Western blot analysis 

as in Figure 2.5E. The experiment was conducted three times and representative results are 

shown. 
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2.4 Discussion  

 

 

In summary, the studies described here provide evidence that HSP70 homologs increase 

dramatically during infection and that they play multiple roles during CNV infection including 

the accumulation of CNV gRNA, CP and VLP as well as CNV CP targeting to chloroplasts. I 

also showed that Hsc70-2 contributes to the solubility of CNV CP and that it is associated with 

CNV CP either directly or indirectly in plants (also see Section 5.1). HSP70 homologs are 

central to the cellular protein quality control system and viruses have often been found to utilize 

them for performing various functions (see Introduction). I have found that during CNV 

infection, the induction of HSP70 protein levels increase as the levels of viral CP increase 

(Figure 2.2). It is most probable, however, that other CNV proteins also accumulate to high 

levels during infection so HSP70 induction is not likely specifically due to increased CP levels. 

As reported for TuMV and TCV(214), HSP70 induction was not specific to the expression of 

any one CNV protein (S.B. Alam, unpublished observations).  

 

With respect to HSP70 transcript levels, transcriptome analysis of CNV infected N. benthamiana 

showed that different isoforms of Hsc70 and Hsp70 are induced at very high levels during CNV 

infection (Figure 2.3). I hypothesize that HSP70 family homologs are induced during CNV 

infection likely as a result of the high levels of viral proteins that are produced during infection 

and then are co-opted by the virus at various stages of the infection cycle due to its multiple 

functions and its abundance inside cells.  

 

Previous studies have shown that several disease-causing plant viruses such as TMV, BMV, 

Tobacco rattle virus (TRV) and CMV can confer drought or cold tolerance to their hosts (248). 
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In addition, several plant viruses are known to induce HSP70 homologs, including TMV and 

CMV (214). Hence, it is possible that induction of heat shock proteins by CNV and other plant 

viruses confers heat tolerance to their hosts in natural environments. The viruses may thereby act 

as beneficial viruses in this regard (248) (also see Section 5.6 and 5.7).  

 

With regard to CNV CP accumulation, I found that Hsc70-2 interacts with CP both in vivo 

(Figure 2.7) and in vitro (Figure 2.8 and 2.9) and is involved in increasing the accumulation of 

CP (Figure 2.6B). The greater accumulation of CP in infected plants can be correlated with a role 

of Hsp70 in increasing the local concentration of CP either by preventing its aggregation and 

consequent proteasomal degradation and/or by promoting assembly. I have found that NbHsc70-

2 promotes the solubilisation of CP in an in vitro solubilisation assay, which is consistent with 

the role of Hsc70 in preventing the accumulation of denatured protein aggregates (246). I have 

also found that NbHsc70-2 also independently promotes assembly of CNV VLPs. 

  

In this chapter I show by co-immunoprecipitation analysis that Hsc70-2 is associated with CP in 

cells (Figure 2.7) and that Hsc70-2 assists in CNV virion accumulation (Figure 2.6C & D).  I 

have also observed that Hsc70-2 is associated with virions (see Chapter 3).  Thus, Hsc70-2 may 

serve as a central control mechanism for regulating the accumulation of virions as well as their 

disassembly for establishing new infections. 

 

The synthesis of artificial protein cages for drug delivery is a rapidly developing area of 

nanobiotechnology and material science (249). Natural proteins can be versatile building blocks 

for oligomeric, self-assembling structures, however development of protein based cages with 
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specific geometries can be challenging (250). As such, the ability of NbHsc70-2 to assist in the 

formation of CNV capsids may be useful for the development of protein cages for drug delivery. 

 

Viruses completely rely on their hosts and can only multiply in living cells.  Hosts, in turn, have 

evolved several defense responses against infecting viruses. The defense response in the case of 

plant viruses often tends to restrict the virus to infection foci by triggering a hypersensitive 

response or programmed cell death, resulting in development of local lesions or localized 

necrosis (251). Viruses, in turn, have evolved to counteract the defense response to ensure their 

continued ability to multiply. Recent work in Dr. Rochon’s lab has shown that the ability of 

CNV CP to enter chloroplasts during infection can lead to attenuation of hypersensitive (HR)-

like necrotic symptoms (S.B. Alam, unpublished observations). In this chapter, I show that 

NbHsc70-2 assists in targeting of CNV CP to chloroplasts (Figure 2.9) and that overexpression 

of Hsp70 can result in larger lesions (Figure 2.4F).  Hence, it is possible that CNV has evolved to 

co-opt HSP70 for chloroplast targeting of CP, to attenuate symptoms, and in order to create a 

more favourable environment for CNV multiplication. 

   

Previously it has been reported that cytosolic Hsp70 (Ssa1/2p) is associated with the replicase 

complex of CNV (40). Replication is believed to occur in conjunction with encapsidation in 

many virus systems such as Poliovirus, BMV, FHV (47, 177, 181). As mentioned above, my 

results suggest that there is an interaction between CNV CP and Hsc70-2. Hence, it might be 

possible that CNV recruits HSP70 associated with the replicase complex for promoting 

assembly. 

  



105 

 

 Chapter 3:  Evidence that Hsc70 is associated with Cucumber necrosis virus and plays a 

role in particle disassembly
3
 

 

3.1 Introduction  

 

 

Non-enveloped viruses are made up of a nucleic acid genome and a protein coat that plays an 

essential role in protection of the genome from nuclease attack in host cells. The nucleic acid is 

enclosed in the capsid which is composed of repeating virus-encoded polypeptide units stabilized 

by divalent cations, cementing proteins or disulphide bonds (252). The stable proteinaceous coat 

must be at least partially shed in order to release the encapsidated genome into the host cell to 

initiate an infection. The metastability associated with viruses allows structural rearrangements 

within capsids (55, 252) and is also important to prevent premature disassembly of capsids, 

which will not only expose the genome to host nucleases but will also compromise the targeting 

of the genome to its site of replication.  

 

Enveloped viruses mostly enter and uncoat by membrane fusion followed by receptor mediated 

endocytosis (253). On the other hand, non-enveloped viruses mainly disassemble by initiating a 

conformational change in their capsids either by using a receptor, mechanical or chemical cues 

or via co-translational disassembly (36, 252, 254, 255). Structural transformations of viral 

capsids are also triggered through interaction with chaperones such as members of the heat shock 

protein 70 (HSP70) family including the constitutively expressed isoform Hsc70 (heat shock 

cognate 70 kDa protein) and the stress inducible isoform Hsp70 (heat shock 70 kDa protein) (78, 

                                                 
3 A version of this Chapter has been published in Journal of Virology as a Spotlight Article. Alam, S.B. and 

Rochon, D. (2017) Evidence that Hsc70 is associated with Cucumber necrosis virus and plays a role in particle 

disassembly. J. Virol 91:e01555-16.https://doi.org/10.1128/JVI.01555-16. 
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254). Although constitutively expressed, Hsc70 can also be induced under specific conditions 

(80, 256) and can synergistically complement the functions of  Hsp70 to preserve cellular 

integrity during metabolic challenges (81).  

 

Hsc70 is one of the most abundant cytosolic HSP70 isoforms and has many distinct functions, 

both in preventing or reversing protein aggregation and in disassembling protein complexes (78, 

86). Hsc70s have been found to play an important role in the disassembly of large 

macromolecular complexes (56, 78, 86) such as the DNA-replication origin complexes (87) and 

clathrin coated vesicles (88-91). Recent studies have revealed that Hsc70 functions by trapping 

the conformational fluctuations in the clathrin lattice causing local strains to accumulate (91). 

This destabilizes the lattice causing it to disintegrate in the cytoplasm.  

 

Due to the ability of Hsc70 homologs to disaggregate stable oligomeric complexes (106), viruses 

have evolved to recruit these cellular disassembling machines to uncoat their capsids for the 

establishment of infection. Hsc70 homologs have been found to promote the uncoating process 

of several animal viruses such as Polyomaviruses, Papillomaviruses, Reoviruses, Adenoviruses, 

Nodaviruses, Rotaviruses and Nervous necrosis virus (109-115). However, there are no reports 

regarding the involvement of cellular Hsc70 in the disassembly of plant viruses although the 

virally encoded HSP70 homolog of Beet yellows virus has been hypothesized to play a role in 

disassembly of the helical capsid (116). I wished to determine if N. benthamiana HSP70 family 

homologs play a role in the disassembly of the plant virus CNV.  This would extend my previous 

observation that HSP70 homologs play multiple roles in the CNV multiplication cycle (122).  
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CNV is a non-enveloped (+)ssRNA virus that belongs to the Tombusvirus genus in the 

Tombusviridae family (7). The CNV capsid is a T=3 icosahedron having a diameter of 34 nm 

and consists of 180 identical copies of a 41 kDa coat protein (CP), that encapsidates a 4.7 kb 

monopartite RNA molecule. Each of the CP subunits folds into three major domains: an RNA 

binding domain (R); the shell domain (S) and the protruding domain (P). The P and the S 

domains are connected by a short hinge, “h” region while the “a” or arm region flexibly tethers 

the R and S domains, both allowing for T=3 icosahedral symmetry and quasi-equivalent subunit 

interactions (13, 14).  

 

To meet the requirements of quasi-equivalence, the CP adopts three different conformations (A, 

B and C). The arms are disordered in the A and B subunits while C subunits are characterized by 

ordered arms that extend to form the β-annulus at the particle 3-fold axis (13, 14). In analogy to 

TBSV, Ca
2+

 ions stabilize the interactions between adjacent A, B and C subunits in the shell 

domain by bringing together aspartate residues at the particle quasi 3-fold axis (Q3) (26, 257). 

The isoelectric point of the CNV virion is pH 5.2; hence the particles are stable at acidic pH.  

However, particles expand above pH 7, this being enhanced in the presence of a Ca
2+ 

chelator 

(59, 257). The internally located R domain and arm region externalize during particle expansion 

and a hole is created at the particle Q3 axis (257) which is believed to allow for exit of virion 

RNA (37, 258). The expanded state of CNV as well as that of other members of the 

Tombusviridae is believed to represent an uncoating intermediate (13, 37, 259). 

 

CNV particles are transmitted in nature through the recognition of specific amino acids in the 

shell and the protruding domains of the CP by glycoprotein receptors present on the surface of 
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zoospores of the fungus Olpidium bornovanus (29, 30). Receptor binding initiates a 

conformational change that is essential for vector transmission (29, 35, 59, 60). CNV particles 

have been found to interact with Hsp70 of fungal zoospores as determined by Western blot 

analysis and virus overlay assays (Rochon lab, unpublished observations). It is possible that the 

Hsp70 associated with the vector zoospores is responsible for bringing about the conformational 

change required for cellular entry of CNV particles as has been reported for Rotavirus entry into 

cells (111). This, and my recent finding that HSP70 homologs play multiple roles in the CNV 

infection cycle (122), raised the possibility of the involvement of plant Hsp70 or Hsc70 

homologs in the disassembly of CNV.  

 

Here I report several observations that suggest that CNV particles co-opt Hsc70-2 and/or Hsp70 

for uncoating. CNV particle preparations were found to contain Hsc70 which is associated with 

virions as determined by its comigration with CNV particles in an agarose gel and by 

immunogold labelling of CNV particles using an HSP70 antibody. The bound Hsc70-2 is 

intimately associated with CNV particles as it is relatively resistant to trypsin digestion. Heat-

shocked plants that express HSP70 at a high level or plants overexpressing Hsc70-2 produce a 

significantly higher number of local lesions when inoculated with CNV particles than do 

untreated plants.  This is not observed when such treated plants are inoculated with viral RNA 

suggesting that the increased numbers of local lesions are due to increased viral disassembly 

rather than an increase in the efficiency of some other aspect of the initiation of infection.  In 

addition, CNV particles incubated with Hsc70 partially disassemble or are conformationally 

altered and are more sensitive to chymotrypsin digestion. Taken together, my data strongly 

supports that CNV co-opts cellular Hsc70 for disassembly. 
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3.2 Materials and methods  

 

3.2.1 Virus purification 

  

 

Approximately 1.5 μg (in 110 μl) of T7 polymerase run-off transcripts of an infectious WT CNV 

cDNA clone (pK2/M5) was used to inoculate 3-4 leaves of 4-6 week old Nicotiana benthamiana 

as previously described (31). At five dpi infected leaves were collected and macerated in 100 ml 

of 25 mM potassium phosphate (KPO4) buffer, pH 6.8 and used for inoculation using 

carborundum as an abrasive and a sterile sponge. For mock inoculation 3-4 leaves of 4-6 week 

old healthy N. benthamiana were ground as described above and the sap was used for 

inoculation.  

 

At 6 dpi, approximately 60-100 g of mock or infected leaf tissue was collected and homogenised 

in a blender using at least five volumes of 100 mM NaOAc, pH 5.0 containing 10 mM β-

mercaptoethanol. The homogenate was filtered through two layers of Miracloth (Calbiochem) 

and the filtrate was gently rotated at 4°C for at least 1 h and then spun at 8000 x g for 15 min at 

4°C to remove plant debris. The solution was adjusted to 8% polyethylene glycol (PEG8000; 

Sigma-Aldrich) and incubated for at least 2 h at 4°C with constant stirring. The virus was 

pelleted at 8,000 x g for 20 min at 4°C and then resuspended in 10 ml of 10 mM NaOAc, pH 5.0. 

The suspension was gently rotated at 4°C overnight, and then subjected to centrifugation at 8,000 

x g for 20 min at 4°C.  

 

The supernatant (containing virions) was transferred to polycarbonate tubes (Beckman centrifuge 

tubes, PC 26.3 ml) and then subjected to ultracentrifugation (Beckman
® 

L8-70M Ultracentrifuge) 
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at 40,000 x rpm for 4 h at 4°C in a Beckman Type 50.2 Ti rotor. The supernatant was discarded 

and the pellet was resuspended in 500-1000 µl of 10 mM NaOAc, pH 5.0. The suspension was 

gently rotated at 4°C overnight, and then centrifuged again at 20,000 x g for 15 min at 4°C. The 

supernatant (containing virions) was collected and stored at 4°C until further use. Virus 

concentration was determined spectrophotometrically (absorbance at 260 nm of a 1 mg/ml 

suspension of CNV is 4.5). CsCl purification of CNV was performed as previously described 

(14). 

 

3.2.2 SDS-PAGE and Western blot analysis  

 

 

Protein samples used for electrophoresis were prepared as described previously (122). Samples 

were electrophoresed through NuPAGE 4-12% Bis-Tris gels (Thermo Fisher Scientific), blotted 

onto PVDF membranes  (Bio-Rad) and probed with either a monoclonal antibody that detects 

both Hsc70 and Hsp70 (ADI-SPA-820-F, 1mg/ml, Enzo Life Sciences) (hereafter referred to as 

HSP70 antibody), a rabbit polyclonal antibody specific to bacterially expressed CNV S and P 

domain sequences (SP antibody) or R and arm domains (RAD antibody) or a rabbit polyclonal 

antibody raised against CNV particles (CNV polyclonal antibody). Antigen-antibody complexes 

were detected with peroxidase labelled goat anti-mouse or goat anti-rabbit antibodies as 

appropriate (Sigma). 
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3.2.3 Ponceau S staining 

 

 

Ponceau S (Sigma-Aldrich) staining of blots was conducted as described previously (122). CNV 

CP or ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) was used as the loading 

control to standardize the mass of total protein loaded onto the gel prior to blotting. 

 

3.2.4 Mass spectrometry 

  

 

Two independent virus purification experiments were performed from equal amounts of CNV 

and mock inoculated leaf tissue using the differential centrifugation technique described above. 

Preparations were resuspended in identical volumes and equal amounts of the two samples 

(mock and CNV infected) were analyzed for the presence of Hsc70-2 by mass spectrometry 

using the Proteomics Core Facility at the University of British Columbia Center for High-

Throughput Biology.  Samples were subjected to denaturing gel electrophoresis and bands 

greater and less than the size of CNV CP (41 kDa) were extracted, digested with trypsin and then 

differentially labeled with formaldehyde isotopologues. Samples were pooled and subjected to 

liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. MASCOT was used to 

identify peptides using the Swiss-Prot database (260).  

 

3.2.5 Purification of bacterially expressed N. benthamiana Hsc70-2 [pNbHsc70-2/His7] 

  

 

The previously described N. benthamiana Hsc70-2 cloned into a bacterial expression vector 

pET24D(+) with a 7X His tag (122) was purified using the TALON Superflow Metal Affinity 

Resin (Clontech Laboratories) as recommended by the manufacturer. Isopropylthio-β-galactoside 
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(IPTG) (1 mM) (Thermo Fisher Scientific) was used to induce 1000 ml of log phase (OD600 = 

0.6-0.8) bacterial culture. Hsc70-2 was purified under denaturing conditions from the total 

(soluble and insoluble) lysate as described previously (122). The purified recombinant protein 

(NbHsc70-2/His7) was concentrated using an Amicon Ultra-2ml Centrifugal Filter with a 50 kDa 

nominal molecular weight limit, and quantified by running several dilutions on a SDS-PAGE gel 

with bovine Hsc70 (ADI-SPP-751-D, Enzo Life Sciences) as the mass standard. The purified 

protein was stored at 4 ̊C. 

 

3.2.6 Quantification of Hsc70-2 present in CNV virion preparations 

  

 

Increasing amounts (from 2.5 µg-40 µg) of purified virus particles were mixed with protein 

denaturation buffer (LDS; Thermo Fisher Scientific) in the presence of sample reducing agent. 

The mixture was heated at 70°C for 10 min and subjected to denaturing acrylamide gel 

electrophoresis followed by Western blot analysis as described above. Several dilutions of 

NbHsc70-2/His7 (from 0.625 ng-10 ng) were also electrophoresed for quantifying the amount of 

Hsc70-2 present in virion preparations. For detection of Hsc70-2, HSP70 antibody was used at 

1/2000 dilution (1 mg/ml stock). Antigen antibody complex was detected using a goat anti-

mouse antibody (Sigma). The amount of Hsc70-2 present in virion preparations was determined 

by densitometric analysis utilizing Image Lab
TM

 Software Version 5.1 (Bio-Rad Laboratories). 

Two independent Western blot analyses at two different concentrations (20 µg and 40 µg) of 

virus were conducted followed by quantification as above and an average was taken to estimate 

the mass of N. benthamiana Hsc70-2 present in CNV virion preparations.  
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3.2.7 Agarose gel electrophoresis of purified particles followed by Western blot analysis 

  

 

Twenty μg of purified virus particles from two independent purifications were electrophoresed 

through 1% (w/v) agarose gels in TB buffer (45 mM Tris, 45 mM boric acid, pH 8.3) as 

described previously (30). 100 ng of bovine Hsc70/Hsp73 (ADI-SPP-751-D, Enzo Life Sciences; 

referred as bovine Hsc70 in the text) and human Hsp70/Hsp72 (ADI-NSP-555-D, Enzo Life 

Sciences; referred as human Hsp70 in the text) were also loaded onto the gel as controls. The 

particles were stained with EtBr as described previously (122). After visualization, 

electrophoresed particles and proteins were blotted onto PVDF membranes in TB buffer using 

capillary transfer (261).  

 

After overnight transfer, the membrane was divided into two halves and each of the two blots 

were blocked with 5% skim milk in 1X TBS (Tris-buffered saline; 50 mM Tris-HCl pH 7.5, 150 

mM NaCl, 2.5 mM KCl) containing 0.4% Triton-X 100 for 1 h at RT. After blocking, one of the 

membranes was probed with a CNV polyclonal antibody while the other was incubated with 

HSP70 antibody. Antigen-antibody complexes were detected using peroxidase labelled goat anti-

rabbit or goat anti-mouse antibody (Sigma) for detecting CNV particles and HSP70 respectively. 

The Amersham
TM

 ECL
TM

 Prime Western Blotting Detection Reagent (GE Healthcare Life 

Sciences) was used for detection of bound antibodies. 

  

3.2.8 Virus overlay assay 

  

 

Ten μg of recombinant human Hsp70, bovine Hsc70 or BSA (Sigma) were mixed with the 

protein denaturation LDS buffer (Thermo Fisher Scientific) and electrophoresed along with CNV 
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CP mass standards through a NuPAGE 12% Bis-Tris gel using MOPS buffer (Thermo Fisher 

Scientific). The proteins were transferred to a nitrocellulose membrane (0.45 μm pore size; Bio-

Rad) and allowed to renature overnight at 4 ̊C in the presence of 4% BSA in 1X PBS as 

described previously (29). After overnight incubation with BSA, the membrane was washed 3X 

times with 1X PBS and then blocked with 1X PBS containing 5% skim milk for 1 h at RT. After 

being washed three times with 1X PBS, the membrane was incubated with 100 μg of CNV 

particles in 10 ml of sodium phosphate (NaPO4) buffer pH 7.6 for 3 h at RT. The membrane was 

then washed and probed with a CNV CP specific antibody (SP).  

 

3.2.9 Immunogold labelling assay  

 

 

1 µg of CNV virions (in 10 µl) were adsorbed onto Formvar-carbon coated nickel grids for 15 

min. The solution was gently removed with Whatman filter paper 1 and then placed on 50 µl 

drops of blocking agent (1% BSA-1X PBS) for 10 min. Excess blocking agent was removed as 

above and grids were placed on 10 ul drops of either HSP70 antibody (1/5
th

 dilution of a 1 mg/ml 

stock) or no antibody (negative control) in 1% BSA-1X PBS. After an overnight incubation at 

4°C, the grids were washed three times in 50 µl drops of 1X PBS, 5 min each at RT. Grids were 

then incubated with 4 nm Colloidal Gold-AffiniPure Goat Anti-Mouse IgG (H+L) (Jackson 

ImmunoResearch Laboratories, Inc) at 1/20
th

 dilution in 1% BSA-1X PBS (10 µl) for 1 h at RT. 

The grids were washed again in 1X PBS as described above followed by four additional washes 

in distilled water (10 µl), 1 min each. The grids were then stained with 2% uranyl acetate for 30 

sec and analysed by TEM using a Hitachi H-7100 TEM. The images were captured at 100 kV at 

a magnification of 80,000X using an ORIUS
TM 

CCD Camera. 
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3.2.10 Trypsin digestion of CNV preparations  

 

 

Forty µg of virus particles (in 5 ul 10 mM NaPO4 buffer, pH 7.6) were subjected to  different 

concentrations of  trypsin (Sigma) at RT as described in the legend to Figure 3.5 for 30 min as 

described previously with some modifications (37, 59). The reactions were stopped by adding 

LDS sample buffer (Thermo Fisher Scientific) (to a final concentration of 1X LDS buffer) 

containing sample reducing agent and 5X cOmplete Protease Inhibitor (Roche) and heating the 

samples at 70 ̊C for 10 min. The samples were electrophoresed through a 4-12% Bis-Tris 

NuPAGE gel and analysed by Western blot analysis using either HSP70 antibody or a mixture of 

CNV CP antibodies SP and RAD. Control reactions included 6.5 ng of NbHsc70-2/His7 (the 

approximate amount associated with 40 µg of CNV particles as determined in Figure 3.1) alone 

or in conjunction with 40 µg of BSA and treated with trypsin as described above.  In a further 

control 6.5 ng of NbHsc70-2/His7 was incubated with an equivalent amount of extract of “virus” 

obtained from mock inoculated leaf tissue (followed by trypsin digestion as described above) in 

order to rule out the possibility that components in the CNV virion extract interfere with the 

trypsin digestion assay.  

 

3.2.11 Local lesion analysis following incubation with HSP70 antibody  

 

 

CNV virions (400 pg) were incubated with an equivalent mass of either HSP70 antibody or 

prebleed IgG antibody in 25 mM potassium phosphate (KPO4) buffer, pH 6.8 at 37 ̊C for 1 h in a 

10 µl reaction volume. After incubation, the volume was increased to 100 μl with 25 mM KPO4, 

pH 6.8 and 10 µl (containing 40 pg of virions) was used to inoculate Chenopodium quinoa, a 

CNV local lesion host. Three to 5plants of the same age and 3-4 leaves at identical 
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developmental positions were rubbed with carborundum and then immediately inoculated. 

Lesions were counted at 4-7 dpi. The number of leaves counted (n) for each experimental set is 

given in the figure legend. A Student’s t-test using GraphPad (GraphPad Software, Inc.) was 

conducted to determine if statistically significant differences existed between the two treatments. 

p values less than 0.05 were considered to indicate statistically significant differences. 

 

3.2.12 Local lesion assay on N. benthamiana expressing Hsc70-2  

 

 

N. benthamiana Hsc70-2 cloned into a binary vector pBin(+) as previously described 

[pNbHsc70-2/pBin(+)] (122), was used for agroinfiltration of N. benthamiana. Two leaves at 

identical developmental positions, each from 3-8 N. benthamiana plants (4-6 weeks old) were 

agroinfiltrated with either empty pBin(+) vector (EV) or pNbHsc70-2/pBin(+). To ascertain that 

the levels of Hsc70-2 increased in agroinfiltrated leaves, TLP samples were collected as 

described previously (122) at the indicated time points in the figure legends and subjected to 

Western blot analysis using HSP70 antibody. For local lesion assays, N. benthamiana plants 

were agroinfiltrated and at 3 dpai, leaves were inoculated with 100 ng of CNV particles. Lesions 

were counted at 4-6 dpi. The number of leaves counted (n) for each experimental set is given in 

the figure legend. A Student’s t-test was conducted to determine if differences between 

treatments were statistically significant using GraphPad software. p values less than 0.05 were 

considered to be statistically significant. 
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3.2.13 Local lesion assays on heat-shocked C. quinoa  

 

 

The CNV local lesion host C. quinoa was heat-shocked (HS) at 48 ̊C for 30 min followed by a 2 

h recovery period at 26 ̊C as has been described for Arabidopsis thaliana (223). Untreated plants 

(no treatment) of the same age were kept at 26 ̊C. Western blot analysis was utilized to confirm 

induction of HSP70.  As a means for estimating the disassembly efficiency of CNV, C. quinoa 

plants of identical age were either heat-shocked (HS) or not heat-shocked (untreated) as 

described above. At 2 h post treatment, 3-4 leaves each from 3-7 plants at identical 

developmental positions in HS or untreated plants were rubbed with carborundum and then 

inoculated with CNV.  

 

A pilot experiment was conducted to assess the concentration range in which the number of local 

lesions produced by CNV virions or virion RNA was linearly proportional to the inoculum 

concentration as described previously (220). A concentration of 40 pg virus/leaf or 1 ng virion 

RNA/leaf were used for virus or virion RNA inoculations, respectively, on HS or untreated 

plants. Four to six leaves per plant were inoculated on 3-5 plants per experiment. Lesions were 

counted at 5-7 dpi. The number of leaves counted (n) for each experimental set is given in the 

figure legend. A swas used to evaluate statistical differences between the number of local lesions 

in HS and untreated plants. p values less than 0.05 were considered as indicating statistically 

significant differences.  
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3.2.14 In vitro CNV/Hsc70-2 binding assay 

  

 

CNV particles (600 ng) were treated with Hsc70 binding buffer or with 1800 ng BSA (Sigma) or 

1800 ng NbHsc70-2/His7 under binding conditions [10 mM Tris-HCl, pH 7.5, 50 mM potassium 

chloride (KCl), 5 mM magnesium chloride (MgCl2), 1mM dithiothreitol (DTT), 1 mM adenosine 

triphosphate (ATP)] in the presence of 1X cOmplete EDTA-free protease inhibitor as previously 

established for Hsc70 (227, 228) with some modifications. The mixture was incubated at 25 ̊C 

for 3.5 h. The particles were then adsorbed onto Formvar-carbon coated copper grids for 10 min 

followed by negative staining with 2% uranyl acetate for 30 sec. Images were taken at 100 kV 

and 80,000X as described above. (22). 

 

3.2.15 Chymotrypsin sensitivity assay  

 

 

In vitro binding assays were performed as described above except no protease inhibitor was 

added in the reaction mixture. After incubating for 3.5 h at 25 ̊C, 10 ng of chymotrypsin (Sigma) 

was added to the reaction tube and samples were collected at different times from 2 to 64 min as 

indicated in the figure legend (Figure 3.9C) and mixed with the reaction stop buffer [containing 

LDS with 5X cOmplete Protease Inhibitor (Roche) and sample reducing agent]. A control 

representative sample was collected from each tube, i.e., virus treated with binding buffer only, 

virus treated with BSA or NbHsc70-2/His7 at 0 min before the addition of chymotrypsin and 

processed similarly. The collected samples were heated at 70 ̊C for 10 min followed by SDS-

PAGE and Western blot analyses. A CNV CP antibody RAD (see above) was utilised for the 

detection of CP.  
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3.3 Results  

 

3.3.1 Hsc70-2 is present in CNV particle preparations  

 

 

I have previously found that HSP70 homologs play multiple roles in the CNV infection cycle 

and that Hsc70-2 co-immunoprecipitates with CNV CP (122). This prompted us to determine if 

Hsc70-2 is present in CNV particle preparations. To do this, I purified CNV particles from equal 

masses of mock or CNV inoculated N. benthamiana leaf material using PEG precipitation 

followed by differential centrifugation (see Materials and methods). After resuspending the 

pellets in equal volumes I conducted Western blot analyses using equal volumes of purified 

material and a monoclonal antibody that detects both Hsp70 and Hsc70 (HSP70 antibody). 

Figure 3.1A shows that HSP70 can be readily detected in virion preparations extracted from 

CNV infected plants (lane 2) when a high amount (40 µg) of denatured CNV particles is loaded 

onto the gel. However, no HSP70 signal was detected when an equal volume of material 

obtained from a mock virion preparation (lane 1) was loaded on the gel suggesting that HSP70 

co-purifies with CNV virions. 

 

HSP70 was also detected in virion preparations extracted from CNV infected plants using a 

miniprep procedure (225) or following sucrose density gradient purification (21) (S.B. Alam, 

unpublished observations).  However, when virus purification from CNV infected plants was 

performed under stringent conditions using cesium chloride (CsCl) gradient (14) (note CsCl was 

removed from virion preparations by dialysis), HSP70 was not detectable. Figure 3.1B shows 

that when equal amount of virions extracted either by differential centrifugation (lanes 1-3) or 

CsCl gradients (lanes 4-6) were subjected to SDS-PAGE followed by Western blot analyses, 
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HSP70 was not detectable in the latter  suggesting that HSP70 may not be firmly attached to 

CNV virions. This is consistent with my observation that levels of HSP70 in CNV preparations 

decline after long term storage of the virus (S.B. Alam, unpublished observations), possibly due 

to release from virions and/or degradation.  

 

To determine which isoform of the HSP70 protein family is present in purified CNV virion 

preparations, mass spectrometry was conducted in two independent experiments. In each 

experiment equal volumes of material obtained from equal masses of mock and CNV inoculated 

leaf material were subjected to CNV purification procedures. In total, five Hsc70 peptides were 

specifically identified in CNV virion preparations, each showing 100% identity to the deduced 

amino acid sequence of  N. benthamiana Hsc70-2 [(Gene ID Nbv5tr6412958) in the N. 

benthamiana database available through the University of Sydney, AU 

(http://benthgenome.qut.edu.au/)] (Figure 3.1C). These peptides were not detected in 

preparations purified in a similar manner from equal masses of mock inoculated leaves which 

indicates that Hsc70-2 co-purifies with CNV virions possibly due to an interaction between the 

virion and Hsc70-2. 

 

To quantify the amount of Hsc70-2 present in CNV preparations, I purified bacterially expressed 

recombinant N. benthamiana Hsc70-2 containing seven  C-terminal histidine (His) residues 

(NbHsc70-2/His7) (Figure 3.1D) as described previously (122).  Increasing masses of CNV 

particles along with several different dilutions of recombinant NbHsc70-2/His7 were 

electrophoresed through a SDS-PAGE gel and then Western blot analysis was conducted using a 

HSP70 antibody (which detects both Hsp70 and Hsc70) (Figure 3.1E). From these experiments, I  

http://benth-web-pro-1.ucc.usyd.edu.au/blast/get_sequences.cgi?database=db/Nbv5tr&hit_count=1&alignment_seq_1=Nbv5tr6412958%20Heat%20shock%20cognate%2070%20kDa%20protein%202%20(probable)
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estimate that approximately 5.7 ng of N. benthamiana Hsc70-2 is present in 40 µg of CNV 

which corresponds to approximately 18 molecules of Hsc70-2 per 1000 CNV particles. In an 

independent experiment a value of approximately 11 molecules of Hsc70-2 per 1000 virions was 

calculated. Taken together, the results strongly suggest that N. benthamiana Hsc70-2 is present 

in CNV virion preparations.  
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Figure 3.1: Hsc70-2 is present in CNV virion preparations.  

(A) Western blot analysis of CNV virion preparations. Virion extraction was from equal masses 

of mock (lane 1) and CNV (lane 2) inoculated leaves. Pellets were resuspended in an equal 

volume of 10 mM sodium acetate, pH 5.8 and equal volumes of material (40,000 ng of CNV) 

were loaded onto a denaturing NuPAGE gel followed by blotting to PVDF membranes.  The 

upper panel was probed with an antibody that reacts to both Hsp70 and Hsc70 (hereafter referred 

to as HSP70 antibody) and the lower panel was stained with Ponceau S to visualize CNV CP. (B) 

10,000, 20,000 and 40,000 ng of CNV virions extracted either by differential centrifugation 

(lanes 1-3) or CsCl gradient centrifugation (lanes 4-6) were subjected to SDS-PAGE followed by 

Western blot analyses. The upper panel is a Western blot probed with an HSP70 antibody and 

the lower panel is the blot stained with Ponceau S to visualize CNV CP. (C) Summary of Hsc70-

2 peptides detected by mass spectrometric analysis of proteins present in two independently 

purified CNV virion preparations (Expt #1 and Expt #2, respectively). The score for each 

experiment is shown based on a MASCOT search. X indicates the presence of the peptide in the 

mass spectrometric analysis.  A BLAST analysis of the five detected peptides in the taxid 
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Nicotianoideae identified three proteins that showed 100% identity to all five peptides (accession 

numbers AAP04522, AAR17080 and XP009620324.1).  All three proteins were most similar to 

Hsc70-2 like proteins as determined by BLAST analysis. The nucleotide sequences of these 

genes are most similar (95-96%) to N. benthamiana Hsc70-2 (Nbv5tr6412958; University of 

Sydney, Au; http://benthgenome.qut.edu.au/). These peptides were not detected in mock virus 

preparations extracted in a similar manner from the same amount of leaf tissue used to extract 

virions. (D) Denaturing gel electrophoresis of several dilutions (shown as µl) of recombinant N. 

benthamiana Hsc70-2/His7 protein purified from bacterial cells using a TALON metal affinity 

matrix (Clontech). Bovine Hsc70 was used as the mass and size standard (shown in ng). The first 

lane shows a protein molecular mass standard (ladder) in kDa. (E) Estimate of amount of Hsc70-

2 present in CNV virion preparations. Panel (i) shows a Western blot of CNV virion preparations 

probed with an HSP70 antibody. CNV particles (2,500, 5000, 10,000, 20,000 and 40,000 ng, as 

indicated) were electrophoresed under denaturing conditions and blotted to PVDF membranes 

prior to incubating with antibody. Dilutions of bacterially expressed N. benthamiana Hsc70-

2/His7 (0.625, 1.25, 2.5 and 5.0 ng) probed with HSP70 antibody were used to estimate the 

amount of Hsc70-2 present in CNV virion preparations. The amount of Hsc70-2 present in virion 

preparation was determined by densitometry using Image Lab
TM

 software version 5.1 (Bio-Rad) 

and the results are summarized in panel (ii). In an independent experiment, I found 

approximately 3.5 ng of Hsc70-2/His7 per 40 µg of virus (i.e., approximately 11 molecules of 

Hsc70-2 in 1000 CNV particles). 

 

 

 

 

 

 

 

 

 

 

 

 

http://benthgenome.qut.edu.au/
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I also assessed whether another member of the Tombusviridae family, the Aureusvirus, 

Cucumber leaf spot virus (CLSV) is associated with HSP70 using differential cenrifugation as 

described above.  Figure 3.2 shows that CLSV is associated with HSP70 (panel i) and that 

approximately 4.5 ng, per 40,000 ng of CLSV is present (panel ii) which is similar to that 

observed with CNV. This observation shows that another virus in the Tombusviridae family is 

associated with HSP70 homologs reinforcing the notion that this association has biological 

significance.   
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Figure 3.2: HSP70 co-purifies with CLSV.  

Panel (i) Western blot of CLSV virion preparations (extracted by differential centrifugation as 

described for CNV) probed with an HSP70 antibody. CLSV particles (10,000, 20,000 and 40,000 

ng, as indicated) were electrophoresed under denaturing conditions and blotted to PVDF 

membranes prior to incubating with antibody. Dilutions of N. benthamiana Hsc70-2/His7 (1.25, 

2.5 and 5.0 ng) probed with HSP70 antibody were used to estimate the amount of Hsc70-2 

present in CLSV virion preparations. The amount of Hsc70-2 present in virion preparation was 

determined by densitometry using Image Lab
TM

 software version 5.1 (Bio-Rad) and the results 

are summarized in panel ii. 
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3.3.2 CNV particles bind Hsc70 in vitro   

 

 

To determine if CNV particles can bind HSP70 homologs in vitro I performed a virus overlay 

assay as described previously (29). Ten μg of recombinant Hsc70 (bovine), Hsp70 (human) and 

BSA as a negative control along with CNV CP controls were subjected to SDS-PAGE and 

blotted onto a nitrocellulose membrane. The proteins were allowed to renature in situ overnight. 

The membrane was then incubated with CNV particles for 3 h, washed and then probed with a 

CNV CP specific antibody. As shown in Fig 3.3A, the antibody bound to protein in the lane 

loaded with Hsc70 but not in the lanes containing Hsp70 or BSA suggesting that CNV virions 

can bind Hsc70 in vitro. This reinforces my finding that Hsc70 can interact with and therefore 

co-purify with CNV during virus extraction. It is to be noted that ATP was not included in these 

experiments. However, the recombinant bovine Hsc70 and human Hsp70 might contain some 

residual ATP molecules co-purified during the extraction procedure as suggested by the 

manufacturer (Enzo Life Sciences). 

  

3.3.3 Hsc70-2 is bound to virions in purified CNV preparations 

  

 

To determine if Hsc70-2 is bound to CNV virions in purified particle preparations, 20 µg of 

CNV particles from two independent purifications were electrophoresed through 1% (w/v) 

agarose gels. Recombinant Hsp70 and Hsc70 were also loaded on the gel. Proteins were blotted 

to PVDF membranes followed by Western blot analyses using a HSP70 (Figure 3.3B, panel i) or 

CNV polyclonal antibody (Figure 3.3B, panel ii). It can be seen that a signal was obtained using 

the HSP70 antibody and that this signal is present at a position on the blot that is similar to that 

of CNV particles probed with a CNV polyclonal antibody (compare blots in Figure 3.3B, panel i, 
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lanes 3, 4 with Figure 3.3B, panel ii, lanes 1, 2). Such binding was not apparent at a similar 

position in the lanes containing purified Hsp70 and Hsc70 (Figure 3.3B, panel i, lanes 1, 2 

respectively) showing that the signal to CNV particles is not due to fortuitous comigration of 

CNV particles with free HSP70 homologs. These results indicate that Hsc70-2 detected by mass 

spectrometry in CNV preparations is bound to virions.  
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Figure 3.3: Purified CNV particles bind to Hsc70 in vitro and in vivo.  

(A) Virus overlay assay showing that CNV particles bind to Hsc70 in vitro. Equal masses (10 

µg) of bovine Hsc70, human Hsp70 and BSA as a negative control along with CNV CP 

standards (100, 50 and 25 ng, as indicated) were subjected to SDS PAGE. The proteins were 

blotted to a nitrocellulose membrane and allowed to renature overnight. The membrane was then 

incubated with CNV particles, washed and then probed with a CNV CP specific antibody. The 

first lane shows a protein molecular size marker with sizes of protein bands indicated to the left 

of the blot. Note: recombinant N. benthamiana Hsc70-2 was not available at the time when these 

experiments were conducted and hencewas not used for this experiment. However, preliminary 

experiments conducted with recombinant N. benthamiana Hsc70-2 do suggest that CNV 

particles bind Hsc70-2 in vitro. (B) HSP70 antibody binds to CNV particles subjected to agarose 

gel electrophoresis suggesting a physical interaction between Hsc70and CNV particles in vivo. 

20 µg of two independently purified CNV particle preparations (CNVP1 and CNVP2) were 

electrophoresed through 1% agarose gel (panels i and ii), blotted and either probed with a HSP70 

antibody (i) or a CNV antibody made to bacterially expressed S and P domains of the CP (ii) as a 

positive control. The upper panel shows the blots and the lower panel shows the ethidium 

bromide (EtBr) stained gels. In (i) 100 ng of human Hsp70 and bovine Hsc70 were also included 

in the gel to rule out the possibility that these proteins might co-migrate with CNV particles and 

thus artifactually indicate that CNV particles are bound to Hsc70.  
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3.3.4 Hsc70-2 is associated with CNV virions as determined by immunogold labelling  

 

 

The results shown so far provide evidence that N. benthamiana Hsc70-2 is bound to CNV 

virions. To more directly assess this I performed immunogold labelling experiments. One µg of 

CNV particles was adsorbed onto Formvar/carbon coated nickel grids followed by incubation 

with HSP70 antibody. After washing, the grids were incubated with a goat anti-mouse secondary 

antibody conjugated to 4 nm colloidal gold particles to label Hsc70-2 molecules present in CNV 

virion preparations. After gold labelling the virus particles were negatively stained and analysed 

by TEM. A control experiment was performed in a similar manner except no primary antibody 

was used.  

 

Figure 3.4A shows that CNV virions are labelled with gold as indicated by the white arrows. 

From three independent experiments it was found that, when labelled, the majority of the virions 

are labelled with 1(~53%) or 2(~19%) gold particles (representative images shown in Figure 

3.4A). The remaining virus particles were labelled with three (~8.8%), four (~5.8%), five 

(~7.3%) or >5 (~5.8%) gold particles (S.B. Alam, data not shown). These data indicate that 

Hsc70-2 is bound to CNV particles and that some particles are bound to more than 1 Hsc70-2 

molecule. 

 

To assess if binding to CNV particles is specific, 100 random TEM images were taken of both 

the experimental samples and the control (no primary antibody) prepared as described above. 

The total numbers of virions, as well as the number of labelled virions were counted and the 

percentage of virions bound to gold was determined and is shown graphically in Figure 3.4B. As 

can be seen, approximately 20 times more particles are gold labelled in the experimental sample, 
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compared to the control sample.  These observations suggest that in the experimental treatment 

gold labelled antibody is predominantly bound to CNV particles containing Hsc70-2 rather than 

being randomly distributed on the grid.  Moreover, the bound Hsc70-2 is accessible to antibody 

suggesting that the Hsc70-2 epitope is on the particle surface rather than being present within 

virions.  

 

It is also noted that  about 4.5% of CNV particles were bound to gold which extrapolates to 

approximately 70 particles of gold per 1000 CNV particles given that many of the labelled 

virions contain more than 1 bound antibody (see above) (Figure 3.4B).  This ratio of Hsc70-2 

particles to CNV particles is slightly higher than but similar to that observed using Western blot 

analyses which suggested that approximately 11-18 molecules of Hsc70-2 are present in 1000 

CNV particles (Figure 3.1E). Taken together, the presented data strongly supports that a subset 

of CNV particles are bound to Hsc70-2 with approximately 1.1 to 7% of the particles being 

bound as determined by Western blot analysis and immunogold labelling. The reason for the low 

level of Hsc70-2 binding to CNV virions is not known currently and needs further investigation. 

However, it is possible that greater numbers of CNV virions are associated with HSP70 

homologs in infected plants and the virion bound HSP70 molecules become extracted from the 

particles during the virion purification procedure. On the other hand it is also possible that 

HSP70 homologs only transiently associate with CNV virions. 
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Figure 3.4: Immunogold labelling experiment showing that purified CNV particles are 

bound to Hsc70.  

(A) 1 µg of purified CNV particles were adsorbed onto Formvar carbon coated nickel grids 

followed by incubation with 1% BSA-1XPBS as blocking agent. The grids were then incubated 

with HSP70 antibody at 4°C overnight. After incubation the grids were washed and treated for 1 

h at RT with a goat anti-mouse antibody conjugated to 4 nm gold particles in 1% BSA-1XPBS. 

After washing, virus particles were negatively stained with 2% uranyl acetate. A negative control 

experiment was performed in a similar fashion except the particles were incubated with buffer 

instead of the primary antibody. The grids were analysed by TEM at 100 kV and the images 

were taken at 80,000X. Panels a, b and c show virus particles bound to 1 gold particle as shown 

by the white arrow and panel d shows a virus particle bound to two gold particles. The scale bar 

represents 34 nm. The experiment was repeated three times. (B) A graphical representation of the 

percentage of virus particles bound to gold in the control (without primary antibody) and 

experimental (with primary antibody) samples is shown. Immunogold labelling was conducted as 

described in (A) and 100 randomly selected fields were photographed for subsequent analysis.  

The total numbers of virus particles were counted in the control (1,333) and experimental (793) 

samples along with the number of particles bound to gold.    
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3.3.5 The Hsc70-2 bound to CNV in purified virion preparations is partially protected 

from trypsin digestion  

 

 

Previous work from other labs has shown that HSP70 homologs can be incorporated into the 

interior of Lentivirus virions (262). However, my immunogold labelling results indicate that 

Hsc70-2 is at least partially present on the surface of CNV particles. To further assess if the 

bound Hsc70-2 is exposed or partially exposed on the exterior of CNV virions I performed a 

trypsin digestion assay. CNV virions (40 ug) were treated with increasing amounts of trypsin and 

the presence of Hsc70-2 was assessed by Western blot analyses (Figure 3.5). HSP70 antibody 

was used in the blot in panel a, and CNV CP antibodies SP and RAD were utilised in panel b.  

 

It can be seen in Figure 3.5, panel a, that Hsc70-2 is sensitive to trypsin since levels decline 

noticeably when 4 ng of trypsin are used (Figure 3.5, panel a, lane 5) and no Hsc70-2 is apparent 

when approximately 40,000 ng of trypsin are used (Figure 3.5, panel a, lane 8). This indicates 

that Hsc70-2 is at least partially exposed on the particle surface rather than being present entirely 

within virions consistent with the results of immunogold labelling experiments. Also, while 

levels of Hsc70-2 start to degrade partially at 4 ng of trypsin, the CP in virions is still intact 

(Figure 3.5, panel b, lane 5). However, Hsc70-2 is efficiently degraded only when the virions 

start to degrade (Figure 3.5, compare lanes 7-9 in panels a and b) suggesting that although 

Hsc70-2 is exposed on the exterior of CNV it is partially protected by virions.  

 

The conclusion that CNV virions partially protect Hsc70-2 from trypsin degradation is reinforced 

by the observation that free bacterially expressed NbHsc70-2/His7 is susceptible to digestion 

with significantly lesser amounts of trypsin.  For example, free NbHsc70-2/His7 is completely 
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digested using 4 ng of trypsin (Figure 3.5, panel c, lane 5) whereas Hsc70-2 present in CNV 

preparations requires approximately 40,000 ng of trypsin for complete digestion (Figure 3.5, 

panel a, lane 9). However, it is possible that the decreased sensitivity of CNV bound Hsc70-2 to 

trypsin could simply be due to the presence of a high amount of CNV particles in the digestion 

mixture in panel a, which could competitively protect the Hsc70-2 from degradation. To rule out 

this possibility NbHsc70-2/His7 was incubated with 40 µg of BSA (which is equivalent to the 

amount of CNV particles used in panel a) followed by trypsin digestion. It can be seen in Figure 

3.5 panel e, that the presence of BSA does partially interfere with digestion of NbHsc70-2/His7 

as would be expected. However, unlike that of Hsc70-2 in CNV virions only 10 fold more 

trypsin (rather than the 1000 fold seen with CNV virions in panel a) was required to completely 

digest NbHsc70-2/His7 in the presence of BSA. Thus, these data indicate that the reduced 

digestion of Hsc70-2 observed in the presence of CNV is due to partial protection by CNV 

virions.  

 

In order to rule out the possibility that components of the CNV virus preparation interfere with 

trypsin sensitivity of CNV bound Hsc70-2 seen in panel a, I incubated NbHsc70-2/His7 with the 

same volume of “virus” extracted from an equivalent mass of mock inoculated leaves that was 

used for CNV extraction from infected leaves in panel a (Figure 3.5, panel d). I found that the 

trypsin digestion pattern of NbHsc70-2/His7 in the presence of the mock “virus” preparation was 

similar to that of free NbHsc70-2/His7 (compare Figure 3.5, panels c and d).  This observation 

reinforces my hypothesis that CNV particles partially protect the bound Hsc70-2 from trypsin 

digestion and that this protection is not due to interference by components of the virus 

preparation. The implied intimate interaction between CNV particles and Hsc70-2 suggests that 
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bound Hsc70-2 may be involved in some aspect of the establishment of infection such as 

disassembly or that it may assist in CNV particle stability. 
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Figure 3.5: The Hsc70-2 bound to virions is partially protected from protease digestion.  

Panels a and b. A trypsin protection assay was performed by incubating 40 µg of purified CNV 

virions with increasing amounts of trypsin (0 to 4 X 10
4
 ng, as indicated) at RT for 30 min. 

Samples were then electrophoresed through a NuPAGE gel, blotted, and then probed with either 

a HSP70 antibody (panel a) or a mixture of two CNV CP antibodies that react to the CNV R and 

arm domains (RAD) or shell and protruding domains (SP) (panel b). In panel c, a similar 

experiment was performed using 6.5 ng of recombinant NbHsc70-2/His7 (which corresponds to 

the approximate amount present in 40 µg of CNV virions) to compare the trypsin sensitivity of 

free Hsc70-2 with that of Hsc70-2 present in CNV virion preparations (panel a). In panel (d), 6.5 

ng of NbHsc70-2/His7 was mixed with mock virus extracted from a mass of leaf material equal 

to that used for CNV in panel (a), to determine if components of the virus preparation interfere 

with trypsin sensitivity of Hsc70-2. In panel (e), 6.5 ng of recombinant NbHsc70-2/His7 was 

mixed with 40 µg of BSA prior to trypsin treatment. The blots in panels (c), (d) and (e) were 

each probed with HSP70 antibody under conditions identical to that in panel (a). Note that 

trypsin treated CNV has numerous degradation products (shown by brackets in panel b). Blots in 

panels (a) and (c-e) were each exposed for 39 min.  
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3.3.6 HSP70 antibody incubated virus particles or CsCl purified CNV virions having 

undetectable amounts of HSP70 produce a reduced number of local lesions on C. quinoa 

 

Local lesion assays provide a means for measuring infection by virus particles or viral RNA 

inocula where each lesion is believed to result from a single particle (or single uncoating event) 

or a single infectious RNA molecule (263).  Viral RNA replicates in the inoculated cell, and in 

the case of CNV, newly replicated viral RNA (rather than virions) moves to adjacent cells where 

replication is established once again, with further viral RNA cell-to-cell movement eventually 

resulting in the formation of a visible local lesion (Figure 3.6A).   

 

To assess the possibility that the Hsc70-2 associated with CNV particles assists in disassembly 

during the establishment of infection, I incubated CNV particles with HSP70 antibody or with 

control prebleed antibody and then conducted a local lesion assay using the local lesion host C. 

quinoa. For this experiment, 400 pg of virus particles (~0.04 fmoles), were incubated with 

HSP70 antibody (~6 fmoles) at 37 ̊C for 1 h to bind the Hsc70-2 molecules associated with 

particles. An equivalent amount of prebleed antibody was used in control experiments in place of 

HSP70 antibody.  After incubation, 40 pg of virions were used to inoculate C. quinoa leaves and 

the average number of local lesions per leaf was determined followed by conducting a Student’s 

t-test. Figure 3.6B shows that in four independent experiments, significantly lower numbers of 

local lesions per leaf were obtained using virions incubated with HSP70 antibody versus virions 

incubated with prebleed antibody. These observations are consistent with the notion that the 

Hsc70-2 present in virion preparation plays a role in the establishment of CNV infection, 

possibly by enhancing disassembly in inoculated cells.  
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Also, I wished to determine if particles extracted via differential centrifugation which have 

detectable amounts of HSP70 (Figure 3.1B) would produce a greater number of local lesions on 

C. quinoa than CsCl purified virions which have undetectable amounts of HSP70. Therefore, 

equal amounts of virions (40 pg) extracted by differential centrifugation (DC CNV) or by CsCl 

gradients (CsCl CNV) were inoculated onto C. quinoa leaves. Figure 3.6C shows that in three 

independent experiments, significantly greater numbers of local lesions were observed in DC 

CNV virions in comparison to CsCl purified CNV virions. These results suggest that Hsc70-2 

bound to virions plays an important role in the establishment of infection possibly via enhancing 

disassembly in inoculated cells.  
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Figure 3.6: CNV particles incubated with HSP70 antibody or having undetectable amounts 

of HSP70 produce fewer local lesions on the local lesion host Chenopodium quinoa.  

(A) Locals lesions produced on C. quinoa leaves following inoculation with CNV virions. The 

leaf in the left panel was mock inoculated with buffer only and the leaf in the right panel was 

inoculated with CNV virions. Arrows point to the local necrotic lesions observed at 5 dpi.  (B) 

CNV particles (400 pg) were incubated with an equal mass of prebleed IgG or HSP70 antibody 

at 37°C for 1 h and then 40 pg of virus was used to inoculate individual C. quinoa leaves. The 

numbers of local lesions per leaf were counted at 5 dpi. A graphical representation of the average 

number of local lesions per leaf obtained from four independent experiments (set 1, n= 8; set 2, 

n=10; set 3, n=20; set 4, n=23)  is shown. (C) Graphical representation of three independent local 

lesion assays (set 1, n=22; set 2, n=14; set 3, n=22) showing average no. of local lesions/leaf on 

C. quinoa plants inoculated with 40 pg/ leaf of CNV virions extracted either by differential 

centrifugation (DC CNV) or CsCl gradient (CsCl. CNV). The lesions were counted on 5 dpi. The 

p values for each experimental set as determined by a Student’s t-test are shown and indicate that 

the differences are statistically significant (i.e. p<0.05).  The standard error is shown by the 

brackets above the bars. “n” represents the number of leaves counted for each treatment in an 

experimental set. 
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3.3.7 Overexpression of Hsc70-2 or Hsp70 leads to enhanced CNV disassembly efficiency 

 

  

To further examine the possibility that N. benthamiana Hsc70-2 may play a role in CNV 

disassembly during the establishment of infection, I agroinfiltrated plants with either Hsc70-2 

cloned as previously described into the binary vector pBin(+) [pNbHsc70-2/pBin(+)] (115) or 

with empty pBin(+) (EV) as a control (122). I then inoculated infiltrated leaves with CNV to 

determine if overexpression of Hsc70-2 would lead to enhanced local lesion production. To 

confirm that Hsc70-2 was overexpressed, total leaf protein samples were collected at 1 and 3 

dpai and analysed through Western blot analysis using a HSP70 antibody. I observed that plants 

agroinfiltrated with pNbHsc70-2/pBin(+) contained significantly elevated levels of Hsc70-2 at 3 

dpai compared to the EV control (Figure 3.7A, compare lanes 3 and 4). I therefore inoculated 

agroinfiltrated leaves at 3 dpai, when the expression levels of Hsc70-2 was high, with 100 ng of 

CNV and then counted the number of local lesions at 4-6 dpi. Four independent experiments 

were conducted and in each experiment, plants overexpressing Hsc70-2 were found to develop 

significantly (p<0.05) greater numbers of local lesions compared to EV infiltrated plants (Figure 

3.7B). I suggest that overexpression of N. benthamiana Hsc70-2 leads to enhanced disassembly 

efficiency of CNV leading to a greater number of local lesions.  

 

It is noted here that CNV does not normally produce discrete, countable, local lesions on 

inoculated leaves of N. benthamiana, rather the lesions are broad and spreading (Rochon Lab, 

unpublished observations). However, I have found that discrete lesions are produced when plants 

are agroinfiltrated (Figure 3.7C). This is likely due to the combined immune response of N. 

benthamiana to CNV infection and the pattern triggered immunity induced by A. tumefaciens 

(264). 
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Figure 3.7: N. benthamiana leaves agroinfiltrated with Hsc70-2 show an increase in the 

number of local lesions produced by CNV in comparison to plants agroinfiltrated with EV. 

(A) Western blot analysis of leaf extracts from N. benthamiana plants agroinfiltrated with EV or 

pNbHsc70-2/pBin(+) at 1 and 3 dpai showing overexpression of Hsc70-2. Two to three leaves 

from two plants were collected, ground in liquid nitrogen and 100 mg of the ground leaf material 

was added to 350 μl of LDS protein extraction buffer. Equal volumes were electrophoresed using 

SDS-PAGE and probed with a HSP70 specific antibody. A Ponceau S stained image of the blot 

showing levels of Rubisco used as a loading control is present in the lower panel. (B) Local 

lesion assay on N. benthamiana plants that were agroinfiltrated with EV or pNbHsc70-2/pBin(+) 

as indicated and then three days later were inoculated with 100 ng of CNV virions. Note that at 

the time plants are inoculated the levels of NbHsc70-2 are elevated [see A (compare lanes 3 and 

4)]. Graphical representation of the average number of local lesions per leaf on EV or Hsc70-2 

agroinfiltrated plants from three independent local lesion assays (set 1, n=6; set 2, n=8; set 3, 

n=16). The p values for each experimental set as determined by a Student’s t-test are shown in 

the figure and indicate that the differences are statistically significant (i.e. p<0.05).  The standard 

error is shown by the brackets above the bars. “n” represents the number of leaves counted for 

each treatment in an experimental set.  (C) N. benthamiana leaves were agroinfiltrated and 

inoculated as in B. Panel a represents a leaf inoculated with 100 ng of CNV particles showing 

chlorosis at 3 dpi which leads to a typical spreading necrosis by 5-6 dpi (Rochon Lab, data not 

shown). Panel b represents an image of a leaf at 3dpi agroinfiltrated with EV and inoculated with 

CNV and panel c represents the image of a 3 dpi leaf agroinfiltrated with pNbHsc70-2/pBin(+) 

and inoculated with CNV. Note that inoculation of CNV on agroinfiltrated N. benthamiana 

produces contained rather than spreading local lesions as shown by the arrow in panel b and c. 
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I also wished to determine if overexpression of HSP70 homologs would lead to increased 

disassembly efficiency in the CNV local lesion host C. quinoa. Since C. quinoa is a poor host for 

transient protein expression via agroinfiltration (Rochon Lab, unpublished findings), I utilized 

heat shock treatment to increase the levels of HSP70 homologs. Previously I have found that C. 

quinoa plants heat-shocked at 48 ̊C for 30 min followed by a 2 h recovery period leads to 

overexpression of Hsp70 and possibly Hsc70 at 2 h post heat treatment and that high levels of 

expression remains for up to 3 days post heat shock (122). Hence, I inoculated the heat-shocked 

(HS) or non-heat-shocked (N) plants 2 h post treatment with 40 pg of CNV particles and 

examined the number of local lesions produced per leaf in both sets of plants. Figure 3.8A shows 

a graphical representation of the average number of local lesions per leaf on HS and N plants. 

Four independent experiments were conducted and in each experiment it was shown that HS 

plants developed a significantly (p<0.05) greater number of local lesions per leaf than N plants 

suggesting that Hsc70 and/or Hsp70 may enhance CNV disassembly efficiency.  

 

To distinguish between greater disassembly efficiency and the possibility that heat-shocked 

plants might simply support CNV replication and accumulation to a higher level as reported (17, 

122), I conducted a similar local lesion analysis with CNV virion RNA as the inoculum. I found 

that in five independent experiments that the average number of local lesions/leaf between the 

HS and N plants were not statistically significant (p>0.05) (Figure 3.8B), suggesting that the 

greater number of local lesions found in heat-shocked plants using CNV particles could be due to 

enhanced disassembly efficiency of CNV virions rather than increased capacity of heat-shocked 

C. quinoa plants to support CNV infection. My results are therefore consistent with the 

hypothesis that HSP70 homologs assist in the CNV uncoating process. 
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Figure 3.8: Heat-shocked C. quinoa leaves show an increase in the number of local lesions 

in comparison to untreated plants when virions are used as inoculum but not when virion 

RNA is used.  

(A) Graphical representation of the average number of local lesions per leaf on heat-shocked 

(HS) and non-heat-shocked (N) C. quinoa plants from four independent local lesion assays (set 

1, n=20; set 2, n=38, set 3, n=27; set 4, n=19) using virions as inoculum (40 pg/leaf). The p 

values for each experimental set as determined by a Student’s t-test are shown in the figure and 

indicate that the differences are statistically significant (i.e. p<0.05). (B) Graphical representation 

of five independent local lesion assays (set 1, n=12; set 2, n=15; set 3, n=17; set 4, n=18; set 5, 

n=32) conducted as in (A), except virion RNA (1 ng/leaf) was used as an inoculum. Note that p 

values are greater than 0.05 indicating that the differences in local lesion numbers are not 

statistically significant. “n” represents the number of leaves counted for each treatment in an 

experimental set. 
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3.3.8 Incubation of virus particles with N. benthamiana Hsc70-2 at pH 7.5 leads to partial 

disassembly and/or conformational change of CNV virions  

 

Studies have shown that Hsc70 can initiate the disassembly of oligomeric protein complexes 

(106). Also as described above, Hsp70 and Hsc70 have been found to have roles in inducing 

conformational change in viral capsids which is then followed by entry and uncoating in cells 

(111, 265). I hypothesized that Hsc70-2 induces a conformational change in CNV capsids which 

may contribute to disassembly of particles in the cytoplasm. To assess this, I performed an in 

vitro binding assay using 600 ng of CNV particles and 1800 ng of NbHsc70-2/His7 or 

recombinant BSA as a control under optimised Hsc70-2 binding conditions at pH 7.5 in the 

presence of 1X EDTA free protease inhibitor (see Materials and methods). After incubation for 

3.5 h, the particles were stained with 2% uranyl acetate and analyzed by TEM. It can be seen in 

Figure 3.9A that incubation of virus particles with NbHsc70-2/His7 results in conformationally 

altered or partially dissociated virions (shown by the white arrowheads in panels c-h) which was 

not observed following incubation of particles in binding buffer (panel a). In some cases it 

appeared that viral RNA could be seen extruding from particles or perhaps instead that “strings” 

of CP subunits were found associated with particles (shown by black arrows in panel d and h). 

These findings are consistent with the hypothesis that N. benthamiana Hsc70-2 plays a role in 

the disassembly of CNV particles at pH 7.5. 

 

To further assess the validity of the observed phenomena, an in vitro binding assay was 

performed as described above and 100 random images were photographed. The total number of 

CNV particles was counted along with the number of virions that were conformationally altered 

or partially disassembled. Figure 3.9B shows that an approximate 11 fold increase was found in 
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the percentage of conformationally altered or partially disassembled virions when CNV was 

incubated with NbHsc70-2/His7 (7.5%) compared to the BSA control (0.69%). These results are 

consistent with my hypothesis that Hsc70-2 may play a role in CNV disassembly in inoculated 

cells.  

 

To further ascertain that some virions undergo structural changes in the presence of exogenously 

added NbHsc70-2/His7, chymotrypsin digestion assays on virions incubated in the presence or 

absence of N. benthamiana Hsc70-2 were conducted. It can be seen in Figure 3.9C; lanes 13-18 

that a low proportion of CP associated with CNV virions were digested by chymotrypsin, 

whereas buffer or BSA treated virions were insensitive to chymotrypsin (Figure 3.9C, lanes 1 to 

12). The sensitivity of Hsc70-2 treated CNV particles to chymotrypsin suggests that Hsc70-2 

induces a conformational change in particles rendering them susceptible to protease treatment. I 

also noted that only a low level of digestion by chymotrypsin is observed.  This could be due to 

inefficient binding of Hsc70-2 to CNV particles in the in vitro assay used, as was observed in 

TEM analysis of Hsc70-2 treated CNV (see above), and a resulting low level of  conformational 

change and thus chymotrypsin sensitivity.   
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Figure 3.9: Incubation of CNV with NbHsc70-2/His7 at pH 7.5 leads to partial disassembly 

of virions.  

(A) 600 ng of CNV virions were incubated with NbHsc70-2/His7 binding buffer (a),1800 ng of 

BSA (b) or 1800 ng of NbHsc70-2/His7 (c-h) under optimised binding conditions at pH 7.5 in the 

presence of 1X EDTA free protease inhibitor for 3.5 h.  Particles were adsorbed to Formvar 

coated nickel grids and subjected to negative staining with 2% uranyl acetate. Intact virus 

particles are shown by white arrows in panels (a) and (b). The partially disassembled virions are 

shown by white arrow heads (c-h). The black arrow possibly represents viral RNA extruding 

from a partially disassembled virion or coat protein subunits (d and h). The scale bar represents 

34 nm. The experiment was repeated three times and representative results are shown. (B) A 
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graphical representation of the percentage of conformationally altered or partially disassembled 

virions in samples prepared as in (A) is shown. 100 fields were randomly selected and 

photographed for subsequent analysis.  The total number of virus particles were counted in the 

controls, [either virus treated with NbHsc70-2/His7 binding buffer (V only; n=571) or virus 

treated with BSA (V+BSA; n=716)] or the experimental sample (virus treated with NbHsc70-

2/His7 (V+Hsc70; n=598)], along with the number of particles that were conformationally altered 

or partially dissassembled. An approximate 11 fold increase in the percentage of 

conformationally altered/partially disassembled virions was observed in V+Hsc70-2 compared to 

V+BSA samples. Approximately 7.5 % of CNV virions were found to be conformationally 

altered or partially disassembled in the presence of NbHsc70-2/His7. (C) 600 ng of virions were 

treated with binding buffer only (Lanes 1-6), BSA (Lanes 7-12) or NbHsc70-2/His7 (Lanes 13-

18) as in (A), but in the absence of any protease inhibitor. After an incubation of 3.5 h, the 

virions were treated with 10 ng of chymotrypsin at RT and equal volume of samples were 

collected and mixed with the reaction stop buffer at indicated time points followed by SDS-

PAGE and Western blot analyses using the CNV CP antibody RAD. An equal amount of 

samples from each treatment were collected and processed as described above before the 

addition of chymotrypsin (lanes 19-21). The chymotrypsin cleavage products in V+NbHsc70-

2/His7 samples are shown by the arrowhead. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



147 

 

3.4 Discussion  

 

 

Little is known about the means by which non-enveloped virus particles disassemble to establish 

infection in a host. I provide evidence that Hsc70-2 is associated with CNV particles and that 

Hsc70-2 and/or HSP70 homologs can assist in the CNV disassembly process. Previous work has 

demonstrated that HSP70 homologs are highly upregulated during CNV infection and that they 

contribute to multiple aspects of the CNV infection process such as accumulation of viral RNA, 

and CP, VLP assembly and targeting of CNV CP to chloroplasts (122). HSP70 homologs have 

been found to promote the uncoating of several animal icosahedral viruses such as Rotaviruses, 

Polyomaviruses, Reoviruses and Papillomaviruses (109-111, 265). My studies show for the first 

time that a plant HSP70 homolog, Hsc70-2, may be involved in the disassembly of an 

icosahedral plant virus, CNV.  

 

Hsc70 and Hsp70 are molecular chaperones that play important roles in protein folding and 

preventing aggregate formation (78). They also have been found to promote the disassembly of 

macromolecular complexes such as clathrin coated vesicles (88-90). Studies have shown that 

Hsc70 not only uncoats clathrin, but also primes it to reform clathrin coated pits (266). Studies 

on Human polyomavirus suggests that Hsp70 also plays dual roles during virus infection by 

facilitating both capsid assembly (267) and disassembly (109). Recently I have found that 

Hsc70-2 plays a role in the assembly of virus-like particles that accumulate during 

agroinfiltration of plants with CNV CP (122).  My observation that Hsc70-2 is likely involved in 

the uncoating of CNV capsids is consistent with the notion that Hsc70-2 might be involved in 

both CNV assembly and disassembly as in Polyoma and Papillomaviruses (109, 267)  
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As shown in Figure 3.1, Hsc70-2 co-purifies with CNV suggesting an association between CNV 

particles and Hsc70-2.  Virus overlay assays (Figure 3.3A) show that CNV particles can bind 

bovine Hsc70. Moreover, Figure 3.3B shows that CNV particles remain associated with Hsc70-2 

following agarose gel electrophoresis reinforcing the notion that Hsc70-2 is physically bound to 

CNV particles.  Immunogold labeling experiments provide further evidence that Hsc70-2 is 

bound to particles with the majority of particles containing one or two bound Hsc70-2 molecules 

(Figure 3.4). The nature of the association between CNV particles and Hsc70-2 was examined 

using trypsin sensitivity assays and it was found that Hsc70-2 present in CNV preparations is 

less sensitive to trypsin treatment than “free” Hsc70-2, requiring between 1,000-10,000 fold 

more trypsin for complete digestion (Figure 3.5). This suggests that Hsc70-2 is intimately 

associated with CNV particles.  

 

I have also examined whether CLSV is associated with HSP70 homologs and found that 

approximately 4.5 ng of HSP70 per 40,000 ng of CLSV is present (Figure 3.2). This is similar to 

the level of Hsc70-2 detected in CNV preparations (3.5-5.7 ng/40,000 ng of CNV; Figure 3.1).  

Additionally, in a preliminary experiment I have found that N. benthamiana plants agroinfiltrated 

with Hsc70-2 and inoculated with CLSV as described for CNV; develop visibly greater numbers 

of local lesions (S.B. Alam, unpublished observations).  The finding that CLSV is associated 

with HSP70 homologs suggests that other members of the Tombusviridae may similarly be 

associated with HSP70.  Further experiments are required to ascertain this possibility and its 

significance to the disassembly process. 
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Although my data shows that Hsc70-2 is intimately associated with CNV virions, I do not know 

the details of its association from a structural point of view.  However, in analogy to the 

maturation protein of MS2 bacteriophage, which replaces 1 CP dimer in the T=3 structure, it is 

possible that Hsc70-2 (~70 kDa) may a replace a CNV CP dimer (~82 kDa).  

 

How then does Hsc70-2 become associated with CNV particles?  HSP70 homologs are known to 

require a short region of hydrophobic residues flanked by basic amino acids for efficient binding 

of substrates (56, 268, 269).  Interestingly, the 18 aa  region of the CNV CP arm is highly 

hydrophobic and this is flanked by highly basic regions in the adjacent R domain and  region of 

the arm. It is possible that this represents the site of interaction of Hsc70-2.  This is a likely 

possibility since it is known that the CNV arm region acts as a transit peptide targeting CNV CP 

to chloroplasts (220) and many transit peptides are believed to interact with HSP70 homologs 

(100-102). Moreover, I have shown that HSP70 homologs are required for CNV entry into 

chloroplasts and that Hsc70-2 increases the accumulation of CNV virus-like particles (122). In 

addition, I have found that Hsc70-2 interacts with CNV CP in vivo (122).   

 

I propose that Hsc70-2 bound to the CNV arm region of the CP becomes associated with CNV 

particles during virion assembly. Alternatively, Hsc70-2 may associate with the arm region 

following assembly during the CNV breathing process when the arm becomes externalized. 

Consistent with these suggestions, I have found that mutant CNV particles that lack the  region 

of the arm do not associate with HSP70 homologs to a detectable level as determined by Western 

blot analysis (S.B. Alam, unpublished observations).  Additionally, unlike WT CNV, mutant 

virions do not produce a significantly greater number of local lesions on heat-shocked versus 
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non-heat-shocked C. quinoa (S.B. Alam, unpublished observations). Further experiments are 

required to address the site on CNV CP or particles where Hsc70-2 is bound and how Hsc70-2 

becomes associated with virions.   

 

In Figure 3.6B and 3.6C respectively, I found that CNV particles incubated with HSP70 antibody 

or CsCl purified virions having undetectable amounts of HSP70 produce fewer local lesions on 

C. quinoa. This finding suggests that the Hsc70-2 associated with CNV particles enhances the 

establishment of infection.  This could be due to a role for Hsc70-2 in initiating virus 

disassembly.  On the other hand, it is known that HSP70 homologs play a role in the formation 

of the replication complex of CNV and TBSV (18, 40).  Therefore, it is possible that the 

associated Hsc70-2 assists in establishing infection by providing a source of Hsc70 for 

replication complex formation. It is also noted that, since CsCl purified virions produce local 

lesions on C. quinoa, it is possible that virion preparations might contain a very low level of 

Hsc70-2 which is beyond the capacity of detection by Western blot analyses. Alternatively, 

Hsc70-2 may enhance infectivity of CNV virions but may not be essential.  Enhancement of 

infection could be due to a role in facilitating disassembly or perhaps by supplying the HSP70 

homolog required for formation of the initial replication complex. 

 

It is possible that many CNV virions may not be able to efficiently establish an infection in a 

susceptible host due to the absence of Hsc70-2 in the particle.  This is consistent with the great 

number of virions required to establish an infection.  For example, in C. quinoa, 40 pg of virus 

(~2.7 X 10
6
 molecules) produces an average of only approximately 20-40 local lesions.  

Although numerous factors certainly play a role in the ability of a particle to establish an 
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infection, it is possible that the association of Hsc70-2 with CNV may comprise one contribution 

to the establishment of infection. 

 

To assess my hypothesis that Hsc70-2 assists CNV in disassembly I examined particles 

incubated with an excess of  bacterially expressed Hsc70-2 by TEM analysis and found that 

approximately 7.5% of treated virions showed observable changes in morphology (see Figure 

3.9B), I also examined Hsc70-2 treated particles for conformational changes by conducting 

chymotrypsin sensitivity assays where I found that a small proportion of the CP of these particles 

becomes accessible to chymotrypsin treatment.  Together, these observations suggest that 

exogenously added Hsc70-2 changes the conformation of CNV particles, consistent with a role 

in virus disassembly. 

 

I noted that only a small proportion of CNV particles are altered following incubation with 

bacterially expressed Hsc70-2 (Figure 3.9B). One likely explanation for this is that HSP70 

homologs are known to have a lower  affinity for  natively folded polypeptides than for 

misfolded or alternatively folded polypeptides (86). Also, the in vitro reaction conditions likely 

do not sufficiently mimic the complex intracellular environment where CNV disassembly occurs.  

 

I conducted local lesion assays using either CNV virions (Figure 3.8A) or CNV RNA (Figure 

3.8B) on heat-shocked C. quinoa to distinguish between the possibilities that HSP70 homologs 

assist in CNV disassembly versus assisting in some other aspect of the initiation of infection, 

such as supplying HSP70 homologs needed for formation of the replication complex. I found 

that although the number of local lesions did not change in heat-shocked versus non-heat-



152 

 

shocked plants when viral RNA was used as the inoculum, that the number of local lesions was 

significantly higher when virions were used as inoculum. This reinforces my conclusion that 

HSP70 homologs, or more specifically Hsc70-2, assists in the efficiency of the establishment of 

infection by assisting in particle disassembly.  This finding also suggests that cytoplasmic HSP70 

homologs may further assist in CNV disassembly beyond that which is facilitated by CNV bound 

Hsc70-2.   

 

Conformational change of viral capsids during cellular entry and uncoating has been suggested 

or documented for several animal and plant viruses including Human rhinovirus 2, Poliovirus, 

BK polyomavirus, TBSV, TMV, TCV, Carnation mottle virus (CarMV), SBMV, Turnip yellow 

mosaic virus, BMV, CCMV, AMV, RCNMV and FHV (36, 37, 255, 270-274).  In the case of 

TBSV, TCV, RCNMV and SBMV it has been suggested that particles swell in the higher pH, 

low calcium environment of the cytoplasm leaving a hole at the particle 3-fold axis where the 

RNA can exit (37, 258, 259, 275-277). Additionally, for AMV, TMV, TCV, CCMV, FHV and 

BMV (36, 37, 255, 273) it has been suggested that the particles undergo co-translational 

disassembly whereupon the exposed virion RNA of partially disassembled particles binds 

ribosomes and subsequent translation assists in further uncoating of particles.  I also noted that 

following numerous attempts to observe co-translational disassembly of CNV in wheat germ 

extracts and rabbit reticulocyte lysates, translation products were not observed even when 

particles were swollen prior to addition to the cell free translation systems or when particles were 

pretreated with Hsc70-2 (S.B. Alam, unpublished observations). Thus it is possible that CNV 

differs from other similar non-enveloped viruses and TMV in that disassembly does not occur 
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co-translationally. Alternatively, it may be that the cell-free systems are lacking the components 

normally present in a cell that are required for co-translational disassembly of CNV.  

 

The data described in this chapter supports the notion that CNV CP can co-opt HSP70 homologs 

for virion disassembly.  Like most spherical viruses, CNV persists in a metastable state where it 

can exist in two distinct conformations: a compact closed state and relaxed (expanded) open 

conformation (13, 37, 55, 257, 258). Virions can undergo a breathing phenomenon during which 

it moves from a closed to an open conformation. These two states of the particle could be 

influenced by conditions within the host cell such as high pH or low calcium ions, where the 

particle would be in the expanded conformation. In analogy to TBSV, the R and arm region 

wholly or partially externalize during particle expansion and an opening is created at the particle 

quasi three-fold axis (26). It is possible that the viral RNA comes out of the hole from the three-

fold axis that is created during particle swelling as has been suggested for Carnation mottle virus 

and other viruses  (258). It is possible that CNV bound Hsc70-2 assists in this breathing 

phenomenon, promoting expansion under favourable cytoplasmic conditions such as elevated pH 

and low calcium.  Experiments were conducted in which CNV particles were incubated with 

Hsc70-2 at pH 7.5 and then analyzed for a change in conformation by agarose gel 

electrophoresis, a procedure that can readily identify swollen CNV particles (59);  however, no 

difference could be discerned using this method possibly due to a low number of particles that 

may be affected by Hsc70-2 as deduced from the TEM and chymotrypsin experiments conducted 

in Figure 3.9. 
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I provide the following hypothetical model for CNV virion disassembly facilitated by Hsc70-2 

(For more details see Chapter 5, Section 5.2.1). According to this model, CNV acquires Hsc70-2 

during the assembly process possibly due to Hsc70-2 interaction with the transit peptide-like 

region of the arm of the CNV CP.  The disassembly process is facilitated by the bound Hsc70-2 

along with the high pH environment of the cytoplasm resulting in CNV expansion which creates 

an opening in the particle at the quasi three-fold axis.  As the arm and R domains externalize 

through this opening, virion RNA may be concomitantly externalized.  Recently, we have shown 

that the R domain of CNV contains a highly basic KGKKGK region which likely binds viral 

RNA within the capsid (164).  Also, the arm domain contains a KGRKPR region which may 

similarly bind virion RNA (see Chapter 4).  Thus it seems possible that RNA bound to these 

basic sequences may exit the virion in association with R and arm domain externalization. The 

RNA may then be accessible for translation of the p33 and p92 ORFs, which encode the 

auxiliary replicase protein and RNA dependent RNA polymerase, respectively.  As we have 

found that CNV produces a greater number of local lesions on plants overexpressing HSP70 

homologs (Figures 3.6 and 3.7), it is possible that cytoplasmic HSP70 homologs may further 

assist in CNV disassembly beyond that facilitated by the virion associated Hsc70-2. This may 

allow for a more complete disassembly and release of viral RNA which may be required to 

“untangle” the partially disassembled virion. Finally, it is possible that the Hsc70-2 associated 

with the particle or the sequestered HSP70 homologs may assist in the formation of the 

replication complex.  

 

In summary, I have provided evidence that CNV particles are associated with Hsc70-2 and that 

this association may contribute to particle disassembly.  I believe this finding may provide 
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fruitful insight into the multifaceted aspects of the disassembly process of other non-enveloped 

viruses as well. 
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 Chapter 4:  Evidence for the role of basic amino acids in the coat protein arm region of 

Cucumber necrosis virus in particle assembly and selective encapsidation of viral RNA over 

host RNA
4
 

 

4.1 Introduction 

 

 

Virion assembly is one of the most important steps in the virus multiplication cycle. In the case 

of small icosahedral RNA viruses the most commonly occurring form of virion assembly is 

nucleic acid-assisted capsid assembly where packaging of viral nucleic acid occurs 

concomitantly with capsid formation.  More rarely, formation of capsid structures occurs which 

is followed by filling of the capsid with previously synthesized viral RNA (53, 55). The newly 

formed progeny virions contain the genetic information necessary for replicating in new cells of 

the same plant or in another susceptible host. Virions also protect the encapsidated genome from 

both the intracellular and extracellular environment and, as well, may assist in cell-to-cell 

movement, systemic movement and vector transmission (55, 278).  

 

In many cases packaging of ssRNA viruses involves recognition of specific packaging signals 

(PS) on viral RNA and CP or CP oligomers (for details see Section 1.19.6).  This recognition 

nucleates the virion assembly process which is then followed by addition of further CP 

molecules or oligomers.  This second stage of the assembly process could simply involve 

successive interactions between CP molecules until assembly of the virion is complete.  

However, numerous studies suggest that viral RNA plays a crucial scaffolding type role in 

facilitating further assembly by recruiting additional CP molecules via either non-specific or 

specific interactions with motifs on viral RNA (53, 55, 173, 174).  Ionic interactions between the 

                                                 
4
 A version of this Chapter is under preparation for publication. 
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phosphate groups of viral RNA and the basic aa side chains of the CP have been found to play an 

important role in virion assembly and stability (51, 137, 157, 164, 166, 279). In numerous 

previous studies including those on Satellite tobacco necrosis virus, Beet black scorch 

virus, Brome mosaic virus (BMV), Ourmia melon virus, Cucumber mosaic virus, Alfalfa mosaic 

virus, Red clover necrotic mosaic virus, Cowpea chlorotic mottle virus, Sesbania mosaic virus, 

Flock house virus (FHV), Human immunodeficiency virus, Macrobrachium rosenbergii 

nodavirus  and Melon necrotic spot virus (MNSV), it has been shown that  basic motifs in the N-

terminal inward facing portion of the CP play an important role in viral RNA interaction (51, 53, 

55, 151-163). In BMV, it has been suggested that this region interacts with viral RNA promoting 

both assembly and virion stability partly through electrostatic interactions (157).  

 

Cucumber necrosis virus (CNV) is an excellent model system virus for characterizing 

fundamental aspects of virus assembly in vivo as the virus multiplies to very high levels in plants 

and both the cryo-EM and X-ray crystal structure have been determined (13, 14).  As well, an 

infectious cDNA clone is available for mutagenesis studies (13, 14, 31). CNV belongs to the 

genus Tombusvirus in the family Tombusviridae. CNV virions contain an approximate 4.7 kb 

positive polarity ssRNA genome that encodes five proteins. The  p33 auxiliary replicase factor 

ORF is read through to produce the RNA dependent RNA polymerase (p92) from genomic RNA 

(gRNA) template (16). The internally located CP (p41), along with the silencing suppressor 

(p20) and the movement (p21) are translated from subgenomic RNA (sgRNA) of 2.1 kb and 0.9 

kb, respectively (16). The CNV particle is a T=3 icosahedron, consisting of 180 identical copies 

of the 41 kDa CP.  
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Based on the X-ray crystal structure of CNV along with the cryoEM structure (13, 14) the CP 

exists in three different conformations (A, B and C) in the icosahedron. Each of the CP subunits 

folds into three distinct structural domains. The N-terminal RNA binding domain (R) interacts 

with virion RNA (vRNA) and forms the inner shell of the virion. The shell domain (S) 

constitutes the capsid backbone and forms the outer shell of the virion. The protruding domain 

(P) is the C-terminal domain and forms 90 dimeric protrusions on the surface of the particle.  The 

P and the S domains are connected by a short five aa hinge (h). The arm region of 34 amino 

acids (aa) flexibly connects the R and S domains thereby contributing to T=3 icosahedral 

symmetry (16, 22). The CP arm consists of a β region rich in hydrophobic aa residues as well as 

an ε region rich in basic aa (22).  

 

The arm is ordered in the C subunit and disordered in the A and B subunits.  The β regions of the 

arms of three C subunits intertwine to form a β-annulus at the particle 3-fold axis that contributes 

to particle stability and forms a bridge to the inner shell (22, 59). The  region of the C subunit 

arm lies along the inner face of the S domain antiparallel to the first β-sheet. The A and B 

subunit arms are flexible and can extrude from the particle interior upon virion breathing (13, 

21).  

 

The cryo EM structure of the CNV particle was the first to show that it consists of an outer shell 

and a structured inner shell as described above (13). It has been suggested that the highly 

structured inner shell which is formed, at least in part, from the R domain that serves as a 

scaffold important in the assembly of T=3 particles (21).  CNV vRNA is sandwiched between 

the outer and the inner shells likely, in part, through interactions with the  R domain  (13, 21).  
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Previous work in Dr. Rochon’s lab has identified a highly basic “KGKKGK” sequence in the C-

terminus of the R domain as playing an important role in virus assembly and in the encapsidation 

of the full-length  genome during infection (164). The ε region, may, like the R domain, bind 

vRNA as it is also rich in basic aa and its position in the particle is co-incident with vRNA based 

on neutron scattering studies of the related Tombusvirus, Tomato bushy stunt virus (TBSV) 

(280). The complete ε region has also previously been found to be essential for formation of 

particles (22). I wished to test the hypothesis that the basic aa sequences in the CNV CP arm 

region of the C/C dimer as well as A/B dimers might play an important role in binding RNA 

within virions and promoting virus particle assembly and stability. The ε region of the CNV CP 

arm contains a highly basic “KGRKPR” sequence that consists of four basic aa residues. Hence, 

I postulate that the “KGRKPR” sequence of the C subunit arm, which colocates with vRNA may 

play an important role in vRNA encapsidation and particle assembly.  

 

In the present study I extend previous studies on the role of basic aa in the N-terminal region of 

the CNV CP in particle assembly. I have analyzed the role of specific basic aa in the  region of 

the CNV CP arm  in encapsidation of RNA during infection. I have found that replacement of 

one or two of the basic aa in the “KGRKPR” sequence of the  region results in a lower level of 

virion accumulation and replacement of all four aa results in a near loss of virion formation 

demonstrating the essential role of this sequence in CNV assembly.  I have also shown that 

replacement of one, two or four aa results in increased  formation of particles having T=1 

icosahedral symmetry. Additionally, I have found that these replacements are also associated 

with reduced encapsidation of vRNA as well as increased relative encapsidation of host RNA 
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suggesting that the  region of the CP arm plays an important role, either directly or indirectly, in 

selection of CNV RNA over host RNA for encapsidation during particle assembly.  

 

4.2 Materials and methods 

 

4.2.1 Structural analysis of CNV CP C/C dimer  

 

 

The protein data bank (PDB) file for the CNV CP C/C dimer was kindly provided by Dr. 

Thomas Smith (Biochemistry and Molecular Biology, UTMB). The location of the basic aa 

residues in the “KGRKPR” sequence in the CNV CP C/C dimer was analysed using RasMol 

software VERSION 2.7.5.2 (http://rasmol.org/OpenRasMol.html). 

 

4.2.2 Site-directed mutagenesis  

 

 

All mutations in the  region of the CNV CP arm mutants  M1-M7 (see Figure 4.2A) were 

generated using a PCR-based method (281). Two 5’ phosphorylated diverging primers (Table 

4.1) were used that contained the substituted bases required for converting the desired K or R 

residue to A. All mutagenic PCR reactions were conducted using a WT CNV cDNA sub-clone in 

pUC19 that encompasses the complete CP ORF. The mutated CNV CP region was sequenced for 

the desired mutation and cloned back into the WT CNV clone using EcoRI and BglII which 

cleave upstream of the CP ORF and within the CP ORF, respectively, and contain the mutated 

CP arm region. The regionbetween the EcoRI and BglII sites was resequenced to confirm the 

presence of the mutation and to ensure that no unintended mutations were introduced. See Table 

4.1 for a list of mutagenic primers for each mutant. 

http://rasmol.org/OpenRasMol.html
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4.2.3 Transcript inoculation  

 

 

Equal amounts of T7 polymerase run-off transcripts of WT CNV or mutants M1-M7 were 

produced and used to inoculate carborundum dusted 4-6 week old N. benthamiana leaves as 

previously described (31). 

   

4.2.4 TLR extraction and electrophoresis  

 

 

Two to three comparable leaves on 6-10 N. benthamiana plants were inoculated with WT CNV 

or mutant transcripts as described above. At 4 dpi, infected leaf tissue was collected and 

combined and ground to a fine powder in liquid nitrogen. TLR was extracted from 100 mg of 

ground material using the RNeasy Plant Mini Kit (Qiagen) according to the manufacturer’s 

instructions. RNA was analyzed by electrophoresis through 1% agarose gels buffered in 0.5 X 

TBE and visualized by staining with EtBr as previously described (30).  

 

4.2.5 SDS-PAGE and Western blot analysis  

 

 

TLP samples were obtained by grinding leaf tissue to a fine powder in liquid nitrogen as 

described previously (122). For Western blot analysis equal amounts of TLP obtained from equal 

masses of leaf tissue were electrophoresed through NuPAGE 4-12% Bis-Tris gels (Thermo 

Fisher Scientific), blotted onto PVDF membranes (Bio-Rad) and probed with the CNV CP 

antibody made to the bacterially expressed shell and protruding domains (SP antibody) as 

described in the figure legends. Western blots of virion proteins were conducted similarly using 

approximately equivalent masses of virions and the blot was probed with SP antibody. 
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4.2.6 Virus purification by “midiprep” procedure  

 

 

Infected leaf material (~4.5 to 6 g) at 4-5 dpi was collected, ground in liquid nitrogen and added 

to at least 5 volumes of 100 mM NaOAc pH 5.0 containing 20 mM β-mercaptoethanol. The 

slurry was gently rotated at 4°C for at least 1 h and then centrifuged at 8000 x g for 15 min at 

4°C to remove plant debris. The supernatant was passed through two layers of Miracloth 

(Calbiochem) and the solution was adjusted to 8% polyethylene glycol (PEG 8000, Sigma-

Aldrich) followed by incubation for at least 2 h at 4°C with constant stirring. Virus was pelleted 

at 10,000 x g for 20 min at 4°C then resuspended in 10 mM NaOAc, pH 5.0. The virus was 

subjected to constant rotation at 4°C overnight, and then centrifuged again at 15,000 x g for 20 

min at 4°C to remove residual debris. The supernatant (containing virions) was collected and 

stored at 4°C until further use. For large scale virus extraction (greater than 10 g of tissue) a 

similar method was employed except infected material was homogenised in a blender.  

 

4.2.7 Agarose gel electrophoresis of purified particles 

  

 

For comparative analysis of the accumulation level of virions produced by mutants M1-M7 and 

WT CNV, virus extraction was performed using equal amounts of leaf tissue and the final virus 

pellet was resuspended in equal volumes of 10 mM NaOAc, pH 5.0 as described above. Virus 

particles were electrophoresed through 2% (w/v) agarose gels in TB buffer (45 mM Tris, 45 mM 

borate, pH 8.3) for 2 h as described previously (30). Virions were stained with EtBr in the 

presence of TB buffer containing 1 mM EDTA and photographed under ultraviolet illumination 

(Gel Doc, Alpha Innotech Corporation) to visualize vRNA (59). To visualize virion protein, 

SYPRO Ruby (Thermo Fisher Scientific) was used as the stain.  To stain, the gel was submerged 
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in SYPRO Ruby protein gel stain (Thermo Fisher Scientific) overnight and then destained in 

wash buffer (10% methanol, 7% acetic acid) for 1 h. 

 

4.2.8 Virus yield  

 

 

The following formula was used for the calculation of % yield of mutant virions. % yield of 

mutant virions = µg virions produced/g of infected leaf tissue divided by that of WT CNV X 

100. The mass of virions was determined by electrophoresis of several dilutions of the virions 

followed by staining with SYPRO Ruby as described above using WT CNV as a standard.  

 

4.2.9 Percent RNA encapsidation  

 

 

The following formula was used for the calculation of % RNA encapsidated by mutant virions. 

% RNA encapsidation of mutant virions = yield of vRNA obtained in ng from pancreatic 

ribonucleaseA (RNaseA) treated virions /µg of virus divided by that obtained for WT CNV X 

100. RNaseA was used to remove any contaminating host RNA that may have co-purified with 

virions during the extraction procedure. The yield of vRNA was obtained by measuring the 

concentration of RNA at A260nm spectrophotometrically using a NanoDrop® ND-1000 

spectrophotometer V3.3 (Thermo Fisher Scientific). The mass of virions was determined by 

electrophoresis of several dilutions of the virions followed by staining with SYPRO Ruby as 

described above using known concentrations of highly purified WT CNV as a standard. The 

concentration of highly purified CNV RNA was determined spectrophotometrically where the 

absorbance at 260 nm of a 1 mg/ml suspension of CNV = 4.5. 
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4.2.10 Transmission electron microscopy  

 

 

Electron microscopy using approximately 600 ng of purified virus particles per grid was 

conducted as described previously.  Uranyl acetate (2%) was used as the negative stain (22). 

 

4.2.11 Thermostability assay  

 

 

Thermal stability of the double “KGRKPR” mutants and WT CNV particles was determined as 

described previously (22). 

 

4.2.12 RNaseA treatment of virions 

  

 

WT CNV and “KGRKPR” mutant virions (13-251 µg) were treated with pancreatic RNaseA 

(Thermo Fisher Scientific), when indicated, at a concentration of 0.02 ng/ul in10 mM NaOAc pH 

5.0 for 30 min at RT in a 400 µl reaction volume. Prior to vRNA extraction, as described below, 

the mixtures were adjusted to 20 mM β-mercaptoethanol to inhibit RNaseA activity during the 

purification procedure. Purified RNA was subjected to the RNeasy Mini protocol as 

recommended by the manufacturer (Qiagen) to remove residual RNaseA from the vRNA 

preparation.  
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4.2.13 vRNA extraction  

 

 

Five hundred µl of water-saturated phenol, equilibrated with 1X vRNA extraction buffer (200 

mM Tris, 50 mM EDTA, pH 8.8) containing 1% SDS, was mixed with 100 µl of 5X vRNA 

extraction buffer containing 5% SDS and 1% β-mercaptoethanol (BME). Four hundred µl of 

solution containing 10-50 µg of virions in 10 mM NaOAc, pH 5.0 was added to the above and 

vigorously mixed for 5 min. The mixture was centrifuged at 15,000 x g for 2 min at 4°C and the 

aqueous phase was removed. To increase the yield of vRNA, the organic phase was back 

extracted with 200 ul of water. This aqueous phase was combined with the previous aqueous 

phase and re-extracted with phenol/chloroform/isoamyl alcohol (25:24:1) followed by extraction 

of the aqueous phase from this treatment with chloroform/isoamyl alcohol (25:1). vRNA was 

precipitated using 0.1 volumes of 2 M NaOAc pH 5.8 and 2.5 vol of absolute ethanol and placed 

at -80°C for 1 h.  Following centrifugation at 20,000 x g for 15 min the pellet was washed with 

70% ethanol, briefly dried, resuspended in sterile water and stored at -80°C until use.  

 

4.2.14 Northern blot analysis  

 

 

vRNA extracted from RNaseA treated WT CNV or “KGRKPR” mutant virions M1-M7 were 

electrophoresed through 1% formaldehyde containing agarose gels (135) and transferred to Zeta-

Probe GT blotting membranes (BioRad) in 10X SSC (1.5 M NaCl, 150 mM sodium citrate). For 

viral RNA detection, the RNA blot was hybridized with either a randomly primed 
32

P-labelled 

full-length CNV cDNA (35 ng) probe of 4702 nt or a CNV cDNA probe corresponding the 3’ 

terminal 428 nt (25 ng) of CNV RNA as indicated in the corresponding figure legends.  The 

Random Primers DNA Labeling System was utilized for making the probe (Thermo Fisher 
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Scientific). For host RNA detection, the RNA blot was hybridized with a randomly primed 
32

P-

labelled cDNA probe prepared to 2 µg of TLR from uninfected N. benthamiana using 

ReadyMade Random Hexamers (Integrated DNA Technologies) and SuperScript
®
 IV Reverse 

Transcriptase as recommended by the manufacturer’s protocol (Thermo Fisher Scientific). 

  

4.2.15 Percent relative encapsidation efficiency of viral versus host RNA  

 

 

The peak intensity of all the bands in a single lane observed in the unsaturated image of the EtBr 

stained gel of WT or mutant vRNA (Figure 4.5A, panel i) or of unsaturated images of the 

Northern blots of similar gels probed with full-length WT CNV cDNA (Figure 4.5A, panel iii) or 

uninfected N. benthamiana cDNA (Figure 4.5A, panel iv, omitting the non-specific hybridization 

signal to WT CNV as indicated by the arrow) was quantified using ImageJ software 

(https://imagej.nih.gov/ij/). The cumulative peak intensities obtained for viral RNA or host RNA 

for each virion type (WT CNV or the mutants) as determined from the Northern blots were 

standardized relative to total vRNA intensity values obtained from EtBr stained gel by dividing 

the former with the latter. The normalized viral RNA and host RNA intensities were then added 

to obtain total normalized vRNA followed by determining the percentage of viral versus host 

RNA encapsidated.   
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Table 4.1:  Oligonucleotides used for PCR 

 

 
Primer 

namea  

Sequence from 5’ to 3’ 

directionb 

Description of usec pK2/M5 

binding 

position 

CNV354F GCACCTAGGTTTCAAA

CAGCAAAAGGATCTGT

GC 

5’ IVM primer used in 

combination with CNV355R to 

mutate “KGRKPR” to 
“KGRAPR” (M1) 

2878-2910 

CNV355R CCTTCCTTTAACCGCAT

AGGC 

3’ primer used in combination 

with CNV354F and CNV356F 
to mutate “KGRKPR” to 

“KGRAPR” (M1) and 

“KGRKPA” (M2) respectively 

2856-2876 

CNV356F AAACCTGCGTTTCAAAC
AGCAAAAGGATCTGTG

C 

5’ IVM primer used in 
combination with CNV355R  

to mutate “KGRKPR” to 

“KGRKPA” (M2) 

2877-2910 

CNV361F GCACCTGCGTTTCAAA

CAGCAAAAGGATCTGT

GC 

5’ IVM primer used in 

combination with CNV355R  

to mutate “KGRKPR” to 
“KGRAPA” (M3) 

2877-2910 

CNV362R CGCTCCTGCAACCGCA

TAGGCATAAGAGATTG
G 

3’ IVM primer used in 

combination with CNV361F  to 
mutate “KGRKPR” to 

“AGAAPA” (M4) 

2844-2876 

CNV357F AAACCTAGGTTTCAAA

CAGCAAAAGGATCTGT
GC 

5’ primer used in combination 

with CNV358R and CNV362R 
to mutate “KGRKPR” to 

“KGAKPR” (M5) and 

“AGAKPR” (M7) respectively 

2877-2910 

CNV358R CGCTCCTTTAACCGCAT

AGGCATAAGAG 

3’ IVM primer used in 

combination with CNV357F  to 

mutate “KGRKPR” to 
“KGAKPR” (M5) 

2849-2876 

CNV393R CCTTCCTGCAACCGCAT

AGGCATAAGAG 

3’ IVM primer used in 

combination with CNV357F  to 

mutate “KGRKPR” to 
“AGRKPR” (M6) 

2849-2876 

 

a 
F=forward primer; R= reverse primer. 

b 
Nucleotides in bold correspond to mutagenized nucleotides used to replace the basic aa in the 

“KGRKPR” sequence shown in Figure 4.2A with A residues.   

c 
IVM=in vitro mutagenesis. 
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4.3 Results 

 

4.3.1 The ε region of the CNV CP arm is rich in basic amino acid (aa) residues  

 

In a previous study (22), it was found that deletion of the completeregion of the CNV CP arm 

in an infectious cDNA clone of CNV resulted in the inability of the infectious transcripts to 

produce virions in inoculated N. benthamiana.  This led to the possibility that theregion 

contains essential information for particle assembly; however the specific amino acids 

responsible for particle assembly were not determined. This, in conjunction with the studies of 

Timmins et al. (1994) (280), which showed by neutron scattering studies that vRNA lies 

predominantly beneath C/C dimers (which correspond to theregion),  suggested that that 

theregion may contain residues that are essential for encapsidation of vRNA.   

 

Figure 4.1A shows the aa sequence of theregion of the CNV CP arm where it can be seen that 

five of the 16 aa residues are either lysine (K) or arginine (R) residues making this region highly 

basic.  Additionally, all other sequenced members of the Tombusvirus genus also contain a high 

proportion of basic aa residues in the region. Such conservation of basic aa residues was also 

observed in several other members of the Tombusviridae family (data not shown). Additionally, 

a similar region in the MNSV CP has been shown to play a role in RNA binding (163). Also, as 

described above, a previously identified RNA binding region in the CNV CP R domain (164), 

which bears the sequence “KGKKGK”, is highly similar to the basic sequence “KGRKPR” in 

theregion of the arm. These observations led us to hypothesize that this portion of theregion 

of the CP arm may play a role in particle assembly and stability by mediating RNA protein 

interactions during the assembly process and maintaining the structural integrity of virions.  
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The spatial positioning of the “KGRKPR” sequence in the ε region of the C subunit of CNV CP 

arm is shown in Figure 4.1B. In the C subunit, but not the A and B subunits, the arm is structured 

and lies antiparallel to the first  sheet of the S domain and thus the position of basic residues in 

the arm can be readily determined (13). Figure 4.1B demonstrates that the “KGRKPR” 

sequences of the two C subunits of the C/C dimer are clustered and next to each other below the 

two shell domains of the C/C dimer and thus within the interior of the capsid as expected.   This 

positioning points to a role for the basic aa of the “KGRKPR” region in interacting with virion 

RNA within the CNV particle possibly promoting viral RNA assembly and/or particle stability.  
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Figure 4.1: The epsilon (ε) region of the CNV CP is conserved among Tombusviruses, being 

rich in basic amino acid residues which lie under the C/C dimer facing the interior of the 

particle. 

 

(A) A diagrammatic linear representation of the CNV CP showing the three major domains R, S 

and P as well as the arm and h regions.  The two structural regions of the arm, β and ε, are 

indicated.  The expanded region shows an aa sequence alignment of the CP ε region of several 

sequenced members of the Tombusvirus genus. The basic aa residues [lysine (K) and arginine 

(R)] are highlighted in yellow and green, respectively. (B) The tertiary structure of a C/C dimer 

of the CNV CP showing the K and R residues of the “KGRKPR” sequence in yellow and green 

respectively. The position of the CP arm is shown in red (indicating the β and ε regions).  The 

shell (S), hinge (h) and protruding (P) domains in one of the two subunits are indicated by the 

dashed white lines. The approximate portion of the C/C dimer where the density of vRNA is 

hypothesized to be maximum according to Timmins et al. (1994) (280) is shown with a white 

bracket. The R domain is unstructured in the X-ray structure and therefore is not shown. 
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4.3.2 Mutations in basic residues in the “KGRKPR” sequence affect genomic RNA, CP 

and particle accumulation  

 

To assess the importance of basic aa in the “KGRKPR” sequence in particle formation and 

assembly of viral RNA, I performed mutational analyses on a full-length infectious CNV cDNA 

clone [pK2/M5; (31)] referred to here as WT CNV. Seven different mutants were constructed as 

shown in Figure 4.2A where the basic amino acids (K or R; shown in yellow or green, 

respectively) of the “KGRKPR” sequence were replaced by alanine indicated in red. Four single 

substitution mutants (M1, M2, M5 and M6), two double substitution mutants (M3 and M7) and 

one quadruple substitution mutant affecting all four basic aa residues (M4) were constructed. 

Equal amounts of transcripts from WT CNV and the seven different “KGRKPR” mutants were 

used to inoculate N. benthamiana leaves followed by collection of infected leaf tissue at 4 dpi. 

The collected samples were analysed for levels of CNV gRNA in total leaf RNA (TLR) 

preparations, for levels of CNV CP in total leaf extracts and for the levels and electrophoretic 

profiles of virions. The results are summarised in Figure 4.2B-4.2E. 

 

We first wished to examine the levels of gRNA present in total leaf RNA extracts of the various 

“KGRKPR” mutants relative to CNV.  Figure 4.2B, panel i, shows one such experiment where 

equal quantities (500 ng) of TLR obtained from leaf tissue infected with the seven different 

“KGRKPR” mutants and WT CNV were electrophoresed through an agarose gel and stained 

with EtBr. It can be seen that the gRNA for the different mutants (lanes 2-8) accumulates to 

apparently similar levels relative to WT CNV gRNA (lane 1). To examine this further, I 

conducted additional similar experiments and analyzed the data using densitometry.  Figure 

4.2B, panel ii, is a graphical representation of the percent gRNA accumulation of “KGRKPR” 
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mutants relative to WT CNV from two or more independent experiments. It can be seen that the 

mutants M1-M7 accumulate at slightly lower levels compared to WT CNV (i.e., approximately 

96%, 94%, 83%, 73%, 80%, 79% and 90%, respectively). The lower levels of accumulation are 

especially evident for the latter four mutants (M3-M6), with mutant M4 showing the lowest level 

of gRNA accumulation (73%). The slightly lower level of accumulation of the mutant gRNAs 

could suggest that the mutations in the “KGRKPR” sequence are affecting viral RNA replication 

and/or accumulation.  However, a lower level of accumulation of gRNA might be expected if the 

CP does not assemble with gRNA as efficiently, as this would render the gRNA more susceptible 

to RNAase.  Thus, the presented data are consistent with the possibility that the mutations in the 

“KGRKPR” sequence affect virion assembly, but other possible effects of the mutations such as 

decreasing viral RNA replication cannot be ruled out.    

 

We also conducted Western blot analyses of total leaf extracts obtained from equal masses of 

infected leaf tissue using a CNV CP antibody in order to assess the levels of accumulation of CP 

in the “KGRKPR” mutants relative to WT CNV. One such experiment is shown in Figure 4.2C, 

panel i, where it can be seen that generally lower levels of CP accumulate in mutant infected 

leaves as compared to WT CNV. Similar additional experiments were conducted and the data 

were examined by densitometric analyses. Figure 4.2C shows a graphical representation of the 

compiled data showing that CP accumulation is generally lower in mutants M1-M7 relative to 

WT CNV (i.e, approximately 88%, 80%, 72%, 50%, 86%, 89% and 71%, respectively).  Again, 

the most striking difference in the level of CP accumulation was in mutant M4 which is only on 

average ~50% that of WT CNV.  The generally lower level of accumulation of CP is not 

surprising given that gRNA accumulation levels are lower.  However, in general, the %CP 



173 

 

accumulation levels are lower than the %gRNA accumulation levels (with the exception of 

mutants M5 and M6 which show slightly higher levels of accumulation of CP relative to 

genomic RNA accumulation (compare Figure 4.3B, panel 11 with Figure 4.3C, panel ii). 

Overall, it can be stated that CP accumulation is also affected in most of the mutants.  It is 

possible that the mutation in the various “KGRKPR mutants affect translation of the CP or the 

production of sgRNA but experiments were not conducted to test these possibilities.  It is also 

possible, as described above, that if the CP mutations negatively affect particle assembly then the 

accumulation of less CP would be expected since unassembled CP is likely to become degraded 

if not used for particle assembly.  

 

We then extracted virions from equal masses of infected leaf tissue and electrophoresed the 

virions in duplicate gels, followed by staining with either EtBr or SYPRO Ruby to visualize 

vRNA and virion protein levels, respectively. It can be seen that virions of the “KGRKPR” 

mutants accumulated at significantly lower levels than that of WT CNV (Figure 4.2D, panel i, 

compare lane 1 with lanes 2-8). To facilitate visualization of the virions, 2X the volume of 

virions of the double mutants M3 and M7 (lanes 4 and 8) and 8X the volume of virions of the 

quadruple mutant M4 (lane 5) was loaded. I then conducted densitometric analysis of two or 

more independent experiments using SYPRO Ruby stained gels (SYPRO Ruby stained gel 

results were chosen over that of EtBr since it is possible that particles may encapsidate lesser 

amounts of RNA if the mutations in the “KGRKPR” sequence affect the amount of RNA that 

can be encapsidated as described further below).  The compiled data are shown graphically in 

Figure 4.2D, panel ii.  It can be seen that each of the mutants, M1-M7, show a lower level of 

accumulation of virions relative to WT CNV (i.e., approximately 56%, 64%, 35%, 1%, 59%, 
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60% and 26%, respectively). Moreover, the level of accumulation of virions is consistently lower 

than the level of accumulation of CP (Figure 4.2E), consistent with the notion that the changes in 

the basic aa of the “KGRKPR” sequence affect particle assembly and/or accumulation.  The loss 

of particle accumulation in the M4 mutant is particularly striking as the level of CP accumulation 

is 58% but the level of virion accumulation is approximately 1% on average (i.e., 2% virion 

accumulation with respect to CP accumulation). The loss of particle accumulation in the double 

mutants M3 and M7 are also significant as particle accumulation is approximately 48.6% and 

22.5% of CP accumulation, respectively. In the remaining single aa substitution mutants the 

reduction in on particle accumulation versus CP accumulation are less dramatic, being 

approximately 64%, 80%, 69%, and 86% for mutants M1, M2, M5 and M6, respectively. 

 

It is to be noted that a faster migrating diffuse protein species indicated by an asterisk in lane 5 in 

the lower panel of Figure 4.2D, panel i was observed in mutant M4.  This species was detected 

when SYPRO Ruby was used as the stain (lane 5, lower panel) but was not detected when EtBr 

was used as the stain (lane 5, upper panel) suggesting that the CP species detected by SYPRO 

Ruby may correspond to empty CNV particles. The faster migration of these particles could 

suggest that they correspond to previously described T=1 particles that have been found to be 

associated with certain CNV R domain mutants (21, 164). Alternatively, the particles may be 

T=3 particles but migrate faster since they lack detectable RNA and thus would have a lower net 

negative charge  (282). The results of electron microscopic analyses of M4 particles will be 

described further below to clarify the nature of the particles. It also is noted that a low level of 

T=3-sized particles is observed in the SYPRO Ruby stained gel containing M4 particles (Figure 

4.2D, panel i, lower panel, lane 5).  A very low, but detectable level of staining is also observed 
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in the EtBr stained gel (Figure 4.2D, panel i, upper panel, lane 5) suggesting that the M4 mutant 

produced T=3 particles and that at least some of the T=3 particles produced by mutant M4 

encapsidate RNA.  

 

4.3.3 “KGRKPR” mutants encapsidate less RNA compared to WT CNV 

 

I also determined the percent RNA encapsidated by “KGRKPR” mutants relative to WT CNV 

from independent experiments using spectrophotometric measurements and found that all the 

mutants encapsidated lower amounts of RNA (Figure 4.2F). When compared to CNV, the level 

of encapsidation of RNA by the single aa substitution mutants (M1, M2, M5 and M6) was only 

approximately 43-45% that of WT CNV particles, whereas that of the double aa substitution 

mutants (M3 and M7) was approximately 16-35.5%.  RNA encapsidation efficiency was most 

significantly compromised in the quadruple mutant M4 which encapsidated RNA at only about 

~0.86% compared to the level observed in WT CNV.  

 

It is noted that the percent RNA accumulation in the “KGRKPR mutants (~0.86-45%) is lower 

than the percent yield of mutant virions (~0.98-64%) when compared to WT CNV (100%). This 

might suggest that some of the particles formed by the “KGRKPR” mutants might be empty (see 

TEM analysis in Figure 4.3). Also, some particles lacking RNA might be accumulate in mutant 

M4 as the particles  stain with SYPRO Ruby but not significantly with EtBr (Figure 4.2D, panel 

i, lane 5). Overall, the results suggest that mutations of basic aa residues in the “KGRKPR” 

sequence of the CP, not only affects particle accumulation but also plays a role in the mass of 

RNA that can be encapsidated.  This is not surprising since it has previously been shown in 

several cases that elimination of basic residues in virus particles results in less RNA being 
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encapsidated possibly in part due to balancing of electrostatic interactions between basic residues 

within the particle and phosphate residues of vRNA (157) (described in details in Section 

1.19.2).    
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Figure 4.2: Mutations of basic residues in the “KGRKPR” sequence of the CNV CP arm ε 

region affect CNV particle accumulation.  

 

(A) Diagrammatic representation of the CP ε region mutants (M1-M7) in the “KGRKPR” 

sequence. Mutations were introduced by site-directed mutagenesis where selected lysine (K) or 
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arginine (R) residues were mutated to alanine (A, shown in red). The WT CNV sequence is 

shown where K residues are highlighted in yellow and R residues in green. Mutated K or R 

residues in M1-M7 are highlighted in red. (B-D) Accumulation of CNV gRNA, CP and virions in 

mutants M1-M7. Equal amounts of transcripts of mutants M1 to M7 and of WT CNV were used 

to inoculate three leaves of seven N. benthamiana plants (21 leaves in total for each inoculation). 

The combined samples for each inoculation were ground in liquid nitrogen and equivalent 

portions were analysed at 4 dpi for the level of gRNA (B), CP (C) and virions (D). (B, panel i) 

Total leaf RNA (TLR) (500 ng) from mutants M1-M7 as indicated was electrophoresed through 

an agarose gel and then stained with EtBr. The upper panel shows gRNA and the lower panel 

cytoplasmic18S rRNA used as a loading standard.  (B, panel ii) Graphical representation of % 

gRNA accumulation normalized to 18S rRNAs in mutants M1-M7 relative to WT CNV where 

WT CNV is arbitrarily assigned a value of 100%.  The data are compiled from densitometric 

analysis from at least two independent experiments. The standard error is shown by the brackets 

above the bars. (C, panel i) Equal amounts of total leaf extract from equal masses of leaf tissue 

were subjected to SDS-PAGE in duplicate followed by Western blot analysis using the CNV CP 

antibody SP (upper panel) or by staining with SYPRO Ruby (lower panel). Levels of Rubisco in 

the lower panel were used to standardize the amount loaded onto the gel. Full-length CNV CP as 

well as cleaved CP species are indicated by arrows on the right side of the blot. (B, panel ii) 

Graphical representation of the % CP accumulation (normalized using Rubisco) relative to WT 

CNV where WT CNV is arbitrarily assigned a value of 100%.  The data were taken from at least 

two independent experiments using densitometric analysis.  Both the full-length and cleaved CP 

species are included in the total mass of CP. The standard error is shown by the brackets above 

the bars. (D, panel i) Virions were extracted from equal masses of WT CNV infected (lane 1) or 

from mutant infected (M1-M7; lanes 2-8, respectively) leaf tissue.  Following extraction, pellets 

were resuspended  in equal volumes and samples were subjected to agarose gel electrophoresis in 

duplicate followed by EtBr staining to visualize vRNA (upper panel) or SYPRO Ruby stain to 

visualize virion protein (lower panel). To permit better visualization, 2X the volume of virions 

were loaded for mutants M3 (lane 4) and M7 (lane 8) and 8X the volume of virions were loaded 

for mutant M4. The arrow head in the upper and lower panels indicate the electrophoretic 

position of CNV T=3 particles. The asterisk in lane 5 in the lower panel points to the position of 

putative T=1 particles (see text). (D, panel ii) Graphical representation of the average percent 

yield of mutant virions relative to WT CNV where WT CNV is arbitrarily assigned a value of 

100%.  The data were obtained by densitometric analysis and were compiled from at least two 

independent experiments. The standard error is shown by the brackets above the bars. The % 

yield was calculated using SYPRO Ruby stained virions. For mutant M4, both the upper and 

diffuse lower band (shown by the asterisk) was combined for densitometric analysis. (E) 

Comparison of the percent CP accumulation versus % virion accumulation relative to WT CNV.  

Data for the graphs were obtained from C, panel ii and D, panel ii. (F) Graphical representation 

of the average percent total RNA encapsidated in mutant virions relative to WT CNV virions 

where WT CNV is arbitrarily assigned a value of 100%.  The data were obtained by 

spectrophotometric analysis of vRNA obtained from at least two independent experiments. The 

standard error is shown by the brackets above the bars. See Figure 4.5 for an analysis of the RNA 

species present in virions as determined by agarose gel electrophoresis and Northern blot 

analysis.  

 



179 

 

4.3.4 Virions of “KGRKPR” mutants are polymorphic  

 

To examine the particle morphology of virions produced by “KGRKPR” mutants, I conducted 

transmission electron microscopy (TEM) of uranyl acetate stained virus preparations. Figure 

4.3A, shows that while WT CNV predominantly produces T=3 particles, virions of the 

“KGRKPR” mutants are polymorphic consisting of both T=3 and T=1 particles, respectively.  

T=1 particles were previously found to be associated with specific CNV R domain deletion  

mutants as well as arm region mutants and have also been described in detail by cryo-electron 

microscopy (13, 21, 164).  

 

Virions of mutants M3 and M4 contained some T=3 sized particles with darkly stained centers 

(see arrowheads in Figure 4.3A, panels ix and x). It is possible that these may correspond to 

empty particles (EPs). Since the assembly of CNV is believed to be RNA dependent, this 

observation may indicate that the RNA within these virions has become partly degraded 

following encapsidation, especially if the particles are not formed properly and are therefore 

permeable to ribonuclease. It is also possible that the structure of the particle has allowed uranyl 

acetate to become incorporated into the particle, unlike that observed with WT CNV virions. As 

described below, it is interesting that mutants M3 and M4 encapsidate a relatively high 

proportion of host RNA and encapsidate only a low level of full-length CNV RNA (see below; 

Figure 4.5A, lanes 4, 5, 8).  The particles with darkly staining centers may therefore reflect 

encapsidation of host RNA a process which may produce malformed particles (173, 174). 

Further research is required to determine the nature of these particles. 
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A determination of the average percent of T=1 sized particles was conducted using TEM of 

uranyl acetate stained virions.  Figure 4.3B summarizes the results.  WT CNV was found to 

consist of only about 0.45% T=1 particles. Mutants M1, M2, M5 and M6 (containing single aa 

substitutions) were found to consist of ~4%, ~3%, ~3% and ~1% T=1 particles respectively. 

Thus in the case of M1, M2, M5 and M6 an increase in the number of T=1 particles over that of 

WT CNV is observed but only slightly so. The double mutant M7 contained ~6% T=1 particles. 

Mutants M3 and M4 (containing two or four aa substitutions, respectively) were found to consist 

of a dramatically higher percentage of T=1 particles, being ~26% and ~95%, respectively. Thus, 

in general, substitution of basic aa in the “KGRKPR” mutants correlates with the formation of 

particles having T=1 symmetry with substitution of all four basic aa leading to the greatest 

proportion of T=1 particles. Together, these results suggest that the basic aa residues in the 

“KGRKPR” sequence play an important role in determining particle morphology. The basis for 

the formation of T=1 particles is currently not known, however, it is possible that mutations in 

the “KGRKPR” region affect the ability of the CP arm to adopt the two distinct conformations 

(i.e., that found in C subunits and that found in A and B subunits) that are required for T=3 

particle formation as has been previously suggested for other CNV CP arm mutants, including a 

mutant at the proline residue in the “KGRKPR” sequence (21, 60).  

 

As has been previously described, CNV CP is targeted to chloroplasts and mitochondria during 

infection and during agroinfiltration (24, 243).  Targeting to chloroplasts involves an initial 

cytoplasmic cleavage of the CP to an approximate ~34.7 kDa species which lacks the R domain 

and subsequent further cleavages to a ~32.9 kDa protein that lacks a portion of the arm and the 

complete R domain followed by a third cleavage at the junction of arm and shell to yield a 31.1 



181 

 

kDa species (24, 135, 243).  So it is possible that mutant CP that cannot assemble into T=3 

particles (particularly mutants M3 and M4 whose mutations flank the above described proline 

residue) becomes cleaved in the cytoplasm and during organellar uptake, and that these cleaved 

species are responsible for forming T=1 particles.   

 

It is interesting that total leaf extracts of mutants M3 and M4 contain a relatively higher 

proportion of cleaved CP relative to full-length CP when compared to WT CNV and the other 

mutants (Figure 4.2C, panel i, compare cleaved with full-length CP in lanes 1 and 5).  These 

cleaved products may therefore be the protein species that give rise to T=1 particles.   Also, as 

will be described below, the CP species of virion preparations of M3 and M4 contain a relatively 

abundant amount of cleaved CP which likely derives from the T=1 particles present in these 

virion preparations.    
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Figure 4.3: Virions of “KGRKPR” mutants are polymorphic.  

 

(A) TEM analysis of virions extracted from N. benthamiana plants inoculated with “KGRKPR” 

mutants M1-M7 (panels ii-viii respectively) or WT CNV (panel i) as indicated. Particles were 

negatively stained with uranyl acetate. T=3 and T=1 particles are indicated with arrows and are 

assigned as such based on their estimated sizes of 34 nm and 23 nm, respectively. Panels ix and x 

are images containing empty particles (EP) found in virion preparations of mutants M3 and M4. 

The scale bar in panels i-x represents 34 nm. (B) Graphical representation of the % of T=1 sized 

particles for each mutant and WT CNV from two independent experiments. The standard error is 

shown as brackets above the bars.[(Set 1; WT CNV, N = 931; M1, N =136; M2, N = 452; M3, N 

= 566; M4, N = 925; M5, N = 510; M6, N = 240; M7, N = 619), (Set 2; WT CNV, N = 364; M1, 

N =165; M2, N = 219; M3, N = 334; M4, N = 203; M5, N = 180; M6, N = 171; M7, N = 154); N 

represents number of particles counted for statistical analyses].  
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4.3.5 Virion proteins of WT CNV and “KGRKPR” mutants contain cleaved species 

which may correspond to CP subunits of T=1 particles   

 

Virions of each of the seven “KGRKPR” mutants along with WT CNV virions were subjected to 

SDS-PAGE followed by Western blotting to analyze the size of the CP species present in virions.  

Figure 4.4A shows that WT CNV as well as each of the mutants contains the full-length 41 kDa 

species (not visible in the short exposure in the M4 lane) as well as cleavage products of 34.7 

kDa and 32.9 kDa. These cleavage products have been mapped by Edman degradation analysis 

(data not shown) and are consistently observed in CNV virion preparations subjected to 

denaturing gel electrophoresis [(135);unpublished observations], however, their origin has been 

unclear except the 34.7 kDa species corresponds to the complete CNV CP minus the R domain 

and the 32.9 kDa species to the complete CNV CP minus the R domain and the  region of the 

arm. Strikingly, M4 mutant virions consist predominantly of the 32.9 kDa species (lane 5) with a 

longer autoradiographic exposure showing a small amount of the full-length 41 kDa CP species. 

  

I further conducted densitometric analyses of Western blots obtained from at least two 

independent experiments to determine the percentage of cleaved CP species relative to total CP 

in WT CNV and the “KGRKPR” mutants. As shown in Figure 4.4B, I found that the single 

“KGRKPR” mutants M1, M2, M5 and M6 contain slightly higher relative proportions of the 

cleaved CP species (approximately 15%, 17%, 20.78%, and 20.74%, respectively) when 

compared to WT CNV (~11%). A significant increase in the levels of cleaved CP species exists 

in mutant in M4 (~91%) relative to WT CNV (~11%). Also the CP of virions of the double 

mutants M3 and M7 contain a much higher proportion of the cleaved CP compared to WT CNV 

being approximately 44% and 28%, respectively. The percentage of cleaved CP species is 
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largely consistent with the percentage of T=1 particles formed by the different mutants (see 

Figure 4.3B). Neither the 34.7 kDa species nor the 32.9 kDa species are able on their own to 

form T=3 particles but could form T=1 particles (21).  I therefore suggest that the higher level of 

the cleaved CP species in mutants M3 and M7 (in this case predominantly the 32.9 kDa species) 

is due to the presence of T=1 particles in the virion preparations which are composed of the 

cleaved species. 
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Figure 4.4: Western blot analysis of proteins extracted from virions of mutants M1-M7.   

 
(A) Virions were purified from leaves inoculated with transcripts of the indicated mutants. WT 

CNV or the indicated M1-M7 virions (0.5 µl each) were loaded and subjected to SDS-PAGE 

followed by Western blotting.  The blot was probed with CNV CP antibody SP.  The full-length 

41 kDa protein is indicated on the left as well as the cleavage products previously described to be 

associated with CNV virions.  A longer exposure of M4 virion protein in this experiment and 

others showed that a small amount of full-length CP is visible. (B) Graphical representation of 

the percentage of cleaved CP relative to total CP (Full-length CP + both the cleaved CP species) 

from at least two independent experiments. The standard error is shown as brackets above the 

bars. The data were compiled from densitometric analysis of at least two independent 

experiments. 
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4.3.6 Virions produced by “KGRKPR” mutants encapsidate full-length as well as 

truncated RNA of viral origin   

 

Virion RNA was extracted from ribonuclease treated virions of mutants M1-M7 as well as WT 

CNV virions and analyzed by denaturing agarose gel electrophoresis as shown in Figure 4.5A, 

panel i. It can be seen that the major species encapsidated by the single aa substitution mutants 

M1, M2, and M5 are similar to those encapsidated by WT CNV with the major RNA species co-

migrating with CNV gRNA (~4.7 kb).  The single aa substitution mutant M6, similarly 

encapsidates predominantly gRNA but a ~3.1 kb species not detected in WT CNV is also readily 

apparent.  This species is also present, but at relatively lower levels in mutants M1, M2 and M5. 

The double aa substitution mutants M3 and M7 encapsidate predominantly truncated RNA 

species (Figure 4.5A, panel i, lanes 4 and 8) of ~4.4 kb, ~3.3 kb and ~1.5 kb (observed using a 

higher exposure, not shown). Detectable, but lower levels of ~1.9 kb and ~1.8 kb RNA species 

are also apparent.  Quadruple mutant M4, from which it was difficult to obtain sufficient vRNA 

to readily observe the various encapsidated RNA species due to the low level of virions produced 

and the low level of encapsidated RNA (see above), encapsidates predominantly ~3.3 and ~1.9 

kb species and slightly lesser amounts of ~1.8 and ~1.5 kb species as well as a low level of full-

length RNA (Figure 4.5A, panels i and ii, lane 5). Together, the results suggest that mutation of 

basic aa residues in the “KGRKPR” sequence of the arm affects the ability of virions to 

encapsidate full-length RNA and that the greater the reduction in the number of basic residues, 

the greater the propensity for encapsidation of truncated RNA species.  

 

This observation was also validated by densitometric analyses from at least two independent 

experiments as shown in Figure 4.5A, panel ii. It can be seen that the single aa mutants M1, M2, 
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M5 and M6 encapsidate more truncated RNA (being approximately 28%, 23%, 38% and 57% 

respectively) than WT CNV (~3%). The double aa mutants M3 and M7 encapsidate relatively 

more truncated RNA (being approximately 71% and 76%) than the single aa mutants. The 

quadruple mutant M4 shows the greatest % of encapsidation for truncated RNA (being 

approximately 83%) compared to WT CNV and all the mutants. Similar truncated species were 

observed in virion preparations that were not treated with ribonuclease (data not shown). Similar 

observations have previously been described for BMV and other viruses where electrostatic 

interactions between basic amino acid side chains of the CP and phosphate groups of the RNA 

were found to play a role, at least in part, in this phenomenon (157).  

 

Northern blot analyses of species encapsidated in mutants M1-M7 (ribonuclease treated prior to 

RNA extraction) show that the majority of the RNA species observed in EtBr stained gels are of 

viral origin, since most hybridize to a probe prepared to CNV (Figure 4.5A, panel iii). An 

exception to this is the vRNAs in the M4 mutant.  Specifically, whereas the major encapsidated 

species in mutant M4 as detected by EtBr staining are ~3.3 and ~1.9 kb along with lesser 

amounts of ~1.8 and ~1.5 kb species (see above), numerous faintly hybridizing bands of 

approximate equal signal intensity and with sizes of approximately 4.7, 4.0, 3.1, 2.1 and 1.8 kb 

are observed in the Northern blot (Figure 4.5A, panel iii, lane 5).  Thus, it would appear that the 

major 3.3 and 1.9 kb species present in the EtBr stained gel of mutant M4 are not of viral origin. 

Similar truncated RNAs of viral origin were also apparent in vRNA preparation extracted from 

ribonuclease untreated virions (data not shown). 
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4.3.7 Virions produced by “KGRKPR” mutants encapsidate relatively more host RNA 

than WT CNV  

 

Previous work in Dr. Rochon’s lab has shown that a small proportion of CNV RNA (~0.1-0.7%) 

is of host origin, predominantly ribosomal RNAs (rRNAs) (135). To assess the possibility that 

some of the species encapsidated in the “KGRKPR” mutants are of host origin, WT CNV and 

each of the “KGRKPR” mutants were treated with ribonuclease to remove any residual 

contaminating host RNA from virions preparations and then extracted virion RNA was 

electrophoresed through a denaturing agarose gel.  

 

Northern blot analysis using a cDNA probe to TLR from uninfected N. benthamiana leaves was 

then conducted with the results shown in Figure 4.5A, panel iv.  It can be readily seen that the 

host cDNA probe hybridizes strongly in mutant M4 (lane 5), with the major hybridizing species 

being ~3.3 kb and ~1.9 kb along with weaker signals to bands of approximately 1.5, 1.3 and 1.1 

kb. Since each of these species co-migrate with the major rRNAs species present in TLR 

extracts, it would appear that at least some of the RNA encapsidated in mutant M4 corresponds 

to rRNAs. Interestingly the double aa substitution mutants M3 and M7 also encapsidate similar 

host RNAs when compared to mutant M4, however, the levels appear lower as indicated by the 

weaker autoradiographic signal (Figure 4.5A, panel iv, lanes 4 and 8).  It is noted that the ~3.3 

kb RNA band observed in the EtBr stained gel in Figure 4.5A, panel i, in mutants M3, M4 and 

M7 is likely a mixture of truncated CNV RNA and the host ~3.3 kb RNA species as it hybridizes 

to both the CNV probe (Figure 4.5A, panel iii) and the host RNA probe (Figure 4.5A, panel iv) 

in these mutants. 
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To obtain quantitative data regarding the relative levels of host RNA species versus viral RNA 

species present in the “KGRKPR” mutants, densitometric analyses was conducted on the EtBr 

stained gel of RNA extracted from WT CNV and the “KGRKPR” mutant virions (Figure 4.5A, 

panel i), as well as Northern blots using WT CNV (Figure 4.5A, panel iii) or host cDNA (Figure 

4.5A, panel iv) as the probe. In particular, it can be seen in Figure 4.5B that “KGRKPR” mutants 

M3 and M7, which are double aa substitution mutants, and  mutant M4, which is a quadruple aa 

substitution mutant, encapsidate predominantly host RNA versus viral RNA, with host RNA 

representing ~56%, ~66% and ~90% of the total RNA encapsidated, respectively.  The single aa 

mutants M1, M2, M5 and M6 contain a lower proportion of host RNA (~10%, ~14%, ~22% and 

~29%, respectively). These results are interesting since they suggest that the “KGRKPR” 

sequence plays an important role in selective encapsidation of viral RNA over host RNA during 

the WT CNV particle assembly process.  
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Figure 4.5: Virions produced by “KGRKPR” mutants encapsidate full-length and 

truncated viral RNA as well as host RNA species.  

 

(A) (i) Denaturing agarose gel electrophoresis of vRNA extracted from mutants M1-M7. RNA 

extracted from virions of WT CNV (400 ng) and RNA extracted from “KGRKPR” mutants M1-

M7 (131 ng, 246 ng, 124 ng, 75 ng, 199 ng, 240 ng and 156 ng, respectively) was 

electrophoresed though a 1% denaturing formaldehyde agarose containing EtBr.  CNV infected 

TLR (Inf TLR) was included for use as a size marker along with Millenium RNA Markers 

(Ambion) (not shown).  The sizes of major encapsidated RNAs and CNV gRNA are indicated in 

kb on the right hand side of the gel. (ii) Densitometric analyses of % truncated RNA relative to 

total encapsidated RNA from at least two independent experiments. Truncated RNA species were 

defined as all the density below full-length CNV gRNA. The standard error is shown as brackets 

above the bars. (iii) Northern blot analyses of RNA species present in virions of mutants M1-M7 

using a CNV cDNA probe. WT CNV RNA (20 ng) and RNA of the indicated M1-M7 mutants 

(6.5 ng, 12.3 ng, 6.2 ng, 3.8 ng, 9.9 ng, 12 ng and 7.8 ng respectively) along with CNV infected 

total leaf RNA (Inf TLR) was electrophoresed as in A, panel i above, blotted and then probed 

with a WT CNV probe corresponding to the complete CNV genome.  The sizes of major 

hybridizing species are indicated on the right of the blot in kb. Also included are the 2.1 kb and 
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0.9 kb sgRNAs of CNV which were used as size markers. (iv) Northern blot analysis of host 

RNA species present in virions of mutants M1-M7 using a cDNA probe synthesized using total 

uninfected  N. benthamiana leaf RNA as template. RNA (400 ng) extracted from WT CNV or 

different “KGRKPR” mutants (see panel i for amounts) were subjected to denaturing agarose gel 

electrophoresis as described in A, panel i. The gel was blotted and then probed with a randomly-

primed cDNA to total uninfected N. benthamiana leaf RNA. The sizes of the major detected 

RNA species are indicated on the right in kb along with the sizes of the various rRNAs which 

include cytoplasmic 26S and 18S rRNA and chloroplastic 16S rRNA along with 23S rRNA 

breakdown products of 1.3 kb and 1.1 kb (283). In this experiment, faint non-specific 

hybridization to CNV genomic RNA also occurred in several of the mutants except M3, M4 and 

M7 and is indicated with the arrow. (B) Graphical representation of the average % of relative 

encapsidation efficiency of host RNAs within virions from at least two independent experiments. 

The standard error is shown as brackets above the bars. The % of relative encapsidation 

efficiency was determined by densitometric analyses using ImageJ software 

(https://imagej.nih.gov/ij/) as described in the Materials and Methods.  
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4.3.8 Host RNAs detected in vRNA extracted from “KGRKPR” mutant preparations are 

contained within virions  

 

As stated above, the virions used in the experiments in Figure 4.5 were treated with RNaseA 

prior to RNA extraction in order to eliminate any potentially contaminating host RNAs from the 

vRNA preparations. Therefore the Northern blot results with the host cDNA probe indicate that 

host RNA is contained within CNV virions. This could indicate that the “KGRKPR” sequence 

plays an important role in selecting CNV RNA for encapsidation (as described above in Figure 

4.5B). To further assess the possibility that the host RNA signals in Figure 4.5A, panel iii, do not 

correspond to contaminating host RNA, I conducted a “mock virus” extraction from equal 

amounts of uninfected N. benthamiana leaves using conditions identical to that used for 

extraction of virions from the double mutants M3 and M7, respectively, including the volume 

that the virions were resuspended in.  I then treated the resulting virions with RNaseA followed 

by RNA extraction and resuspended the pellets in volumes equal to that used for M3 and M7.   

 

Figure 4.6, panel i, shows the results of an EtBr stained gel using equivalent amounts of vRNA 

extracted from RNaseA-treated “mock virions” along with RNaseA-treated M3 and M7 virions.  

Figure 4.6, panel ii, represents the Northern blot using uninfected N. benthamiana cDNA as the 

probe. It can be seen that vRNA extracted from RNaseA-treated “mock virions” do not contain 

detectable RNA species as evident by the absence of any signal in the EtBr stained agarose gel as 

well as the Northern blot (panels i and ii, see lanes 1 and 3) compared to that of the double 

“KGRKPR” mutants M3 (lane 2) and M7 (lane 4). These results suggest that the RNA species 

detected in mutants M3 and M7 in Figure 4.5A, panel iv, lanes 4 and 8 respectively, are 
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encapsidated within virions and do not merely co-purify as a contaminant during the virus and 

vRNA extraction procedures.  

 

To demonstrate whether host RNAs would be present using  more rigorously purified virus, a 

purification procedure using differential centrifugation was utilised for WT CNV, mutant M3 

and “mock virions” as described previously (117). Virion RNA was then extracted from 

RNaseA-treated virions and subjected to Northern blot analysis using a host cDNA probe. It can 

be seen in Figure 4.6 that “mock virions” contain no detectable RNA, whereas M3 virions as 

well as WT CNV virions contain host RNA (Figure 4.6, panel i and ii, lanes 5-7).  It is noted that 

the EtBr stained gel of M3 vRNA extracted from virions purified by differential centrifugation 

indicates that slightly less vRNA was loaded onto the gel when compared to WT CNV vRNA 

(Figure 4.6, panel i, compare lanes 7 and 6, respectively). Nevertheless, hybridization to host 

RNA appears to be slightly stronger (about 3-4 fold), suggesting that mutant M3 encapsidates 

host RNA more readily than CNV.  

 

When densitometric analysis was conducted to determine the relative increase in host RNA 

encapsidated by mutant M3 compared to that of WT CNV following purification of virions by 

the differential centrifugation procedure, a similar result was obtained (62 fold in “midiprep” 

procedure extracted virions versus 35.5 fold in differential centrifugation purified virions), thus 

confirming that the basic aa substitutions in M3 may play an important role in selection of viral 

RNA during the assembly process.  
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Figure 4.6: Host RNAs detected in vRNA extracted from “KGRKPR” mutant preparations 

are contained within virions.  

 

“Mock virions” were extracted from equal amounts of uninfected N. benthamiana leaf tissue in a 

manner similar to that used for the “midiprep” purification of mutants M3 and M7 (see Materials 

and methods), respectively, including resuspending mock virus in an equivalent volume of 

buffer. RNA was extracted from equivalent volumes of RNaseA treated “mock virions” and 

virions of M3 or M7 and the resulting pellets were resuspended in the same volume as used for 

the respective mutants. Equal volumes of RNA extracted from RNaseA treated “mock virions” 

(lanes 1 and 3) or RNaseA treated mutants M3 (lane 2) and M7 (lane 4) (corresponding to ~400 

ng of M3 or M7 virion RNA) were subjected to 1% denaturing formaldehyde agarose gel 

electrophoresis and EtBr staining (panel i) and Northern blot (panel ii) analyses using a 

randomly-primed cDNA to total uninfected N. benthamiana leaf RNA as described in Figure 

4.5A, panel iv to detect host RNA species. WT CNV, M3 or “mock virions” were also extracted 

using a differential centrifugation method as described previously (38). Approximately 400 ng of 

WT CNV or ~60 ng of M3 RNA were subjected to agarose gel electrophoresis followed by EtBr 

staining (panel i) and Northern blot analysis (panel ii). In lane 8, 32 ng of TLR obtained from 

uninfected N. benthamiana (Uninf TLR) was also electrophoresed.  
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4.3.9 “KGRKPR” double mutants are thermally less stable than WT CNV  

 

Previous studies on Sesbania mosaic virus have shown that the basic aa residues of the CP can 

play an important role in stability of virions by RNA-protein and protein-protein interactions (51, 

138). It was postulated that encapsidation of gRNA enhances the stability of virions (14).  Since, 

the double mutants M3 and M7 encapsidate less viral RNA compared to WT CNV (~16-35.3%) 

as shown in Figure 4.5A, panel i and 5B, I wished to investigate if these mutants were thermally 

less stable. Due to the low level of virions produced by the quadruple mutant M4 (only ~1% 

compared to WT CNV, Figure 4.2E, panel ii), experiments were only conducted with the double 

mutants M3 and M7 along with WT CNV.  

 

To assess the thermal stability of the “KGRKPR” double mutants, I subjected equal amount of 

virions extracted from WT CNV or the mutants M3 or M7 to increasing temperatures, ranging 

from 4 to 75°C, and then analyzed the virions by agarose gel electrophoresis followed by 

SYPRO Ruby staining to visualize virion proteins. It can be seen in Figure 4.7, that the double 

mutants M3 and M7 become unstable at 65°C (lane 6, panels ii and iii), whereas WT CNV 

becomes unstable at 75°C (lane 8, panel i). The higher molecular weight species were also 

stained with EtBr in a duplicate gel (data not shown), suggesting that these represent 

ribonucleoprotein (RNP) complexes. These higher molecular weight RNP complexes perhaps 

might have originated from loss of CP subunits during the heating process due to loose CP-RNA 

interactions, thus imparting a distinct electrophoretic mobility pattern due to altered charge on 

the particle. These results suggest that RNA-protein interactions contribute to particle stability of 

CNV.  In this specific case, M3 and M7 virions lack two basic aa residues that could impart 

stability to the CP-RNA interactions in the particle.  
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I also noted that a significant proportion of the RNA encapsidated by mutants M3 and M7 is of 

host origin (Figure 4.5A, panel iii and 5B).  So the decrease in stability of the M3 and M7 virions 

may relate to the fact that some of the encapsidated RNA is of host origin and may not interact 

with the virion in the same stabilizing manner that viral RNA might confer. For example, it is 

believed that during assembly of viral RNA, a high affinity interaction occurs between a specific 

region on viral RNA and specific CP residues (53) (described in details in Section 1.19.6). 

Particles assembling host RNA may not possess these same high affinity interactions.  
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Figure 4.7: “KGRKPR” double mutants M3 and M7 are thermally less stable than WT 

CNV.  

 

WT CNV (panel i) along with the “KGRKPR” double mutants M3 (panel ii) and M7 (panel iii) 

were subjected to increasing temperatures ranging from 4 to 75 °C. Virions were then analyzed 

by agarose gel electrophoresis followed by SYPRO Ruby staining. Note that double mutants M3 

and M7 become unstable at 65°C (lane 6) as indicated by the additional slower migrating species 

and at 75°C (lane 8) no virions are apparent. In contrast, WT CNV remains stable at 65°C but 

doesn’t become unstable until 75°C, where multiple bands are present. Similar trends in the 

staining pattern were also observed in a duplicate gel stained with EtBr to visualize RNA (not 

shown), suggesting that the high molecular weight bands are ribonucleoprotein complexes.  
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4.4 Discussion 

 

 

One of the major steps in production of an infectious virion is the encapsidation of viral RNA by 

CP subunits into a stable structure that provides the viral genome with a protective coat which 

prevents host ribonuclease digestion.  The CPs of several positive strand RNA viruses have been 

shown to possess an arginine-rich RNA binding motif (ARM) at the N-terminus (49, 53, 151-

163, 284-286) that assists in viral RNA encapsidation and particle assembly. In previous studies 

we have shown that CNV too contains a highly basic N-terminus which includes a lysine rich 

“KGKKGK” sequence in the R domain of the CP. The “KGKKGK” sequence has been found to 

be involved in the encapsidation of full-length RNA and assembly of T=3 vs T=1 virions (164).  

 

In the current study, I wished to investigate and map the location of other potential RNA binding 

sites in the CNV CP, in particular a “KGRKPR” sequence in the  region of the arm which 

mapped to a location within the virion previously determined by neutron scattering to have high 

RNA density (280). Mutational analyses of the “KGRKPR” sequence suggested the importance 

of the basic aa residues in accumulation and/or assembly of CNV virions (Figure 4.2). A major 

line of evidence was the observation that the percent virion accumulation relative to WT CNV 

was lower than the percent CP accumulation relative to WT CNV for each mutant (Figure 4.2E). 

This was especially so for the quadruple mutant M4 where the % CP accumulation (relative to 

WT CNV) was 58% whereas the % virion accumulation (relative to WT CNV) was less than 1%. 

The double mutants M3 and M7 also showed significantly affected virion accumulation. For 

example, M3 virion accumulation is ~35% whereas CP accumulation is ~72% (relative to WT 

CNV). For M7, virion accumulation is ~27% whereas the CP accumulation is 76% (relative to 

WT CNV). In the remaining single aa substitution mutants the reduction in particle accumulation 
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versus CP accumulation was less dramatic, but significant, being approximately 56% versus 

88%, 64% versus 81%, 60% versus 86%, and 60% versus 89% for mutants M1, M2, M5 and 

M6, respectively (Figure 4.2E). 

 

When vRNA of the different “KGRKPR” mutants was analysed by agarose gel electrophoresis, a 

variety of truncated species (as well as full-length CNV RNA species) was observed (Figure 

4.5A, panel i). An interesting observation was that the “KGRKPR” mutant virions were found to 

encapsidate relatively more truncated RNA species (~23-83%, Figure 4.5A, panel ii) when 

compared to WT CNV (~3%). This being especially so for the double (~71-76%) and quadruple 

(83%) mutants. These observations suggest the importance of basic residues of the “KGRKPR” 

sequence in encapsidation of full-length CNV RNA over truncated RNA species as has been 

shown for BMV and several other viruses (51, 53, 55, 151-163). It is known that many viruses in 

which basic aa have been removed encapsidate truncated RNA species (51, 53, 55, 151-163).  

This has been attributed in part to electrostatic interactions which prohibit an excess of viral 

RNA relative to basic amino acids.  

 

Viruses generally selectively package their own RNA preferentially over host RNA. In many 

cases, virus capsid proteins have been found to bind specific high affinity sequences and/or 

structures on viral RNA which helps to preclude packaging or co-packaging of host RNAs (173, 

174, 191, 199, 200, 287-299). The presence of specific interactions between CP and viral RNA 

species, as well as their co-localization within a cellular compartment ensures that majority of 

the virions contains viral RNA (180, 299). To determine the origin and nature of encapsidated 

RNA, Northern blot analyses was conducted using a full-length CNV cDNA probe and vRNA 
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extracted from WT CNV or the different “KGRKPR” mutant virions. I found that some of the 

truncated RNAs encapsidated by the “KGRKPR” mutants are of viral origin (Figure 4.5A, panel 

iii). However, not all the truncated RNA observed in the agarose gel hybridized to the full-length 

CNV cDNA probe suggesting that some of the encapsidated RNA may be of host origin.  

 

To determine if this is so, a Northern blot was conducted using a cDNA probe to TLR of N. 

benthamiana. An interesting observation was that the quadruple and double mutants 

encapsidated significantly more host RNA (~90% and 56-66%, respectively) than single aa 

substitution mutants or WT CNV (Figure 4.5B), suggesting the importance of the “KGRKPR” 

sequence in selective encapsidation of viral RNA over host RNA during particle assembly.   

 

I have found using co-immunoprecipitation analyses that the CNV CP interacts either directly or 

indirectly with the auxiliary replicase protein p33 (S.B. Alam and D. Rochon, unpublished 

observations). Also, previous work in Dr. Rochon’s lab has shown that CNV preferentially 

encapsidates its own RNA (>99%) over host RNA (0.1-0.7%) (135). An intriguing hypothesis is 

that CNV CP interacts with the replicase to ensure selective encapsidation of viral RNA over 

host RNA as has been suggested for other viruses such as FHV and BMV (47, 48). Additionally, 

a recent report on Satellite tobacco mosaic virus shows that the interaction between the N-

terminal basic motif of the coat protein with the helper TMV replicase plays an important role in 

replication and packaging (151). Hence, it is possible that mutations of basic aa residues in the ε 

region of the CNV CP arm not only preclude encapsidation of full-length RNA due to loss of 

electrostatic interactions or specificity of interaction with viral RNA but also interferes with 

potential interaction with the replicase. If so, the CNV CP mutants may not be in a cellular 
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location where predominantly viral RNA occurs and this could result in “mis-encapsidation” of 

host RNAs.   The mutations in the “KGRKPR” sequence may therefore indirectly affect specific 

encapsidation of viral RNA through its interaction with p33.  However, given the basic nature of 

the substituted aa and their co-incident location with vRNA it would seem likely that these aa are 

also at least directly involved in specific recognition of viral RNA.  To my knowledge, CP aa 

sequences involved in selective encapsidation of viral RNA over host RNA have not yet been 

identified. 

 

To gain structural insight into the nature of virions formed by the “KGRKPR” mutants, TEM 

studies were conducted. It was found that virions produced by the double and quadruple 

“KGRKPR” mutants were polymorphic likely having T=1 as well as T=3 icosahedral symmetry 

based on the size of the particles (Figure 4.3A).  Also the “KGRKPR mutants were found to 

contain greater proportion of T=1-sized particles relative to WT CNV (Figure 4.3B). This being 

more pronounced in the double (~6-26%) and quadruple (94.5%) mutants.  

 

The T=1 particles produced by mutant M4 appear to be predominantly empty as determined by 

agarose gel electrophoresis, where the T=1 particles are visible following SYPRO Ruby staining 

but are not visible following EtBr staining (Figure 4.2D, panel i, lane 5).  Some T=3 particles 

having darkly stained centers were also observed in mutants M3 and M4 that have been 

designated as EPs (Figure 4.3A, panels ix and x, arrowhead). Although it is possible that the EPs 

result from formation of particles in the absence of RNA it is more likely that particles are 

assembled in the presence of RNA but that the RNA degraded at least partially following 

assembly. On the other hand, it is possible that assembly occurred in the presence of RNA as 
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usual but the architecture of the assembled particle was such that it allowed penetration of the 

uranyl acetate negative stain. Also, encapsidation of host RNA might lead to unstable CP-host 

RNA interaction due to dispositioning of the packaging signals as described previously (174, 

192) and that, in turn, might lead to formation of unstable particles that allow the stain to 

penetrate into virions making them appear like EPs. 

  

We observe that mutant M4 encapsidates a high proportion of host RNAs that have sizes of 

primarily ~3.4 and ~1.9 kb along with smaller species ranging from ~1.8 to ~1.1 kb (Figure 

4.5A, panel iv, lane 5).  The 3.4, 1.9 and ~1.8 kb species are most likely encapsidated by the few 

T=3 particles present in M4 preparations as the T=1 particles would likely not be able to 

encapsidate species larger than 1.1 kb. Additionally, the vast majority if not all of the T=1 

particles of M4 mutants are empty as determined by their inability to stain with EtBr (Figure 

4.2D, panel i, lane 5).   This explanation is likely also applicable to mutants M3 and M7; that is, 

it is the T=3 particles that encapsidate the host RNA species observed in Figure 4.5A, panel iv. 

  

We note that the mutant M3 virions consist of approximately 26.4% T=1 particles as determined 

by TEM analysis (Figure 4.3B).  In addition, approximately 23% of CP of virions is the 32.9 kDa 

species which I have suggested to comprise T=1 particles. However, virion agarose gel 

electrophoresis suggests that such a high level of T=1 particles are not present since a band co-

migrating with T=1 particles is not apparent (compare Figure 4.2D, upper and lower panel i, lane 

4).  The basis for this observation is not known.  It is possible however, that not enough CP was 

loaded onto the gel to observe a band comprising only ~26.4% of the total.  Alternatively, or in 
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conjunction, it could be that the M3 T=1 particles co-migrate with WT CNV T=3 particles due to 

an unusual morphology and/or charge of the T=1 particles.  

  

Mutants M3 and M7 show reduced thermal stability compared to WT CNV (Figure 4.7).  These 

two mutants each show encapsidation of slightly less RNA compared to WT CNV (~16-36%; 

Figure 4.2F). Also the encapsidated RNA predominantly consists of host RNA (~56% and 

~66%, respectively; Figure 4.5B) and truncated viral RNA (Figure 4.5A, panel iii).  Which or 

how many of these factors contributes to decreased thermal stability is not known. Factors that 

could contribute to weaker thermal stability include weaker overall electrostatic interactions due 

to less RNA being encapsidated or a loss of the specific RNA/CP interactions that might 

normally occur in a virion that has selectively encapsidated viral RNA through specific RNA 

sequence/viral CP interactions. Also, these aa may in WT CNV interact with other aa in the 

particle, which in the mutants could negatively affect particle stability. Such aa could include 

those of the first  strand of the S domain which is antiparallel to the beta strand of the ε region 

in C/C subunits. 

 

Based on previous and current research in Dr. Rochon’s lab and on the results of NMR  studies 

of TBSV RNA binding sites (280), I present a pictorial representation of the location of RNA 

binding sites in CNV (280). Figure 4.8 shows that there are two highly basic sequences in the C 

subunit of CNV that bind vRNA. The first putative site is the “KGKKGK” in the C-terminus of 

the R domain of the CP that is shown by the green circles and the second sequence is the 

“KGRKPR” sequence in the ε region of the CP arm as shown by blue bars. This model is likely 

applicable to other Tombusviruses as well, since all sequenced Tombusviruses contain a highly 
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basic region in the C-terminus of the R domain (164) as well as a highly basic sequence in the  

region (Figure 4.1A).  

 

Also, in the Carmovirus, MNSV, I noted that a highly basic sequence “KLSKAAKRR” exists in 

the C-terminus of the R domain of the CP and an identified highly basic RNA binding sequence 

also exists in the region of the arm (163) as described above. It has been suggested by Sorger et 

al. (1986) (49) that assembly of TCV occurs via the interaction of a trimer of C/C dimers with 

specific TCV RNA sequences (296).  The presence of highly basic residues in the C-terminal 

region of the R domain and the  region of Tombusviruses could suggest that a trimer of C/C 

dimers is also important for the initiation of assembly of Tombusviruses as well, as this would 

allow for 12 potential viral RNA binding sites in a single nucleation event.  This hypothesis is 

discussed in more detail in the general discussion (Section 5.4.2). My findings that the double 

and quadruple “KGRKPR” mutants encapsidate host RNA raises the question as to whether this 

sequence plays a role in the selective encapsidation of CNV RNA. Although we have previously 

found that CNV encapsidates host RNA at a low level (135), the significantly higher relative 

level of encapsidation of host versus viral RNA in the double and quadruple “KGRKPR” 

mutants (~56-90% of total encapsidated RNA is host RNA) strongly suggests a role for the 

“KGRKPR” sequence in selecting viral RNA during the assembly process.  Further research will 

need to be conducted to further assess the basis for the observed increase in host RNA 

encapsidation. 
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Figure 4.8: Pictorial representation showing the location of two putative RNA binding sites 

on the CP in CNV virions.  

 

A diagrammatic illustration of a cross section of the CNV virion, showing the outer (red) and 

inner (purple) protein shells along with the layer of vRNA (yellow) sandwiched between the two 

concentric shells as previously proposed (6). According to the presented illustration there are two 

highly basic sequences in the C subunit (green) of CNV that bind vRNA. One putative site is the 

“KGRKPR” sequence (blue bar) in the ε region of the CP arm (arm shown by the dotted blue 

bars) and the second RNA binding site is a previously described “KGKKGK” sequence (green 

circles) (300) in the R domain.  This model is in agreement with that of Timmins et al. (1994) 

(280), as determined by neutron scattering studies. RNA density was not found under AB dimers 

in Timmins et al. (1994) (280), likely due to the disordered arms and R domain in these subunits 

(not shown). A colour key is shown on the right hand side. The locations of the different 

icosahedral axes are shown by black dotted lines. The radii in Å of the outer boundary of the 

different concentric shells from the virion center is shown based on previous studies (13). 
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 Chapter 5:  General discussion and future perspectives
5
 

 

 

A main objective of this thesis was to further examine aspects of CNV particle assembly and 

disassembly with an emphasis on the involvement of host factors, in particular, HSP70 

homologs.  During the course of my research it was found that CNV CP co-opts the host factor 

HSP70 for assembly and disassembly of virions.  This is the first time host HSP70 homologs 

have been implicated in plant virus particle disassembly. HSP70 homologs were also found to 

promote several other aspects of the CNV multiplication (see below).  

 

I also discovered that a highly basic sequence in the arm domain of the CNV CP promotes 

particle assembly and encapsidation of full-length viral RNA.  The highly basic sequence is also 

important for assembly of viral rather than host RNA, which is important for the assembly of 

infectious virions. To my knowledge, this is the first time that a specific CP aa sequence has 

been implicated in specific recognition of viral RNA for assembly.  

 

Data in my thesis also shows that CNV infection induces specific heat shock inducible 

retrotransposons such as ONSEN-like retrotransposons.  This may occur through the ability of 

CNV infection to promote a heat shock-like response and particularly the synthesis of heat shock 

factors which are known to induce ONSEN retrotransposons. .  I find the fact that CNV can 

induce retrotransposons particularly intriguing because retrotransposons are known for 

promoting genome variation.  Thus the induction of heat shock factors by CNV might ultimately 

be beneficial to future generations of plants under stress conditions. 

 

                                                 
5
 
5
 A version of information presented in this Chapter is under preparation for publication. 
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5.1 Multiple roles played by the host factor HSP70 during CNV infection  

 

 

During the course of my thesis research I found that CNV infection induces several isoforms of 

the host factor HSP70 (Figures 2.2 and 2.3, respectively), some of which are co-opted by the 

virus at different stages of infection. Overexpression of HSP70 homologs was found to increase 

gRNA, CP and particle accumulation, whereas its downregulation was associated with a 

corresponding decrease in CNV multiplication (Figures 2.4 and 2.5). Also, using co-

immunoprecipitation analyses, I determined that a direct or indirect physical association exists 

between CNV CP and HSP70 homologs in vivo (Figure 2.7). I also found that Hsc70-2 can 

promote the solubilisation of CNV CP in vitro (Figure 2.8), suggesting a role of Hsc70-2 in 

preventing CP aggregate formation in plants.  CP aggregate formation is likely to occur during 

CNV infection due to the very high concentration of CP that accumulates (up to 0.3 mg/g of leaf 

tissue; Rochon Lab, unpublished results). Prevention of aggregation may assist in more efficient 

particle accumulation by preventing CP aggregates from forming during assembly, and as 

described below, in preventing proteosomal degradation of denatured or aggregated CNV CP. 

 

Using silencing experiments, I found that downregulation of HSP70 homologs interfere with the 

ability of the CNV CP to target chloroplasts during infection (Figure 2.9), which is consistent 

with the known role of HSP70 homologs in targeting cytoplasmically synthesized chloroplast 

preproteins (99, 247). Chloroplasts play a prominent role in plant defense and there is emerging 

evidence that pathogenic effectors target this compartment for attenuating host defense (206, 

301-303). I hypothesize that HSP70-mediated targeting of CNV CP to chloroplasts may interfere 

with chloroplast mediated defense responses. In this light, the ability of CNV CP to be targeted 

to chloroplast with the aid of HSP70 homologs could also be a strategy the virus utilizes to 
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promote multiplication and spread. One of the interesting observations that I made in this regard 

was that overexpression of HSP70 homologs in the CNV local lesion host, C. quinoa, produced 

larger local lesions compared to plants having a basal level of HSP70 when inoculated with CNV 

(Figure 2.4F). One reason for this could be that HSP70 directly enhances replication by 

promoting replication complex formation (17). Thus enhanced RNA production would lead to a 

greater propensity for spread due to a higher level of viral RNA.  In addition, however, these 

results could suggest that the enhanced entry of CP into the chloroplasts might ameliorate 

symptoms and hence promote the spreading of virus which would lead to larger lesions. In this 

regard, local lesion experiments could be conducted on HSP70-downregulated plants to 

determine if smaller local lesions are produced and if that correlates with reduced entry of CP 

into the chloroplasts.  This indeed is supported by an experiment where a mutant defective in 

chloroplast stromal entry was inoculated onto C. quinoa.  In this experiment, it was found that 

lesion size was significantly smaller, thus suggesting a correlation between the inability to enter 

chloroplasts and smaller lesion size.   

 

Figure 5.1 shows a pictorial representation of the multiple roles played by the HSP70 homologs 

at several stages of the CNV multiplication cycle. According to this model, HSP70 homologs 

play an important role in CNV disassembly as described in Chapter 3 and Section 5.2 (a). It 

plays a prominent role in increasing replication as described by Wang et al. (2009) (17) and in 

Chapter 2 (c). HSP70 homologs also interacts with CP, likely preventing the formation of non-

native intermediates or aggregates or possibly even the formation of premature virions (although 

the latter remains speculative) (55).  However, if true, this phenomenon would promote viral 

RNA replication/accumulation. Once progeny viral RNAs have been formed through multiple 
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rounds of replication, HSP70 becomes involved in subsequent stages of the infection cycle. 

HSP70 may initiate capsid nucleation events by increasing the effective local concentration of 

CP (55) (d). However in order to have  controlled regulation over the assembly process and to 

prevent the formation of kinetically trapped premature CP aggregates, HSP70 promotes protein 

folding and keeps the CP in a solubilized form until the proper nucleation events have occurred 

(d). HSP70 homologs also assist in the assembly of CNV virions by participating in some aspect 

of the assembly process possibly by assisting in CP oligomer formation (e). It is speculated that 

CNV may also co-opt HSP70 that is known to be associated with the replicase complex for 

assembly of virions. This would not only promote the assembly phase of the multiplication cycle 

while attenuating the replication phase, but, would also ensure the specificity of encapsidation as 

has been described for other viruses (47, 48). Finally, with the development of infection, the 

plant mounts a defense response against the virus by inducing necrosis, a phenomenon that will 

restrict the virus from spreading. CNV in turn recruits HSP70 to target CP to chloroplasts 

possibly to ameliorate symptom development to ensure more efficient spread and multiplication 

(f).  
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Figure 5.1: Hypothetical model for multiple roles played by HSP70 homologs during CNV 

infection.  

Virions enter cells either with the help of a zoospore vector, systemically through the vascular 

tissue or by mechanical inoculation of the leaf. (a) As described in Chapter 3, HSP70 homologs 

assist in the uncoating process of CNV virions. (b) After the particles disassemble, the 

encapsidated gRNA is used as a template for the translation of the replication proteins, p33 and 

p92 (see Figure 1.1). (c) The replication proteins with the assistance of HSP70 homologs and 

other host factors initiate the formation of replicase complex.  Replication occurs in induced 

spherules of peroxisomes (forming multivesicular bodies or MVBs) to replicate gRNA into 

multiple copies of progeny RNA and to form sgRNA species via a double stranded RNA 

intermediate. sgRNA2 is then translated to CP.  (d) HSP70 homologs also assist in the 

solubilisation of CP and also its accumulation thereby preventing proteasomal degradation of 

aggregated or denatured CP. (e) Apart from that, HSP70 homologs promote the assembly of 

virus particles by interacting with CP molecules either directly or indirectly. (f) Finally, HSP70 

homologs promote the targeting of CP to the chloroplast stroma likely to attenuate the necrosis 

response induced by the virus and this results in further virus spread. 
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5.2 Role of Hsc70-2 in CNV particle disassembly 

 

 

To further investigate my observation that HSP70 homologs are induced during CNV infection 

and are recruited by the CP at several stages of infection to promote multiplication and spread, I 

conducted several lines of research to determine if HSP70 homologs are involved in the CNV 

uncoating process during the establishment of infection. I found that the HSP70 homologue, 

Hsc70-2 is present in CNV virion preparations (Figures 3.1A and C). I quantified the amount of 

Hsc70-2 present in CNV particle preparations and determined that ~18 molecules of Hsc70-2 are 

present per 1000 CNV particles (Figure 3.1D and E). It is speculated that the low level of HSP70 

homologs in purified virion preparations is likely due to virion-associated HSP70 molecules 

being extracted from away from CNV particles during the purification procedure. I next 

conducted experiments to show that the association between Hsc70-2 and CNV occurs both in 

vivo and in vitro (Figure 3.3). I performed immunogold labelling experiments to directly assess 

that a physical interaction occurred between HSP70 and CNV particles (Figure 3.4) in a CNV 

virion preparation. Using, trypsin digestion assays, I also found that the bound Hsc70-2 is 

partially protected by the virus (Figure 3.5). I also determined that another member of the 

Tombusviridae family, the Aureusvirus, CLSV is associated with HSP70 and the relative 

proportion of HSP70 molecules to CLSV virions is similar to that of CNV (Figure 3.2), 

reinforcing a potential biological significance of virion bound HSP70 homologs in some aspect 

of the CNV and CLSV infection process.  

 

To determine the biological significance of CNV/Hsc70-2 interaction in the CNV uncoating 

process, I developed a local lesion assay to investigate disassembly efficiency (Figure 3.6A). I 
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found that significantly fewer local lesions were produced on C. quinoa plants that were 

inoculated with CNV incubated with HSP70 antibody compared to the prebleed control.  This 

suggested a possible role of virion bound Hsc70-2 in virion disassembly (Figure 3.6B). I also 

found that virions containing undetectable amounts of Hsc70-2 produced significantly fewer 

local lesions compared to virion preparations having a detectable amount of Hsc70-2, providing 

strong evidence for a role of virion bound Hsc70-2 in promoting CNV disassembly (Figure 

3.6C). In both C. quinoa (Figure 3.8A) and N. benthamiana (Figure 3.7B) using local lesion 

assays, I found that the disassembly efficiency of CNV is enhanced in plants overexpressing 

HSP70 homologs resulting in a significantly greater number of local lesions compared to 

controls. A similar increase in the number of local lesions was not observed when plants were 

inoculated with viral RNA suggesting that it is particle disassembly efficiency that  is enhanced 

rather than any other aspect of the CNV multiplication cycle (Figure 3.8B).  

 

In order to determine if particles incubated with HSP70 homologs undergo a conformational 

change, I performed a chymotrypsin sensitivity assay and found that a small fraction of the 

particles undergo a conformational change as evident from the chymotrypsin digestion profile 

(Figure 3.9C). When Hsc70-2 incubated particles were subjected to transmission electron 

microscopy, 8% of particles were found to be deformed or conformationally altered compared to 

particles incubated with BSA (Figures 3.9A and B). All of these data are consistent with a role of 

Hsc70-2 in CNV particle disassembly. Importantly, this is the first time that a host HSP70 

homolog has been shown to be involved in uncoating of a plant virus.   
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Previously, others have shown that some filamentous and spherical plant viruses uncoated on 

ribosomes during translation of viral RNA associated with partially disassembled virions (36, 37, 

255).  However, I was unable to duplicate these results with CNV following several attempts 

under different conditions.   Therefore it will be of interest to determine how commonly plant 

viruses utilize HSP70 homologs for particle disassembly. It is known that several plant viruses 

induce HSP70 homologs during infection (214).  These viruses might be the first ones to 

investigate since copious levels of HSP70 homologs might be available to the virus in the 

infected plant.   

 

5.2.1 Hypothetical model for CNV disassembly in the presence of HSP70 homologs  

 

 

Figure 5.2 represents a hypothetical model for CNV disassembly facilitated by HSP70 homologs 

and is described as follows. (a) Virions enter cells either with the help of a vector (zoospores) or 

following systemic movement through the vascular tissue or by mechanical inoculation under 

laboratory condtions. (b) The disassembly process is facilitated by the bound Hsc70-2 which 

helps to conformationally change CP subunits along with the higher pH environment of the 

cytoplasm which is known to result in CNV expansion. Cellular HSP70 may also be envisioned 

to assist in this process.   Particle expansion, as a result of repulsion of A, B and C subunits, 

creates an opening in the particle at the quasi three-fold axis which has been well-described in 

the closely related TBSV (see text in Chapter 4).  (c) As the disordered arm and R domains of the 

A and B subunits of the CP externalize through this opening, virion RNA bound to the highly 

basic “KGRKPR” and “KGKKGK” sequences may exit the virion. This will result in a partially 

disassembled virion.Cytoplasmic HSP70 homologs may further assist in “untangling” the 
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partially uncoated CNV beyond that facilitated by the virion associated Hsc70-2 (d). (f) This 

may allow for a more complete disassembly and release of viral RNA although it may not be 

necessary for all CP to become stripped from the viral RNA as it is possible that translating 

ribosomes could help achieve this.Finally, it is possible that the Hsc70-2 associated with the 

original incoming particle, as well as the sequestered or cytoplasmic HSP70 homologs, may 

assist in the formation of the replication complex (g) since it is known that cellular HSP70 

homologs assist in CNV replication. (h) The cytoplasmic or the originally virion bound HSP70 

homologs may then assist in the replication process to initiate replication. 
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Figure 5.2: Hypothetical model for CNV disassembly facilitated by HSP70 homologs.  

For details on the various steps of this model see section 5.2.1. 
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5.3 Evaluation of potential HSP70 binding sites on CNV CP 

 

HSP70 homologs are known to bind a short stretch of hydrophobic aa flanked on both sides by 

positively charged residues (56, 268, 269). The CNV CP contains such a stretch of hydrophobic 

residues in the β region of the arm and this region is flanked by positive aa in the R domain as 

well as the ε region of the arm. In order to assess if HSP70 homologs bind the β region of the 

CP, I conducted a local lesion assay on C. quinoa overexpressing HSP70 homologs using 

particles of a mutant lacking the CP β region [β(-) mutant]. From five independent local lesion 

assays, I found that there was an insignificant difference in the number of local lesions between 

untreated and heat-shocked plants containing elevated levels of HSP70. These results are 

consistent with the possibility that in the absence of the β region, CNV CP is not able to recruit 

the induced HSP70 homologs for promoting disassembly. Hence, it is possible that the β region 

of the CP interacts with HSP70 homologs during infection. However, it is also possible that β(-) 

mutants are less stable than CNV mutant particles and thus may not establish infection as readily 

so further experiments are required to help determine if the  region of the CP is an HSP70 

binding site.  

 

I also performed four independent local lesion assays and found that significantly fewer local 

lesions were produced in plants inoculated with the β(-) mutant compared to WT CNV (data not 

shown). This is a further suggestion that the  region of the CP could be important for HSP70 

binding and thus disassembly.  Further research could be conducted to determine if a similar 

effect is observed when plants are inoculated with equal inoculums of vRNA extracted from β(-) 

mutant or WT CNV to rule out the possibility that the observed effect on number of local lesions 
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is due to reduced disassembly efficiency of β(-) mutant rather than reduced infectivity of the β(-) 

mutant RNA.  

 

Also, experiments could be conducted to determine if there is a difference in the amount of 

HSP70 homologs detected in virion preparations of β(-) mutant particles versus  WT CNV 

particles.  Also, it could be determined if (-) particles treated with Hsc70-2 become 

conformationally altered as determined by TEM and as shown previously for WT CNV particles.  

It is interesting that the  region is part of the chloroplast transit peptide of the CNV CP and we 

have recently determined that the CNV (-) mutant does not enter chloroplasts very efficiently 

(Rochon lab, unpublished).  Transit peptides are believed in many cases to bind HSP70 as part of 

the chloroplast import process (99). This observation provides circumstantial evidence that the  

region could be an HSP70 binding site but further experiments are required to provide definitive 

evidence.    

 

5.4 Role of basic residues in the CNV CP in CNV particle assembly 

 

 

I conducted further research to characterize the role of CNV CP in promoting particle assembly, 

particularly with respect to binding viral RNA during the assembly process and within the 

completed particle. In particular, I found that there is a conservation of basic aa in the ε region of 

the CP arm of different Tombusviruses, and in CNV the sequence is “KGRKPR” (Figure 4.1A). 

This sequence is spatially located below the C/C dimers where the density of viral RNA is 

maximum as determined by previous neutron diffraction studies on the related Tombusvirus, 

TBSV (Figure 4.1B) (280).  
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I also found that when plants were inoculated with equal concentrations of WT CNV and 

“KGRKPR” mutants bearing mutations in basic residues, particle accumulation as well as RNA 

encapsidation was significantly compromised in the double and quadruple mutants compared to 

WT CNV (Figure 4.2E and F).   

 

By TEM analysis, I found that “KGRKPR” mutants produce a greater relative proportion of 

particles having T=1 symmetry or a distinct morphology as indicated by darkly stained centers 

(Figure 4.3). Cryo EM experiments can be conducted on these mutants, which could shed light 

into the detailed structure of the capsids as well as help to provide an explanation for the nature 

of the distinct morphology. 

 

The thermal stability of the double “KGRKPR” mutants was assessed. I found that the double 

“KGRKPR” mutants are thermally less stable than WT CNV (Figure 4.7).  This may be due to 

weaker virion RNA-CP interactions.  

 

I found that the basic aa residues in the “KGRKPR” sequence of the CP ε region likely play an 

important role in encapsidation of full-length viral RNA over truncated RNA (Figure 4.5A, panel 

ii) as described previously for positively charged regions in the CP of other viruses such as 

STMV, Beet black scorch virus, BMV, Ourmia melon virus, CMV, AMV, RCNMV, CCMV, 

SeMV, FHV, HIV, Macrobrachium rosenbergii nodavirus and MNSV (51, 53, 151-163). This 

may be in part due to balancing electrostatic interactions; i.e., particles with fewer basic residues 

would have a lesser capacity for encapsidating larger RNA species as described in Chapter 4.  
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An interesting observation made was that the “KGRKPR” mutant virions encapsidated a 

relatively greater proportion of host RNA over viral RNA when compared to WT CNV (Figure 

4.5B). These results suggest the importance of basic amino acids in the “KGRKPR” sequence in 

selection of vRNA over host RNA during assembly. In this regard future experiments could be 

conducted to determine the specificity of binding of the ε region with CNV RNA. Experiments 

could also be conducted to determine if the “KGRKPR” region binds p33 which might also 

affect the specificity of binding as described above for STMV. Our results would also suggest 

that the RNA of CNV virions likely plays a role in particle stability as it is intimately associated 

with specific amino acids of the CP.  

 

5.4.1 Examination of CP species that form T=1 particles 

 

I wished to analyse the size of the CP in M4 virions to assess why M4 virions are primarily T=1 

particles. I found that the quadruple mutant M4 predominantly contained a cleaved CP species of 

32.9 kDa (Figure 4.4B). Also the double mutants contained a relatively greater proportion of the 

32.9 kDa as well as 34.7 kDa cleaved CP species relative to full-length CP when compared to 

WT CNV and the single aa mutants (Figure 4.4B). This observation suggested that the T=1 

particles may be formed from cleaved CP. 

 

Previous work in Dr. Rochon’s lab suggests that certain R domain deletion mutants (that 

correspond to the 34.7 kDa cleaved CP species) fail to form T=3 particles and form T=1 virions 

instead (21, 164). Also, Ghoshal et al. (2014) (135), found that protein of particles formed from 

agroinfiltration (VLPs) which were predominantly T=1 particles consisted mostly of 32.9 kDa 

and 34.7 kDa cleaved CP species. It was postulated that in the absence of a full-length replicating 
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CNV RNA, that likely contains a PS(s) for CP binding and hence particle assembly, the majority 

of the full-length 41 kDa CP cannot efficiently assemble into T=3 particles. Hence, the 

unassembled CP is either targeted to mitochondria to produce a truncated 32.9 kDa species or 

cleaved to yield a 34.7 kDa species that is targeted to chloroplasts to yeild a 32.9 kDa truncated 

CP species. These CP species likely assembles into the T=1 particles predominantly found in 

VLP preparations.   

 

In my studies on CNV CP, as described in Chapter 4, Section 4.3.4, I found that the “KGRKPR” 

mutants, even in the presence of a replicating CNV RNA and full-length CP, produced 

significantly greater amounts of T=1 over T=3 particles likely because the mutated CP is unable 

to bind CNV RNA and assemble into T=3 particles. This would allow for enhanced targeting of 

unassembled full-length CP to mitochondria and chloroplasts to yield the cleaved 34.7 kDa or 

32.9 kDa species. In light of previous and current findings, I speculate that mutant M4 that 

predominantly consists of T=1 particles are made of the 32.9 kDa cleaved CP species. 

Conversely, it can be stated that the 32.9 kDa cleaved CP species is the species that forms the 

T=1 particles. Edman degradation analysis of the 32.9 kDa species shows that it corresponds to 

cleavage of the CP within the arm just upstream of the  region (135). Such a CP species could 

not form a T=3 particle since it lacks the R domain which would form the inner shell of the 

particle. Also, its size and nature would suggest that it could form T=1 particles which 

correspond to 60 subunits of CP of the A/B conformation.  
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5.4.2 Proposed hypothetical model for CNV assembly 

 

 

Based on previous work conducted by Reade et al. (2010) (164) as well as neutron scattering 

studies by Timmins et al. (1994) (280)  and current research conducted by me (Chapter 4), I was 

able to map putative RNA binding sites on the CNV CP in virions (Figure 4.8). It is indeed 

interesting that the two major binding sites can be seen to exist in virions near the -annulus 

which is an important stability determinant in CNV and is the place at which trimers of C/C 

dimers adjoin at the particle 3-fold axis.  It has previously been suggested that the related virus 

TCV assembles initially via interaction between viral RNA and trimers of C/C dimers (Figure 

5.3A).  However, in the case of SBMV and SeMV it has been suggested that particle assembly 

might originate from pentamers of A/B dimers (Figure 5.3B) (50, 51).  
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Figure 5.3: Diagrammatic representation of a trimer of C/C dimers and a pentamer of A/B 

dimers.  

To meet the criteria for quasi-equivalence (different conformations of the same protein which is 

required for formation of T=3 particle symmetry) and for the formation of an icosahedral T=3 

shell, CNV CP exists in three distinct conformations A (red), B (blue) and C (green). The arm as 

well as the R domains are ordered and structured in the C subunit, however they are disordered 

in the A and B subunits. The CNV particle is made up of 30 C/C dimers that lie at the 2-fold axis 

and 60 A/B dimers that lie at the quasi 2-fold axis. (A) In a trimer of a C/C dimers, the ordered β 

regions of the three C subunits extend towards the centre of the virion at the 3-fold axis to 

produce a stable structure termed the β-annulus. (B) On the other hand five A/B pentamers meet 

at the 5-fold axis to produce a pentameric cap. The arm as well as the R domain of A and B 

subunits are not shown because they are disordered within the virion. 
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Our findings would agree with the importance and structure of a trimer of C/C dimers in CNV 

assembly initiation.  Specifically, as described in Chapter 4, Section 4.4, we propose that a trimer 

of C/C dimers binds six sites on CNV RNA using the C subunits most proximal to the -annulus 

and the RNA binding sites “KGKKGK” and “KGRKPR”.  An additional six sites corresponding 

to the “KGKKGK” sequence and the “KGRKPR” sequence in the remaining C subunits of the 

trimer of C/C dimers may also be involved in binding RNA (see Figure 4.8). The requirement for 

at least six distinct binding sites on CNV RNA to nucleate assembly would be expected to 

contribute greatly to the specificity of viral RNA selectivity. Should the additional six binding 

events also be required, this would further enhance the selectivity process.   

 

Following nucleation, we propose as for TCV (49) that CP dimers would attach to the nucleating 

complex and thereby adopt an A/B conformation. The RNA could then interact with  additional 

sets of “KGKKGK” and “KGRKPR” sequences present in the A/B dimers.  Also, apart from the 

two sequences bearing clustered basic aa (in the “KGKKGK” and “KGRKPR” sequences), the 

CNV CP contains 12 additional positively charged residues in the  R (5 aa) and S (6 aa) domain 

and in the arm (1 aa) region. These residues could serve as additional RNA binding sites.  

 

Hence, I propose that CNV assembly likely is a combined effect of at least two CP-RNA 

interactions (with the help of “KGKKGK” and “KGRKPR”  sequences that assist in nucleating 

the assembly process) and additional CP-RNA interactions. This hypothesis raises the possibility 

of multiple PSs on CNV RNA for binding to the multiple CP sequences likely with different 

affinities. As described above, the most important aspect of the selectivity may reside in the 
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nucleation event of encapsidation (see above) where six distinct sites on viral RNA (or possibly 

even 12) may be required to initiate the assembly of particles.   

 

As described in Chapter 1, Section 1.19.6, it has been suggested, as well as described in the 

literature, that viral RNA contains a PS or multiple PSs that are recognized by the CP during the 

initiation of assembly.  Our proposed model for CNV assembly would therefore be consistent 

with the requirement for more than one such signal and that, in turn, would increase the 

selectivity process by requiring several specific viral RNA sequences.   

 

Previous work in the Rochon lab [K. Ghoshal, Ph.D. thesis, (201)] showed that a 1227 nt region 

(R3) corresponding to CNV nt 2202-3427 encompassing 404 nt of the 3’ terminal region of the 

replicase ORF, 23 nt of the intergenic region between the replicase and CP ORF and the 5’ 

terminal 800 nt region of the CP ORF may represent a PS in CNV RNA, however, further 

experiments are required to demonstrate this.  It was further found that many other regions 

throughout CNV RNA can be recognized for assembly, albeit with lower apparent affinity than 

the R3 region. Thus the notion that CNV RNA contains a single PS was not strongly supported 

by previous data (201).  Our model, invoking several PSs is consistent with these studies. Also, 

numerous PSs on viral RNA this would facilitate the compaction of viral RNA that would help to 

reduce the hydrodynamic radii and accommodate RNA within the limited area of a sphere having 

a T=3 icosahedral symmetry as suggested previously for other viruses (173, 174).  

 

Also, as described in Section 1.17.2 and in Chapter 2, HSP70 homologs might act as a scaffold 

protein or auxiliary host factor to promote the initiation of capsid nucleation event or any other 
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aspect of the particle assembly process by increasing the accumulation of CP molecules as well 

as preventing the aggregation of CP oligomers. However, further experiments are required to 

ascertain this possibility. In this regard, it would be of interest to perform in vitro assembly 

reactions using recombinant CNV CP, RNA and HSP70 homologs under optimised conditions. 

Assembly intermediates could be collected at different time points post-reaction start time. 

Assembly intermediates could be analysed either by structural studies or by native PAGE 

followed by Western blotting to detect at which stage of the assembly process, HSP70 homologs 

associates with CP. However, as described previously in Section 2.3.7, particles might not be 

assembled or observed in vitro in the presence or absence of HSP70 homologs due to the low 

level of soluble CP produced under the optimised in vitro system. Hence, further optimization of 

in vitro solubilisation of CP is required to assist in resolving this question. 
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Figure 5.4: Hypothetical model for CNV assembly.  

According to this model, assembly initiates from a trimer of C/C dimers (left) bearing at least six 

but up to 12 RNA binding sites. The CNV RNA on the other hand might contain several high or 

low affinity PSs as previously suggested for other viruses (174). Assembly initiates when the 6-

12 CP binding sites on the trimer of C/C dimers interact with the high affinity PSs on the viral 

RNA (right). The interaction of CP molecules with RNA at several sites would likely increase 

the specificity of CNV RNA binding (over that of host RNA) and as well might enhance the 

compaction of RNA as suggested by Borodavka et al. (2013) (173). Once the initial nucleation 

event occurs additional CP subunits bind in a co-operative manner facilitating formation of the 

complete virion. 
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5.4.3 Host RNA encapsidation by WT CNV and “KGRKPR” mutants 

 

 

CNV has been found to encapsidate a low level (~0.1-0.7%) of host RNA during natural 

infection (135). As described in Chapter 4, Section 4.3.7, when all four basic aa residues in the 

“KGRKPR” sequence, are mutated, there is a significantly greater relative encapsidation of host 

RNA over viral RNA. In light of the current proposed model for CNV assembly (see above), I 

speculate that mutation of sites on the CP that impart selectivity of viral RNA during assembly 

(i.e., the “KGRKPR” sequence) disrupts the specific CP-viral RNA interaction leading to 

formation of virions containing cellular RNA.  

 

A recent report on STMV shows that interaction between the N-terminal basic motif of the CP 

with the helper TMV replicase plays an important role in replication and encapsidation (151). 

Also, in a preliminary experiment by co-immunoprecipitation analyses, I have shown that the 

CNV CP associates with the replication protein p33 either directly or indirectly (S.B. Alam, data 

not shown). Hence, it is also possible that the “KGRKPR” sequence of the CP plays an important 

role in interacting with p33. It will be interesting to see if this association is abolished by 

mutating the basic aa residues of the “KGRKPR” sequence. If an association between this 

sequence and the replicase normally occurs in a WT CNV infection the CNV CP mutants may 

not be in a cellular location where predominantly viral RNA occurs and this could result in “mis-

encapsidation” of host RNAs.   

 

On the other hand, in the quadruple “KGRKPR” mutant M4, since the other RNA binding site 

“KGKKGK” is intact, it could potentially participate in a CP-RNA interaction (See Section 

5.4.2). This perhaps could lead to the formation of some viral RNA containing virions (~10%, 



228 

 

Figure 4.5). However, the majority of the encapsidated RNA is of host origin (~90%), suggesting 

the importance of “KGRKPR” sequence in selectivity of viral RNA during particle assembly.  

 

However, as described in Chapter 4, another possible reason for encapsidation of host RNA 

could be the loss of CP’s location from the site of viral RNA encapsidation and particle assembly 

in the (particularly in the double and quadruple “KGRKPR” mutants) that could lead to mis-

encapsidation of host RNAs. Further in vitro binding experiments could shed light on this 

possibility. It will be interesting to examine the encapsidation profile of a mutant lacking both 

the “KGRKPR” and “KGKKGK” sequences. However, due to the loss of two clustered RNA 

binding sites from the CP that comprises ~47% of the total basic aa content, it might be difficult 

to obtain virions. However, if any virions are obtained, they would likely be exclusively 

comprised of cellular RNAs.  

 

5.5 Does the ability of CNV CP to target the stroma interfere with chloroplast-mediated 

plant defense response? 

 

 

Previous work in the Rochon lab has shown that ~1-5% of the CP is targeted to chloroplasts 

during infection and that the CP arm region functions as a chloroplast transit peptide, targeting 

the CP S and P domains to the chloroplast stroma (24). Previous studies have shown that 

chloroplasts play important roles in plant defense responses including the hypersensitive 

response (HR) response (304). For example, salicylic acid, which is required for the induction of 

the HR marker gene PR1a, is synthesized in chloroplasts and, chloroplasts also produce reactive 

oxygen species which assist in limiting pathogen infection (305-308). Indeed, some pathogenic 

effectors of bacteria and fungi target chloroplasts to attenuate host defense responses (223, 301-
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303, 309). Also, some reports have shown the involvement of viral proteins in attenuation of host 

defense responses (310, 311). Hence, my work as well as the work of others in Dr. Rochon’s lab 

led to the hypothesis that CNV CP targets the chloroplast stroma resulting in the attenuation of 

symptoms during infection (manuscript in preparation).  

 

The “KGRKPR” sequence in the ε region of the CP arm is encompassed within the CP transit 

peptide-like region responsible for chloroplast targeting of CNV CP. I therefore, tested if the 

“KGRKPR” mutants produce severe symptoms compared to WT CNV. At 4 dpi, plants infected 

with equal inoculum concentrations of WT CNV and the “KGRKPR” mutants, showed that most 

of the latter produced more severe symptoms that appeared earlier in infection when compared to 

CNV. Also, the symptoms were more localised compared to that of WT CNV.  This suggests a 

potential role for the CNV CP to enter chloroplasts and interfere with components of the host 

defense machinery.  

 

It was further found that “KGRKPR” mutants M3, M4 and M7, do not enter the chloroplast 

stroma as efficiently as WT CNV (S.B. Alam, data not shown) although they do target the 

chloroplast intermembrane space. I also found that the “KGRKPR” mutant inoculated plants 

were undergoing a stronger defense response as suggested by higher and sustained levels of the 

defense response gene PR1a relative to the housekeeping gene PP2a.  

 

Trypan blue staining could be conducted to determine if inoculation of plants with CP mutants 

defective in efficient stromal uptake leads to more cell death compared to WT CNV. 

Furthermore, DAB staining could be performed to estimate the amount of peroxide accumulation 
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in leaves inoculated with WT CNV or CP mutants defective in efficient stromal entry. Further 

research will be conducted to further characterize the role of CP in attenuating symptoms during 

infection. In this regard, it has recently been found that local lesion assays on the CNV local 

lesion host C. quinoa showed that “KGRKPR” mutants that inefficiently enter the chloroplast 

stroma produce significantly smaller lesions compared to WT CNV.  

 

It has previously been shown that TBSV p19 induces necrosis in N. tabacum (312). To determine 

whether CNV CP could reduce p19-induced necrosis in N. tabacum, leaves can be co-

agroinfiltrated with different concentrations of TBSV p19 along with either pGFP/pBin(+) or 

pCNVCP/pBin(+) followed by analysis of symptoms,assessment of PR1a levels and trypan blue 

and DAB staining. If the p19 induced symptoms are attenuated in the presence of CNV CP, 

further experiments could be conducted to directly test if symptom attenuation is correlated with 

the ability of CP to target chloroplasts. In this regard a CP mutant lacking 16 aa of the CP transit 

peptide-like region will be cloned into a binary vector [pCPβ(-)/pBin(+)]. A similar experiment 

as described above will be performed in the presence of p19 followed by symptom analyses and 

PR1a levels assessment. Confocal experiments could further be conducted by making GFP 

fusion constructs to correlate the results with the ability of CP to target chloroplasts. Also, I 

participated in a collaborative project in Dr. Rochon’s lab, where it was found that the CNV 

auxiliary replicase protein p33 induces necrosis in N. benthamiana upon agroinfiltration (32). To 

test if the ability of CP to target chloroplasts interferes with p33 induced necrosis, similar types 

of experiments can be conducted as described above for TBSV p19.  
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5.6 Does CNV acts as a beneficial microparasite for plants? 

 

 

During the end of my Ph.D. tenure I became interested in how plants have evolved to utilise 

some of the virus-induced host factors for their own benefit, and if viruses can thereby act as a 

beneficial microbe in this regard (248). As described in Section 2.4, previous studies have shown 

that TMV, BMV, TRV and CMV can confer drought or cold tolerance to their plant hosts (248). 

In addition, several plant viruses such as TMV and CMV along with CNV are known to induce 

HSP70 homologs (122, 214). It was hypothesized in Chapter 2 that induction of heat shock 

proteins by CNV and other plant viruses may confer heat tolerance to their hosts in natural 

environments.  

 

My work in conjunction with others in the Rochon lab showed that specific types of 

retrotransposons (RTn) are induced during CNV infection.Among the most highly induced are 

specific Ty-1/Copia-type RTns (Figure B.1, Dr. Rochon lab, personal communication). 

Interestingly, these retrotransposons group phylogenetically with a previously described heat 

inducible retrotransposon, ONSEN. The 5’ LTRs of four different RTns induced during CNV 

infection were analysed and found to contain several putative heat-shock elements (HSEs) 

(Figure B.2) raising the possibility that heat-shock factors (HSFs) induced by heat stress can 

activate these RTns.  

 

Previous work (122) described in this thesis showed that CNV infection results in a strong 

upregulation of HSP70 homolog mRNAs and proteins (Chapter 2). The promoters of the HSP70 

family of genes contain HSEs to which the transcription factors HSFs bind and promote the 

transcription of downstream HSP70 genes and other HSP genes (for details see Section 1.10). 
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Also HSFA2 is known to regulate the expression of the heat inducible ONSEN RTn (313). By 

RNA-seq analysis and quantitative PCR, current research in Dr. Rochon’s lab shows that HSFA2 

mRNA as well as other HSFs are upregulated both during CNV infection and heat stress 

(Rochon lab, personal communication).   

 

Based on the above described work I tested whether the RTns induced by CNV infection can be 

induced by heat treatment and found that indeed heat induces these RTns and that the level of 

induction strongly parallels that found during CNV infection. Moreover, I found that the 

transcript abundance of these RTns was significantly increased with severity of the stress (i.e., 

higher temperature) (Figure B.3), which suggests a temperature-sensitive response as previously 

described for RTns in rice (Oryza sativa) (314). To rule out the possibility that heat treatment 

induces RTns non-specifically, I also determined the transcript levels of the Ty-1/Copia element 

RTnNbTnt which is not induced during CNV infection and not reported to be heat inducible 

(Rochon Lab, personal communication). I found that RTnNbTnt is not induced by heat treatment 

at 42°C or 48°C suggesting that RTn induction by heat treatment is specific.  

 

I also tested if heat-shocked plants only containing the LTRs of two ONSEN-like RTns induced 

by CNV infection and placed upstream of the GFP reporter coding region were activated by 

heat-shock. Both LTRs were strongly activated as determined by ddPCR analysis of GFP levels 

in total leaf RNA of heat-shocked plants. In addition, heat-shocked plants containing the two 

LTR-GFP constructs also contained elevated levels of GFP as determined by Western blot 

analysis of total leaf protein and by confocal microscopy of agroinfiltrated leaves (Figures B.4 

and B.5). Current research in Dr. Rochon’s lab suggests that agroinfiltrated plants also show a 
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similar activation of GFP mRNA transcription and expression when infected with CNV (Rochon 

Lab, personal communication).  To determine the specificity of CNV and heat stress mediated 

LTR activation, future experiments could be conducted by cloning the LTR sequence of 

RTnNbTnt which does not become induced by heat or CNV infection (see above), upstream of 

the GFP reporter coding region [pRTnNbTnt-LTR/GFP/pBin(+)]. Heat shock as well as CNV 

inoculation experiments could be conducted on pRTnNbTnt-LTR/GFP/pBin(+) agroinfiltrated 

plants followed by analyses of GFP expression levels, to rule out the possibility that activation of 

ONSEN-like RTn LTRs by heat stress and CNV infection is a non-specific process.  

 

It is speculated that CNV induces ONSEN-like RTns during infection due to the induction of the 

heat-shock response which activates the LTRs of the RTns, possibly through HSFA2 or other 

HSF induction. As stated above, HSFA2 could bind the HSEs in the LTRs of ONSEN-like RTn 

to increase the transcription of downstream genes. In this regard, N. benthamiana HSFA2 will be 

cloned into a bacterial expression vector such as pET24D(+) and expressed in Escherichia coli 

cells (NbHSFA2). The purified NbHSFA2 will be utilised in gel electrophoretic mobility shift 

assays (GEMSAs). GEMSA will be performed by incubating increasing amounts of recombinant 

NbHSFA2 with DNA corresponding to the 5’ LTR of specific heat stress and CNV inducible 

RTn, followed by gel electrophoresis and EtBr staining to look for mobility shift. Apart from 

this, competition assays could also be performed using NbHSFA2 and DNA fragments that do 

not contain any HSEs. BSA would also be utilised instead of NbHSFA2 to assess the specificity 

of binding with HSEs containing LTRs. To directly assess which of the putative HSEs interact 

with NbHSFA2, a similar type of GEMSA experiment will be conducted using oligonucleotides 

corresponding to individual HSEs or by using LTR DNA fragments in which specific HSE 
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elements are mutated.  However, the latter experiment may be difficult to interpret since the 

LTRs of specific heat and CNV inducible RTn contain several putative HSEs and mutating one 

of the elements may still allow efficient binding of NbHSFA2 and thereby result in inconclusive 

data.   

 

DNase I Footprint analysis can be conducted to identify the HSEs in the LTRs. 5’ radiolabelled 

LTR fragments containing putative HSEs or their mutated versions could be incubated with the 

bacterially expressed and purified NbHSFA2 followed by DNase I digestion, gel electrophoresis 

and phosphorimaging. Regions that are resistant to DNase I digestion would likely represent the 

HSEs with bound HSFs. However, protection will not occur if the sites did not represent 

authentic HSEs. 

 

Transposition of the ONSEN-like RTns induced during CNV infection has not yet been 

demonstrated. To assess this N. benthamiana plants will be either mock inoculated or inoculated 

with CNV followed by extraction of total DNA at 5 dpi.  A similar experiment would be 

performed on plants heat-shocked at both 42°C and 48°C, again followed by total DNA 

extraction. Equal amounts of DNA from mock inoculated, CNV inoculated, untreated and heat-

shocked plants would  then be subjected to gel electrophoresis followed by Southern blotting 

using a probe made to a RTn induced by CNV such as the strongly CNV and heat-induced 

RTn5533 (see Figures B.1 and B.3). If replication of the RTn is occurring then an approximate 5 

kb DNA band (the size of RTn5533) should be detected in CNV inoculated and heat treated 

plants, but not in uninoculated and untreated plants. To ensure that the band corresponds to DNA 
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and not contaminating RNA in the DNA preparation, the DNA preparations will be treated with 

RNaseA during the extraction procedure.  

 

It is noted that, if transposition occurs, it could indicate that CNV infection may contribute to 

modification of the infected plant genome. However, such modifications would have to be 

present in the germ line cells in order to be transmitted to the next generation. In this regard 

future experiments could be conducted on second generation plants obtained from the seeds of 

CNV inoculated leaves. However, since CNV infects the plants systemically and the plant does 

not survive up to the flowering stage (plants collapse at about 9-12 dpi and don’t flower), it 

might not be possible to conduct such an experiment. Recent work in Dr. Rochon’s lab has 

shown that a full-length infectious mutant of CNV bearing a stop codon in the silencing 

suppressor ORF, p20 (20K-stop), induces retrotransposons to high levels (Rochon Lab, personal 

communication). It is interesting that the CNV 20K-stop mutant does not cause death of the 

infected plants (Rochon Lab, Unpublished). Hence, plants could either be mock inoculated or 

inoculated with the CNV 20K-stop mutant. The infection would be allowed to proceed up to the 

flowering stage until seeds are produced. From the collected seeds, second generation plants will 

be germinated followed by total DNA extraction and Southern blot analyses as described above. 

If retrotransposition is demonstrated then that would indicate that RTn sequences have a 

potential to alter the host genome. These experiments would probably need to be conducted from 

a large number of second generation plants to observe retrotransposition if this event is not 

frequent in the inoculated plant.  Also, it would be of interest to conduct these experiments on 

the natural host of CNV, cucumber, as this would shed light on the possibility that generation of 

retrotransposons is part of the co-evolution of CNV with its host (see below).   
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5.7 Evolution of a plant virus and its susceptible host  

 

 

In the light of current research and findings, I propose a hypothetical model for evolution of 

CNV and its host plants (Figure 5.5). According to this model, when CNV infects the plant (a), 

HSFs are upregulated resulting in an increase in the transcription and expression of HSP70 

homologs and other heat shock proteins (b). CNV has evolved to multiply at a high rate in plants 

through its interaction with HSP70 homologs and possibly other heat shock proteins (c). In 

particular, the CNV CP evolved to interact with the HSP70 homologs and to utilize it in several 

stages of the infection such as disassembly of virions, gRNA accumulation, CP accumulation 

and preventing CP aggregate formation as well as promoting particle assembly. Overall, the CP 

utilises the host factor HSP70 to promote virus spread and multiplication (c1). As infection 

proceeds, the plant responds by restricting the virus to localised lesions. The viral CP, in turn, 

has evolved further, to target and enter chloroplasts with the aid of HSP70 homologs.  This and 

the induced HSP70 homologs likely interfere with plant defense, thus both contributing to the 

attenuation of symptoms and thereby allowing CNV to spread and to invade plants systemically.  

 

To facilitate selective packaging of viral RNA from the pool of cellular RNAs, the CP itself has 

evolved to bear a sequence “KGRKPR” that facilitates interaction specifically with viral RNA 

and to avert interaction with host RNAs which would be a “dead” end as far as virus infection is 

concerned. The “KGRKPR” sequence along with the previously described basic “KGKKGK” 

residues in the R domain (164), along with additional sequences on the CP, helps to initiate the 

virion assembly nucleation event from the trimers of C/C dimers (c2) and helps in the assembly 

of infectious virions (c2).  
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The plant in turn, has adapted to utilise the virus induced host factors, such as HSFA2, to 

facilitate the transcription of ONSEN-like RTns. It is possible that the induced RTns in turn 

render plant genome variation, allowing for adaptation of the plants under changing 

environmental conditions. In particular, 5’ or 3’ LTRs of the integrated RTn could cause 

induction of gene expression in the corresponding upstream or downstream genes under heat 

stress conditions and if positioned optimally could result in transcription of genes that could help 

the plant resist heat stress or other stresses.  
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Figure 5.5: Hypothetical model showing evolution of CNV and plants. 

For details see Section 5.7.  
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Appendices 

Appendix A: Various HSP70 mRNA homologs are induced during CNV infection 

 

A.1   Summary of induction levels of HSP70 mRNA homologs in CNV versus mock 

inoculated plants at 3 dpi 

Transcript ID Description 
CNV 

RPKM 
Mock 
RPKM 

CNV to 
Mock 
RPKM 
ratio 

Nbv5tr6313114 Heat shock cognate 70 kDa protein (similar to) 218.0 0.04 5491.0 

Nbv5tr6313115 Heat shock cognate 70 kDa protein (similar to) 183.4 0.04 4293.1 

Nbv5tr6237742 Heat shock cognate 70 kDa protein (similar to) 270.9 0.07 4049.9 

Nbv5tr6262864 Heat shock 70 kDa protein 5 (probable) 192.6 0.05 4018.7 

Nbv5tr6217195 Heat shock 70 kDa protein (probable) 44.4 0.01 3526.5 

Nbv5tr6340970 Heat shock cognate 70 kDa protein (similar to) 203.9 0.06 3275.0 

Nbv5tr6248470 Heat shock 70 kDa protein (probable) 113.4 0.04 2913.9 

Nbv5tr6274820 Heat shock 70 kDa protein 5 (probable) 95.8 0.03 2740.5 

Nbv5tr6411059 Heat shock 70 kDa protein 5 (probable) 49.0 0.02 2658.9 

Nbv5tr6263838 Heat shock 70 kDa protein (probable) 59.3 0.03 2269.4 

Nbv5tr6343294 Heat shock 70 kDa protein (probable) 25.9 0.01 1931.2 

Nbv5tr6239778 Heat shock 70 kDa protein 5 (probable) 113.1 0.07 1548.0 

Nbv5tr6263036 Heat shock 70 kDa protein (probable) 75.9 0.05 1534.7 

Nbv5tr6315459 Heat shock 70 kDa protein (probable) 47.4 0.03 1483.4 

Nbv5tr6228252 Heat shock 70 kDa protein (probable) 293.5 0.23 1286.9 

Nbv5tr6240566 Heat shock 70 kDa protein (probable) 76.6 0.07 1174.0 

Nbv5tr6316161 Heat shock 70 kDa protein 5 (probable) 69.3 0.08 913.0 

Nbv5tr6292801 Heat shock 70 kDa protein (probable) 62.9 0.07 859.9 

Nbv5tr6239164 Heat shock cognate 70 kDa protein (similar to) 160.2 0.22 729.0 

Nbv5tr6315458 Heat shock 70 kDa protein (probable) 36.3 0.05 712.5 

Nbv5tr6369540 Heat shock 70 kDa protein (probable) 16.5 0.03 629.7 

Nbv5tr6409725 Heat shock 70 kDa protein (probable) 23.7 0.05 494.5 

Nbv5tr6399865 Heat shock cognate 70 kDa protein 1 (probable) 61.9 0.13 459.1 

Nbv5tr6206844 Heat shock cognate 70 kDa protein 2 (probable) 153.6 0.46 330.9 

Nbv5tr6379485 Heat shock cognate 70 kDa protein 1 (probable) 47.8 0.15 326.4 

Nbv5tr6421447 Heat shock cognate 70 kDa protein 1 (probable) 54.0 0.17 321.2 

Nbv5tr6379484 Heat shock cognate 70 kDa protein 1 (similar to) 50.6 0.16 317.5 

Nbv5tr6233770 Heat shock cognate 70 kDa protein 2 (probable) 47.7 0.18 262.3 

Nbv5tr6379480 Heat shock cognate 70 kDa protein 1 (probable) 48.5 0.19 255.4 

Nbv5tr6379482 Heat shock cognate 70 kDa protein 1 (probable) 49.4 0.21 240.2 

Nbv5tr6379483 Heat shock cognate 70 kDa protein 2 (probable) 57.7 0.25 231.8 

Nbv5tr6379481 Heat shock cognate 70 kDa protein 1 (probable) 53.4 0.24 226.9 

Nbv5tr6399864 Heat shock cognate 70 kDa protein 1 (probable) 57.5 0.28 208.1 
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Transcript ID Description 
CNV 

RPKM 
Mock 
RPKM 

CNV to 
Mock 
RPKM 
ratio 

Nbv5tr6243057 Heat shock cognate 70 kDa protein 2 (probable) 9.4 0.05 172.6 

Nbv5tr6317174 Heat shock cognate 70 kDa protein 2 (probable) 76.5 0.92 82.9 

Nbv5tr6371458 Heat shock cognate 70 kDa protein 2 (probable) 79.9 1.06 75.4 

Nbv5tr6424932 Heat shock cognate 70 kDa protein 2 (probable) 110.0 1.48 74.3 

Nbv5tr6371455 Heat shock cognate 70 kDa protein 2 (probable) 86.1 1.17 73.8 

Nbv5tr6371456 Heat shock cognate 70 kDa protein 2 (probable) 82.9 1.15 72.0 

Nbv5tr6345618 Heat shock cognate 70 kDa protein 2 (similar to) 68.8 0.96 71.9 

Nbv5tr6371457 Heat shock cognate 70 kDa protein 2 (probable) 71.1 1.03 68.7 

Nbv5tr6393155 Heat shock cognate 70 kDa protein 2 (probable) 96.7 1.47 66.0 

Nbv5tr6393153 Heat shock cognate 70 kDa protein 2 (probable) 90.0 1.36 66.0 

Nbv5tr6233193 Heat shock cognate 70 kDa protein 2 (probable) 99.5 1.51 65.8 

Nbv5tr6241746 Heat shock cognate 70 kDa protein 2 (probable) 35.7 0.55 65.5 

Nbv5tr6393156 Heat shock cognate 70 kDa protein 2 (probable) 72.9 1.13 64.5 

Nbv5tr6345619 Heat shock cognate 70 kDa protein 2 (probable) 70.5 1.10 64.0 

Nbv5tr6393154 Heat shock cognate 70 kDa protein 2 (probable) 87.2 1.37 63.6 

Nbv5tr6393157 Heat shock cognate 70 kDa protein 2 (probable) 88.5 1.42 62.4 

Nbv5tr6412958 Heat shock cognate 70 kDa protein 2 (probable) 104.9 1.70 61.7 

Nbv5tr6393152 Heat shock cognate 70 kDa protein 2 (probable) 91.9 1.49 61.7 

Nbv5tr6206845 Heat shock cognate 70 kDa protein 2 (probable) 82.6 3.35 24.7 

Nbv5tr6432353 Heat shock 70 kDa protein 15 (probable) 5.6 0.27 20.5 

Nbv5tr6378082 Heat shock 70 kDa protein 15 (probable) 5.1 0.25 20.2 

Nbv5tr6324733 Heat shock 70 kDa protein 15 (probable) 8.2 0.43 19.3 

Nbv5tr6209761 Heat shock 70 kDa protein (probable) 0.6 0.03 18.7 

Nbv5tr6217644 Heat shock 70 kDa protein (probable) 2.4 0.14 17.8 

Nbv5tr6351467 Heat shock 70 kDa protein 8 (probable) 3.1 0.17 17.8 

Nbv5tr6261004 Heat shock 70 kDa protein 15 (probable) 19.9 1.14 17.5 

Nbv5tr6324732 Heat shock 70 kDa protein 15 (probable) 7.6 0.46 16.6 

Nbv5tr6261142 Heat shock 70 kDa protein 15 (probable) 5.8 0.38 15.0 

Nbv5tr6376015 Heat shock 70 kDa protein 15 (probable) 5.9 0.39 14.8 

Nbv5tr6317727 Heat shock 70 kDa protein 15 (probable) 3.3 0.22 14.8 

Nbv5tr6345470 Heat shock 70 kDa protein 15 (probable) 4.9 0.33 14.7 

Nbv5tr6376014 Heat shock 70 kDa protein 15 (probable) 7.8 0.54 14.5 

Nbv5tr6432349 Heat shock 70 kDa protein 15 (similar to) 4.9 0.35 13.8 

Nbv5tr6262602 Heat shock 70 kDa protein 15 (similar to) 3.6 0.26 13.6 

Nbv5tr6345471 Heat shock 70 kDa protein 15 (probable) 4.3 0.32 13.5 

Nbv5tr6371283 Heat shock 70 kDa protein 15 (probable) 4.3 0.32 13.5 

Nbv5tr6351465 Heat shock 70 kDa protein 8 (probable) 2.9 0.21 13.4 

Nbv5tr6393848 Heat shock 70 kDa protein 15 (probable) 4.6 0.35 13.4 
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Transcript ID Description 
CNV 

RPKM 
Mock 
RPKM 

CNV to 
Mock 
RPKM 
ratio 

Nbv5tr6393853 Heat shock 70 kDa protein 15 (probable) 8.3 0.62 13.3 

Nbv5tr6393856 Heat shock 70 kDa protein 15 (probable) 3.9 0.30 13.1 

Nbv5tr6432348 Heat shock 70 kDa protein 15 (probable) 4.5 0.34 13.1 

Nbv5tr6432352 Heat shock 70 kDa protein 15 (probable) 4.7 0.37 12.9 

Nbv5tr6393849 Heat shock 70 kDa protein 15 (probable) 6.7 0.53 12.8 

Nbv5tr6345472 Heat shock 70 kDa protein 15 (probable) 4.1 0.32 12.6 

Nbv5tr6317732 Heat shock 70 kDa protein 15 (similar to) 3.1 0.24 12.6 

Nbv5tr6351466 Heat shock 70 kDa protein 8 (probable) 4.1 0.33 12.5 

Nbv5tr6345469 Heat shock 70 kDa protein 15 (probable) 5.3 0.44 12.3 

Nbv5tr6317730 Heat shock 70 kDa protein 15 (similar to) 4.5 0.37 12.2 

Nbv5tr6317725 Heat shock 70 kDa protein 15 (similar to) 3.1 0.26 12.1 

Nbv5tr6274281 Heat shock 70 kDa protein 15 (probable) 3.2 0.27 11.9 

Nbv5tr6274279 Heat shock 70 kDa protein 15 (probable) 3.4 0.28 11.9 

Nbv5tr6371287 Heat shock 70 kDa protein 15 (probable) 7.0 0.60 11.8 

Nbv5tr6345468 Heat shock 70 kDa protein 15 (probable) 5.4 0.46 11.7 

Nbv5tr6393854 Heat shock 70 kDa protein 15 (probable) 7.2 0.62 11.7 

Nbv5tr6293307 Heat shock 70 kDa protein 15 (probable) 4.6 0.39 11.6 

Nbv5tr6378081 Heat shock 70 kDa protein 15 (similar to) 6.3 0.55 11.5 

Nbv5tr6371288 Heat shock 70 kDa protein 15 (probable) 5.6 0.49 11.5 

Nbv5tr6317729 Heat shock 70 kDa protein 15 (similar to) 3.1 0.27 11.2 

Nbv5tr6294799 Heat shock 70 kDa protein 15 (probable) 3.2 0.29 11.2 

Nbv5tr6274280 Heat shock 70 kDa protein 15 (probable) 3.1 0.28 11.1 

Nbv5tr6229442 Heat shock 70 kDa protein 15 (probable) 6.2 0.56 11.0 

Nbv5tr6257763 Heat shock 70 kDa protein 15 (probable) 15.1 1.37 11.0 

Nbv5tr6317726 Heat shock 70 kDa protein 15 (similar to) 3.1 0.28 10.9 

Nbv5tr6432346 Heat shock 70 kDa protein 15 (similar to) 2.9 0.27 10.9 

Nbv5tr6293305 Heat shock 70 kDa protein 15 (probable) 2.7 0.25 10.8 

Nbv5tr6233529 Heat shock 70 kDa protein 15 (probable) 15.3 1.43 10.7 

Nbv5tr6393850 Heat shock 70 kDa protein 15 (probable) 3.5 0.33 10.6 

Nbv5tr6274276 Heat shock 70 kDa protein 15 (probable) 3.4 0.32 10.6 

Nbv5tr6274278 Heat shock 70 kDa protein 15 (similar to) 2.4 0.23 10.5 

Nbv5tr6293306 Heat shock 70 kDa protein 15 (probable) 3.0 0.29 10.3 

Nbv5tr6394155 Heat shock 70 kDa protein 8 (probable) 3.7 0.36 10.3 

Nbv5tr6371285 Heat shock 70 kDa protein 15 (probable) 5.0 0.49 10.2 

Nbv5tr6393852 Heat shock 70 kDa protein 15 (probable) 4.1 0.41 10.1 

Nbv5tr6345467 Heat shock 70 kDa protein 15 (probable) 3.3 0.33 10.1 

Nbv5tr6206842 Heat shock cognate 70 kDa protein 2 (probable) 69.3 6.93 10.0 

Nbv5tr6432351 Heat shock 70 kDa protein 15 (probable) 2.1 0.21 9.9 
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Transcript ID Description 
CNV 

RPKM 
Mock 
RPKM 

CNV to 
Mock 
RPKM 
ratio 

Nbv5tr6371289 Heat shock 70 kDa protein 15 (probable) 4.3 0.44 9.8 

Nbv5tr6274277 Heat shock 70 kDa protein 15 (probable) 2.9 0.30 9.8 

Nbv5tr6432350 Heat shock 70 kDa protein 15 (probable) 2.9 0.30 9.6 

Nbv5tr6393000 Heat shock 70 kDa protein 15 (probable) 8.5 0.88 9.6 

Nbv5tr6371284 Heat shock 70 kDa protein 15 (probable) 4.6 0.49 9.3 

Nbv5tr6393855 Heat shock 70 kDa protein 15 (probable) 4.9 0.54 9.2 

Nbv5tr6274275 Heat shock 70 kDa protein 15 (similar to) 2.1 0.23 9.1 

Nbv5tr6351468 Heat shock 70 kDa protein 8 (probable) 2.1 0.23 9.1 

Nbv5tr6211369 Heat shock 70 kDa protein 15 (probable) 1.8 0.20 9.0 

Nbv5tr6317728 Heat shock 70 kDa protein 15 (similar to) 3.4 0.38 8.9 

Nbv5tr6393847 Heat shock 70 kDa protein 15 (probable) 4.1 0.46 8.8 

Nbv5tr6371286 Heat shock 70 kDa protein 15 (probable) 4.7 0.54 8.8 

Nbv5tr6293308 Heat shock 70 kDa protein 15 (probable) 2.5 0.29 8.8 

Nbv5tr6317731 Heat shock 70 kDa protein 15 (similar to) 2.7 0.31 8.7 

Nbv5tr6274282 Heat shock 70 kDa protein 15 (probable) 2.9 0.33 8.7 

Nbv5tr6294796 Heat shock 70 kDa protein 15 (probable) 2.8 0.33 8.7 

Nbv5tr6293304 Heat shock 70 kDa protein 15 (probable) 2.0 0.23 8.5 

Nbv5tr6424464 Heat shock 70 kDa protein 15 (probable) 7.2 0.85 8.5 

Nbv5tr6262696 Heat shock 70 kDa protein 15 (probable) 12.0 1.47 8.2 

Nbv5tr6371292 Heat shock cognate 70 kDa protein 2 (probable) 36.2 4.55 7.9 

Nbv5tr6394156 Heat shock 70 kDa protein 8 (probable) 3.3 0.42 7.9 

Nbv5tr6256774 Heat shock 70 kDa protein 15 (probable) 6.0 0.77 7.7 

Nbv5tr6393455 Heat shock cognate 70 kDa protein 2 (probable) 40.7 5.28 7.7 

Nbv5tr6393851 Heat shock 70 kDa protein 15 (probable) 4.2 0.55 7.7 

Nbv5tr6236060 Heat shock cognate 70 kDa protein 2 (probable) 57.1 7.46 7.7 

Nbv5tr6233178 Heat shock cognate 70 kDa protein 2 (probable) 35.1 4.75 7.4 

Nbv5tr6393453 Heat shock cognate 70 kDa protein 2 (probable) 30.3 4.17 7.3 

Nbv5tr6345475 Heat shock cognate 70 kDa protein 2 (probable) 31.1 4.38 7.1 

Nbv5tr6274274 Heat shock 70 kDa protein 15 (probable) 2.1 0.30 7.1 

Nbv5tr6253085 Heat shock 70 kDa protein 15 (probable) 4.8 0.69 7.0 

Nbv5tr6372659 Heat shock 70 kDa protein 8 (probable) 2.9 0.41 7.0 

Nbv5tr6218543 Heat shock 70 kDa protein 18 (probable) 2.3 0.32 7.0 

Nbv5tr6424962 Heat shock 70 kDa protein 15 (probable) 11.0 1.66 6.6 

Nbv5tr6393454 Heat shock cognate 70 kDa protein 2 (probable) 20.9 3.31 6.3 

Nbv5tr6371293 Heat shock cognate 70 kDa protein 2 (probable) 23.6 3.80 6.2 

Nbv5tr6345476 Heat shock cognate 70 kDa protein 2 (probable) 26.0 4.22 6.2 

Nbv5tr6259462 Heat shock 70 kDa protein 15 (similar to) 6.9 1.13 6.1 

Nbv5tr6261463 Heat shock cognate 70 kDa protein 2 (probable) 54.7 9.00 6.1 
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Transcript ID Description 
CNV 

RPKM 
Mock 
RPKM 

CNV to 
Mock 
RPKM 
ratio 

Nbv5tr6423124 Heat shock 70 kDa protein 16 (probable) 0.5 0.09 5.8 

Nbv5tr6211368 Heat shock 70 kDa protein 15 (probable) 1.4 0.24 5.7 

Nbv5tr6430069 Heat shock cognate 70 kDa protein 2 (similar to) 50.4 9.03 5.6 

Nbv5tr6392773 Heat shock cognate 70 kDa protein 2 (probable) 123.4 22.97 5.4 

Nbv5tr6276355 Heat shock 70 kDa protein 8 (probable) 1.8 0.34 5.3 

Nbv5tr6392774 Heat shock cognate 70 kDa protein 2 (probable) 61.4 11.89 5.2 

Nbv5tr6392772 Heat shock cognate 70 kDa protein 2 (probable) 48.8 9.56 5.1 

Nbv5tr6371043 Heat shock cognate 70 kDa protein 2 (probable) 72.7 14.53 5.0 

Nbv5tr6206843 Heat shock cognate 70 kDa protein 2 (probable) 48.8 9.77 5.0 

Nbv5tr6206841 Heat shock cognate 70 kDa protein 2 (probable) 71.4 14.43 4.9 

Nbv5tr6413030 Heat shock cognate 70 kDa protein 2 (similar to) 83.7 17.38 4.8 

Nbv5tr6430068 Heat shock cognate 70 kDa protein 2 (probable) 67.5 14.33 4.7 

Nbv5tr6218854 Heat shock 70 kDa protein 8 (probable) 1.6 0.34 4.7 

Nbv5tr6415008 Heat shock 70 kDa protein 16 (probable) 0.6 0.13 4.7 

Nbv5tr6263875 Heat shock 70 kDa protein 15 (probable) 4.7 1.03 4.6 

Nbv5tr6252404 Heat shock 70 kDa protein 16 (similar to) 0.5 0.11 4.3 

Nbv5tr6358738 Heat shock 70 kDa protein 16 (probable) 0.6 0.14 4.3 

Nbv5tr6250450 Heat shock 70 kDa protein 17 (similar to) 0.6 0.14 4.2 

Nbv5tr6279309 Heat shock 70 kDa protein 16 (probable) 0.5 0.12 4.1 

Nbv5tr6421657 Heat shock 70 kDa protein 16 (probable) 1.6 0.39 4.0 

Nbv5tr6294797 Heat shock 70 kDa protein 15 (probable) 2.8 0.72 3.9 

Nbv5tr6218651 Heat shock 70 kDa protein 15 (similar to) 2.8 0.73 3.8 

Nbv5tr6275587 Heat shock 70 kDa protein 15 (probable) 1.6 0.43 3.8 

Nbv5tr6304244 Heat shock 70 kDa protein 16 (similar to) 0.4 0.12 3.7 

Nbv5tr6218933 Heat shock 70 kDa protein 15 (probable) 2.1 0.58 3.6 

Nbv5tr6304245 Heat shock 70 kDa protein 16 (similar to) 0.4 0.11 3.6 

Nbv5tr6432347 Heat shock 70 kDa protein 15 (probable) 3.3 0.92 3.6 

Nbv5tr6358739 Heat shock 70 kDa protein 16 (probable) 0.5 0.15 3.5 

Nbv5tr6413804 Heat shock 70 kDa protein 16 (probable) 0.4 0.12 3.5 

Nbv5tr6272294 Heat shock 70 kDa protein 16 (probable) 0.6 0.18 3.5 

Nbv5tr6302558 Heat shock 70 kDa protein 17 (similar to) 0.8 0.25 3.4 

Nbv5tr6294798 Heat shock 70 kDa protein 15 (probable) 2.4 0.71 3.4 

Nbv5tr6358740 Heat shock 70 kDa protein 16 (probable) 0.7 0.21 3.2 

Nbv5tr6200769 Heat shock 70 kDa protein 17 (probable) 0.9 0.28 3.1 

Nbv5tr6318531 Heat shock 70 kDa protein 17 (probable) 0.5 0.17 3.1 

Nbv5tr6226199 Heat shock 70 kDa protein 15 (probable) 3.4 1.14 3.0 

Nbv5tr6304243 Heat shock 70 kDa protein 16 (probable) 0.4 0.15 2.9 

Nbv5tr6302559 Heat shock 70 kDa protein 17 (probable) 0.5 0.20 2.8 
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Transcript ID Description 
CNV 

RPKM 
Mock 
RPKM 

CNV to 
Mock 
RPKM 
ratio 

Nbv5tr6252405 Heat shock 70 kDa protein 16 (similar to) 0.7 0.26 2.8 

Nbv5tr6256892 Heat shock 70 kDa protein 16 (probable) 0.7 0.25 2.8 

Nbv5tr6393828 Heat shock 70 kDa protein 17 (probable) 0.4 0.14 2.7 

Nbv5tr6282151 Heat shock 70 kDa protein 17 (probable) 0.4 0.17 2.7 

Nbv5tr6358360 Heat shock 70 kDa protein 15 (probable) 3.2 1.21 2.6 

Nbv5tr6421001 Heat shock 70 kDa protein 16 (probable) 0.5 0.19 2.5 

Nbv5tr6393827 Heat shock 70 kDa protein 17 (probable) 0.6 0.27 2.4 

Nbv5tr6251762 Heat shock 70 kDa protein 17 (probable) 0.9 0.38 2.4 

Nbv5tr6418305 Heat shock 70 kDa protein 17 (similar to) 0.4 0.17 2.4 

Nbv5tr6372230 Heat shock 70 kDa protein 17 (probable) 0.5 0.20 2.4 

Nbv5tr6406432 Heat shock 70 kDa protein 16 (probable) 0.6 0.26 2.3 

Nbv5tr6346382 Heat shock 70 kDa protein 17 (probable) 0.7 0.29 2.3 

Nbv5tr6372228 Heat shock 70 kDa protein 17 (probable) 0.5 0.23 2.3 

Nbv5tr6372229 Heat shock 70 kDa protein 17 (probable) 0.4 0.18 2.3 

Nbv5tr6255771 Heat shock 70 kDa protein 17 (probable) 0.4 0.18 2.2 

Nbv5tr6372232 Heat shock 70 kDa protein 17 (probable) 0.5 0.24 2.2 

Nbv5tr6393830 Heat shock 70 kDa protein 17 (probable) 0.5 0.27 2.0 

Nbv5tr6383512 Heat shock 70 kDa protein 16 (probable) 0.4 0.19 2.0 

Nbv5tr6402731 Heat shock 70 kDa protein 15 (probable) 2.8 1.45 2.0 

Nbv5tr6346381 Heat shock 70 kDa protein 17 (probable) 0.4 0.22 2.0 

Nbv5tr6252281 Heat shock 70 kDa protein 17 (similar to) 0.4 0.18 1.9 

Nbv5tr6358737 Heat shock 70 kDa protein 16 (probable) 0.4 0.20 1.8 

Nbv5tr6253217 Heat shock 70 kDa protein 17 (similar to) 0.6 0.33 1.8 

Nbv5tr6372231 Heat shock 70 kDa protein 17 (probable) 0.4 0.25 1.6 

Nbv5tr6256813 Heat shock 70 kDa protein 16 (probable) 0.4 0.24 1.6 

Nbv5tr6393831 Heat shock 70 kDa protein 17 (probable) 0.3 0.19 1.4 

Nbv5tr6304242 Heat shock 70 kDa protein 16 (probable) 0.2 0.13 1.3 

Nbv5tr6393829 Heat shock 70 kDa protein 17 (probable) 0.5 0.39 1.3 

Nbv5tr6417800 Heat shock 70 kDa protein 16 (probable) 0.3 0.25 1.1 

Nbv5tr6330410 Heat shock 70 kDa protein 16 (probable) 0.2 0.20 0.8 

Nbv5tr6223295 Heat shock 70 kDa protein (probable) 0.1 0.43 0.3 

   

Figure A.1:   RPKM values for individual transcripts were determined and then the ratios 

of CNV RPKM values to mock values were obtained.   

The data are ranked from the highest to the lowest ratio. 
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A.2   Nucleotide sequence of cloned N. benthamiana Hsc70-2 (NbHsc70-2) 

 

ATGGCAGGAAAAGGAGAAGGTCCGGCGATCGGAATCGATCTCGGAACTACTTACTCTTGTGTCG

GTGTATGGCAACATGATCGTGTTGAGATTATTGCTAATGATCAAGGGAACAGGACGACGCCGTC

TTATGTTGGATTTACCGATTCTGAACGTCTCATTGGTGATGCCGCTAAGAATCAAGTCGCTATG

AATCCTATTAACACTGTCTTCGATGCCAAGAGGCTCATTGGAAGGAGGTTCAGTGATGCCTCTG

TACAAAGTGACATCAAATTGTGGCCTTTTAAGGTTATTTCTGGACCTGCTGACAAGCCAATGAT

TGTTGTCAACTACAAGGGTGAAGAGAAGCAGTTTGCTGCTGAAGAAATCTCTTCCATGGTCCTG

ATAAAGATGAAGGAAATTGCCGAGGCCTTCCTTGGATCAACTGTGAAAAATGCTGTGGTTACTG

TACCTGCATACTTCAATGACTCACAACGTCAGGCTACTAAGGATGCTGGTGTCATATCTGGCTT

GAATGTCATGCGTATTATTAATGAGCCCACAGCAGCAGCCATTGCTTATGGTCTTGACAAGAAA

GCCACAAGTGTTGGTGAGAAGAACGTTCTTATCTTTGATCTAGGTGGTGGTACTTTCGATGTGT

CCCTCCTTACTATTGAAGAAGGTATTTTTGAGGTGAAAGCCACAGCAGGAGACACTCACCTTGG

AGGTGAAGATTTTGATAACAGAATGGTGAACCACTTTGTCCAGGAGTTCAAAAGAAAGCACAAG

AAGGACATTACCGGTAACCCAAGAGCCCTTAGAAGATTGAGGACAGCATGTGAGAGGGCGAAGA

GAACTCTTTCTTCCACTGCCCAGACAACAATTGAAATTGATTCCTTGTATGAGGGAGTTGACTT

CTATTCCACCATTACTCGTGCTAGATTTGAGGAATTGAACATGGATCTTTTCAGGAAGTGTATG

GAGCCAGTAGAGAAATGTTTGAGGGACGCCAAGATGGACAAGAGCACTGTACATGATGTTGTTC

TTGTTGGTGGATCCACTAGAATTCCCAAGGTACAACAGCTGTTGCAAGACTTCTTTAATGGCAA

GGAACTTTGCAAGAGCATCAACCCAGATGAGGCTGTTGCCTATGGTGCAGCTGTGCAAGCTGCC

ATTCTAAGCGGAGAGGGTAACGAGAAGGTTCAAGACTTGTTGCTTTTGGATGTGACCCCTCTAT

CTCTTGGGTTGGAAACTGCTGGAGGAGTGATGACTGTATTGATTCCAAGGAATACCACTATTCC

TACCAAGAAAGAGCAGGTGTTCTCTACATATTCTGACAACCAACCTGGAGTGTTGATTCAGGTG

TATGAGGGTGAGAGAGCAAGAACTAGAGACAACAACTTGCTGGGTAAATTTGAGCTTTCTGGTA

TCCCTCCTGCACCTAGGGGTGTGCCTCAGATCACAGTCTGCTTTGATATTGATGCCAATGGTAT

CTTGAACGTCTCTGCTGAAGACAAGACCACTGGACAGAAGAACAAGATCACAATTACCAATGAC

AAGGGTAGGTTGTCAAAGGAAGAAATTGAAAAGATGGTCCAGGAAGCAGAGAAGTACAAGGCAG

AGGATGAAGAACACAAGAAGAAGGTAGAGGCCAAGAACGCACTGGAGAACTATGCCTACAACAT

GAGGAACACCATAAAGGATGAGAAGATTGGTTCTAAGCTAAGCCCAGACGACAAAAAGAAGATT

GAGGATGCGATTGATCAGGCAATCTCATGGCTTGACAGCAACCAGCTTGCTGAAGCTGACGAGT

TTGAAGATAAGATGAAGGAGCTCGAGAGCATCTGCAACCCCATCATTGCCAAGATGTACCAAAG

CGCTGGTGGTGAAGCAGGTGCACCTATGGATGATGATGCTCCTCCAGCTGGTGGTAGCGGTGCA

GGTCCCAAGATTGAGGAGGTCGACTAA 
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A.3   Alignment of various peptides obtained via Mass Spectometry of the co-

immunoprecipitate and CNV virion preparation with N. benthamiana  

Hsc70-2 protein sequence 

 

MAGKGEGPAIGIDLGTTYSCVGVWQHDRVEIIANDQGNRTTPSYVGFTDSERLIGDAAKNQVAM

NPINTVFDAKRLIGRRFSDASVQSDIKLWPFKVISGPADKPMIVVNYKGEEKQFAAEEISSMVL

IKMKEIAEAFLGSTVKNAVVTVPAYFNDSQRQATKDAGVISGLNVMRIINEPTAAAIAYGLDKK

ATSVGEKNVLIFDLGGGTFDVSLLTIEEGIFEVKATAGDTHLGGEDFDNRMVNHFVQEFKRKHK

KDITGNPRALRRLRTACERAKRTLSSTAQTTIEIDSLYEGVDFYSTITRARFEELNMDLFRKCM

EPVEKCLRDAKMDKSTVHDVVLVGGSTRIPKVQQLLQDFFNGKELCKSINPDEAVAYGAAVQAA

ILSGEGNEKVQDLLLLDVTPLSLGLETAGGVMTVLIPRNTTIPTKKEQVFSTYSDNQPGVLIQV

YEGERARTRDNNLLGKFELSGIPPAPRGVPQITVCFDIDANGILNVSAEDKTTGQKNKITITND

KGRLSKEEIEKMVQEAEKYKAEDEEHKKKVEAKNALENYAYNMRNTIKDEKIGSKLSPDDKKKI

EDAIDQAISWLDSNQLAEADEFEDKMKELESICNPIIAKMYQSAGGEAGAPMDDDAPPAGGSGA

GPKIEEVD* 

 

Yellow- Peptides exclusively detected in Mass Spectometry of co-immunoprecipitate (see Figure 

2.3.7B). 

Blue- Peptides exclusively detected in Mass Spectometry of CNV virion preparation (see Figure 

3.3.1C). 

Red- Peptides detected in Mass Spectometry of both co-immunoprecipitate as well as CNV 

virion preparation (see Figures 2.3.7B and 2.3.7B). 
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Appendix B: Induction of specific retrotransposons by Cucumber necrosis virus infection 

likely occurs through activation of the heat-shock response
6
 

 

B.1 Introduction 

 

Plants must cope with environmental change to persist in the natural environment. Plant cells 

adapt physiologically through responses that are immediate and reversible. At the population and 

species levels, selection may lead to genetic changes and evolution of inherited characteristics 

that are not readily reversible. Transposable elements (TEs) have been described to play an 

important role in genome evolution. TEs are described as genetic entities capable of self-

amplifying and inserting to new genomic locations and are known to alter the function of the 

genes with which they become associated.  

 

Previous reports have shown that genetic variability of genomes is enhanced by induction of TEs 

(315, 316). A consequence of increased TE mobility is the creation of new genetic variability 

that can be useful in facing stressful conditions as described for the activity of mping DNA 

transposon in some rice strains. The mping TE rapidly increases in every generation and acts as 

an enhancer that renders stress responsiveness to neighbouring genes (317, 318). In soybean, the 

insertion of the retrotransposon (RTn) Ty-1/Copia SORE-1 into a paralog of phytochrome A 

resulted in photoperiod insensitivity, allowing for soybean cultivation at high latitudes.(319). 

Also a recent report has shown that retrotransposition of Ty-1/Copia retrotransposon ONSEN 

into an abscisic acid (ABA) responsive gene results in ABA-insensitive phenotypes in A. 

thaliana, suggesting a role of RTns in influencing adaptive stress responses (320). 

 

                                                 
6
 A version of information presented here along with additional experiments is anticipated to be prepared for 

publication. 
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TEs are a major component of all plant genomes and represent about 4-75% of the content of the 

genome depending on the plant species (321). There are two major classes of TEs (322). Class I 

elements transpose through reverse transcription of an RNA intermediate by a “copy-and-paste” 

mechanism and  comprise RTns and other retroelements (323). Class II elements are DNA 

transposons that transpose via a DNA intermediate  using a non-replicative “cut-and-paste” 

mechanism (324). DNA transposons are less abundant in the genome than RTns (325). RTns are 

further grouped into long terminal repeat (LTR) RTns and non-LTR RTns (325). LTR RTns 

constitute a large part of the plant non-genic genomic regions (323). LTR RTns are further 

divided into Ty-1/Copia and Ty-3/Gypsy families according to the relative positions of the 

invertase and reverse transcriptase coding regions. While the former RTns are conserved in 

euchromatin regions of some plant species (326), the latter are enriched in the intergenic regions 

that constitute centromeric heterochromatin in some plants (327).  

 

TEs often referred as “junk DNA” are programmed to amplify and insert to new genetic loci 

following use of the host’s transcriptional machinery. New TE insertions can give rise to genetic 

instability as well as deleterious mutations but can also have a positive influence on gene 

regulation and adaptation (328, 329). Transposon derived siRNAs may introduce DNA 

methylation into nearby genes via RNA-directed DNA methylation (RdDM) and influence gene 

expression. Plants thus have evolved epigenetic silencing as the mechanism to suppress 

uncontrolled propagation of TEs (330-332). Reports have shown that siRNA-mediated regulation 

is responsible for the restriction of  transcription of a heat inducible RTn, ONSEN, after heat 

stress (333). 
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Transposition is not a random process, but is controlled by host intrinsic and extrinsic factors 

such as environmental stress and challenges. Some TEs have co-evolved to escape the plant’s 

repression mechanisms and maintain their ability to be activated and transposed by several biotic 

and abiotic stress conditions. Sequences involved in the expression of RTns such as the signals 

for the initiation and termination of transcription as well as stress responsive elements are located 

in a well-defined region of several hundred nucleotides, repeated at both ends of the RTn, in the 

LTRs.  

 

There is growing evidence that environmental stress such as temperature, drought and salt stress, 

radiation, UV exposure, wounding, cell culture, pathogen infection and polyploidization can 

activate transposons (334, 335) (336). For example, the transcription of tobacco Copia-type Tnt1 

RTn has been shown to be induced by wounding, freezing, oxidative stress as well as salicylic 

acid and CuCl2 application (337). Also, abiotic stresses like salinity, high temperature and 

gamma rays have been shown to induce Ji and Opie retrotransposons  of common bean plants, 

Phaseolus vulgaris (338).  

 

High temperature and heat stress is considered to be one of the most important environmental 

factors that affect growth and development of  plants (339). Epigenetic regulation of heat 

responses have recently attracted significant attention (340). Recently it has been shown that, 

ONSEN, a Ty-1/Copia-type RTn, is activated under heat stress in A. thaliana and some other 

species of Brassicaceae (333, 341, 342). Heat stress has also been shown to increase the 

expression of RTn-like sequences in Scots pine (343, 344), where it was hypothesized that heat 

activation and insertion of heat inducible RTns within or close to genes may confer heat 
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responsiveness to the flanking genes. Heat stress has been also reported to activate seven 

different LTR RTns in barley (345). A recent study on the nematode Caenorhabditis elegans also 

showed that many of the genes that are transcriptionally activated by heat stress are in or near the 

LTRs of RTns suggesting that a subset of LTR RTns are heat inducible in this organism (346). 

Also another group recently reported that heat stress activates TE and RTns in rice (Oryza 

sativa) (314). MAGGY a Ty-3/Gypsy RTn in the fungus Pyricularia grisea was shown to be 

transcriptionally activated by heat-shock (347). Copia-type RTn transcripts have also been found 

to be induced by heat stress in Drosophila melanogaster (348). 

 

Short and long interspersed nuclear element (SINE and LINE respectively) retroelements are 

non-LTR retrotransposons that contain a poly(A) tail at the 3’ terminus of the element  (325). 

These non-LTR retrotransposons are one of the largest potential sources of host-derived non- 

coding RNAs and constitute >10% of the human and mouse genomes (349, 350). In general, 

SINE and LINE elements are transcriptionally silent in healthy somatic cells due to post 

transcriptional modifications.  But infection by certain viruses like Herpes simplex virus I (351, 

352), Adenovirus type 5 (353) and Minute virus of mice (354) have been found to induce SINE 

retroelements. Hepatitis C virus has been reported to activate LTRs of the Retrovirus HIV and 

hence upregulates HIV gene transcription during co-infections (355). The viral protein R of HIV 

type 1 has been recently shown to induce retrotransposition of LINE-1 (356). However, no 

reports have yet been made regarding the induction of RTns or any TE by a plant virus. Previous 

studies of FHV have shown that RTns are packaged into virions, however, to my knowledge 

induction of retrotransposons by this virus has not been investigated.  
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CNV is a non-enveloped positive strand RNA virus in the genus Tombusvirus, family 

Tombusviridae (7). CNV particles have a T=3 icosahedral structure with a diameter of 34 nm. 

Virions predominantly encapsidate a genomic RNA of approximately 4.7 kb. However, recently, 

work in the Dr. Rochon’s lab has shown that ~0.1% of the RNA encapsidated during infection is 

of host origin. Also, host RNAs were found to be encapsidated in VLPs produced following 

agroinfiltration of N. benthamiana plants  with CNV coat protein (CP) (135). One of the 

remarkable findings was that the most predominantly encapsidated non-ribosomal cytoplasmic 

host RNAs were RTn-like RNA sequences.  

 

RNA-seq analysis of RNA extracted from CNV-infected leaves revealed that specific RTns are 

upregulated dramatically during infection (D. Rochon, personal communication).  Several of 

these RTns were found to be phylogenetically related to ONSEN. Also, recently I have shown 

that HSP70 mRNAs and proteins are significantly induced during CNV infection and that CNV 

co-opts HSP70 homologs to facilitate several stages of the multiplication cycle (122). The 

induction of HSP70 is dependent on the activation of specific transcription factors termed heat-

shock factors (HSFs) which bind to heat-shock element (HSE) in the promoters of the genes 

encoding HSP70s (69). Unpublished work from Dr. Rochon’s lab has shown that the mRNA for 

transcription factor HSF30 (which is phylogenetically most similar to HSFA2 involved in 

activation of ONSEN) is induced ~8-10 fold during CNV infection of N. benthamiana. These 

observations together prompted us to investigate if the RTns induced by CNV infection are heat 

inducible.  
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I found that several of the RTns induced by CNV during infection are heat inducible and that a 

greater induction is observed at a higher temperature (48°C) as compared to a lower temperature 

(42°C). The 5’ LTR region of four major Ty-1/Copia RTns were analysed and found to be rich in 

putative HSEs. To directly assess if the LTR of CNV inducible RTns are heat responsive, a GFP 

reporter assay was developed. I found that heat treatment activates the LTRs of two tested CNV 

inducible RTns resulting in the expression of the downstream reporter gene, GFP. A similar 

increase in the activation of these LTR was also observed during CNV infection suggesting that 

induction of these LTR may be due to the heat-shock response induced during CNV infection. 

We speculate that CNV infection induces Ty-1/Copia RTn mRNAs via the HSFs induced during 

infection and further speculate that CNV infection may therefore impart a potential benefit to 

infected plants by installing retrotransposibility to heat-shock elements that may provide an 

evolutionary advantage to subsequent generations.  

 

B.2 Materials and methods 

 

 

B.2.1 Next generation sequencing   

 

Next generation sequence analysis utilizing RNA-seq (Applied Biological Materials) and the 

Illumina platform was performed on total ribosomal RNA depleted leaf RNA obtained from 

mock or CNV infected plants at 4 dpi (CNV1 and Mock1) and 3 dpi (CNV2 and Mock2) in 

independent experiments. The data was analysed as described previously (122). This work was 

conducted by Dr. Rochon and members of the Rochon Lab. 
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B.2.2 Identification of LTRs  

 

Briefly, the complete sequences of highly induced RTns were obtained by conducting a BLAST 

search of genomic DNA of N. benthamiana using the University of the Sydney, Au database 

(http://benthgenome.qut.edu.au/) and/or the Sol Genomics Network database 

(https://solgenomics.net/) with a partial or near complete RNA sequence of the specific RTn.  

DNA sequences 5’ and 3’ of the RTn RNA sequence were obtained and the full-length RTns 

including the LTRs were identified using “LTR finder” software 

(http://tlife.fudan.edu.cn/ltr_finder/). Sequences of the 5’ LTRs obtained are shown in Figure 

B.2. Highly induced RTns were identified from RNA-seq data by dividing the RPKM value 

obtained for a particular RTn identified in RNA extracted from CNV infected leaves by the value 

obtained for the same RTn in RNA extracted from mock inoculated leaves. This work was 

conducted by Dr. Rochon. 

 

B.2.3 Identification of HSEs in LTRs  

 

HSFA2 consists of discrete functional domains, including a hydrophobic DBD.  The DNA 

binding domain of each monomeric HSFA2 unit binds to the pentanucleotide unit, 5’-nGAAn- 3’ 

(or 5’-nTTCn-3’), in the target DNA. Since, the DBD in HSFA2 binds to the pentanucleotide 

unit and the typical HSE is composed of 3 copies of the pentanucleotide unit this results in 

homotrimerization of HSFA2 (71-74).   

 

As described for Saccharomyces cerevisiae (75), there are three different types of HSEs that can 

interact with HSF. The “perfect-type” (P type) HSE consists of continuous inverted repeats of 

http://benthgenome.qut.edu.au/
https://solgenomics.net/
http://tlife.fudan.edu.cn/ltr_finder/
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the pentanucleotide unit (5’-nTTCnnGAAnnTTCn-3’ or 5’-nGAAnnTTCnnGAAn-3’), the “gap-

type” (G type) contains one gap between the units [5’-nGAAnnTTCn(5bp)nTTCn-3’ or 5’-

nTTCnnGAAn(5bp)nGAAn-3’ or 5’-nGAAn(5bp)nGAAnnTTCn-3’ or 5’-

nTTCn(5bp)nTTCnnGAAn-3’] and the “step-type” (S type) contains two gaps [5’-

nGAAn(5bp)nGAAn(5bp)nGAAn-3’ or 5’-nTTCn(5bp)nTTCn(5bp)nTTCn-3’].  

 

The putative HSEs in Figure B.2 were identified manually. In Sakurai et al. (2007) (75), it was 

found that many HSEs identified by footprint analyses did not fully match the consensus 

sequence and up to two substitutions (one in each of two elements) in a given trimeric motif 

could be found. We therefore allowed two such substitutions per triplicate in our search for 

putative HSEs. The HSEs may also be overlapping as described in Sakurai et al. (2010) (74).  

For example, four pentanucleotide motifs spaced as in a P type would basically comprise 2 sets 

of HSE elements with the first three pentanucleotide motifs constituting one HSE and the second 

group of three pentanucleotide motifs constituting a second element and so on for motifs 

containing additional pentanucleotide motifs. Similar scenarios would also apply to the G type 

and S type motifs (74).   This work was conducted by the candidate, Dr. Rochon, and Ron 

Reade. 

 

B.2.4 Heat-shock experiment to determine if RTns are induced by heat treatment of N. 

benthamiana  

 

Four 4-6 week old N. benthamiana plants were either heat-shocked at 42°C  for 2 h or 48°C for 

30 min followed by a 2 h recovery period at 24°C as described previously (122). Untreated 

plants were kept at 24°C throughout the course of the experiment. TLR was extracted from equal 
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amounts of untreated or heat-shocked leaf tissue using the RNeasy extraction kit (Qiagen) which 

employs on-column DNaseI treatment to remove contaminating DNA. RT-PCR was performed 

using 250 ng of TLR as template using the SuperScript® VILO
TM

 Master Mix (Thermo Fisher 

Scientific) which contains random primers. ddPCR was subsequently  performed as per the 

manufacturers recommended conditions (Bio-Rad QX200
TM

 Droplet Digital
TM

 PCR system) 

using primers listed in Table B.1in order to measure the level of specific RTns. Samples were 

standardized using the housekeeping gene PP2a mRNA levels as described previously (357) 

using the primers shown in Table B.1. This work was conducted by the candidate. 

 

B.2.5 Reporter expression assay to determine if RTn LTRs are heat inducible  

 

The Agrobacterium tumefaciens binary vector constructs pRTn5533-LTR/GFP/pBin(+) and 

pRTn0067-LTR/GFP/pBin(+) as described in Figure B.4 and B.5, respectively, were prepared by 

Ron Reade, a member of the Rochon lab. The candidate conducted the following experiment 

with the above mentioned binary constructs. Leaves of four N. benthamiana plants (4-6 weeks 

old) were agroinfiltrated with either pRTn5533-LTR/GFP/pBin(+) or pRTn0067-

LTR/GFP/pBin(+) and at 3 dpai the plants were heat-shocked at 42°C for 2 h or 48°C for 30 min 

followed by 2 h of recovery at 24°C as described above. Untreated plants were kept at 24°C 

throughout the experiment. At 2 hours post treatment (2 hpt), TLR and TLP samples were 

collected.  

 

Droplet digital PCR was conducted on TLR obtained from untreated or heat-shocked samples 

using GFP specific primers (Table B.1) to determine the relative levels of GFP mRNA. PP2a 

mRNA levels were used to standardize the samples. For Western blot analyses, equal amounts of 
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TLP obtained from untreated or heat-shocked plants were subjected to electrophoresis through a  

4-12%  Bis-Tris NuPAGE gel (Thermo Fisher Scientific) followed by Western blot analyses 

using a monoclonal HSP70 antibody (Enzo Life Science) or GFP antibody (Clontech 

Laboratories). Goat anti-mouse antibody (Thermo Fisher Scientific) was used as the secondary 

antibody.  For visualizing the protein, the acrylamide gels were stained with SYPRO Ruby 

(Thermo Fisher Scientific) as recommended by the manufacturer’s protocol. This work was 

conducted by the candidate and members of the Rochon Lab. 
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Table B.1:  List of oligonucleotide primers used in this study 

 

 
Primer 

namea  

Sequence from 5’ to 3’ 

direction 

Description of use 

RTn5533
F 

ATCGTCAAAGGGC
AAGAAG 

5’ primer used in combination with RTn5533R for 
the ddPCR of RTn5533 

RTn5533

R 

TCCATGTTTGCGGA

AGTG 

3’ primer used in combination with RTn5533F for 

the ddPCR of RTn5533 

RTn0067
F 

GCCGGAGACATTG
ATGATAG 

5’ primer used in combination with RTn0067R for 
the ddPCR of RTn0067 

RTn0067

R 

CAGCTTCACATGTG

GATAGAG 

3’ primer used in combination with RTn0067F for 

the ddPCR of RTn0067 

RTn6278
F 

GAGTCATTGGAGA
AAGATCCG 

5’ primer used in combination with RTn6278R for 
the ddPCR of RTn6278 

RTn6278

R 

CTCTAGTTTCCGCC

ACATTAG 

3’ primer used in combination with RTn6278F for 

the ddPCR of RTn6278 

RTn7161

F 

CACCGGTAAGCGA

GTTAAAG 

5’ primer used in combination with RTn7161R for 

the ddPCR of RTn7161 

RTn7161

R 

TCTAGCATGCCAAA

GTGATG 

3’ primer used in combination with RTn7161F for 

the ddPCR of RTn7161 

RTn9304
F 

CAACAAACCGTGG
CATTATC 

5’ primer used in combination with RTn9304R for 
the ddPCR of RTn9304 

RTn9304

R 

TGTCCTTGCTCCAA

GTTAAG 

3’ primer used in combination with RTn9304F for 

the ddPCR of RTn9304 

RTnNbT

ntF 

AGGTAGAGGCAGG

AGTTATC 

5’ primer used in combination with RTnNbTntR for 

the ddPCR of RTnNbTnt 

RTnNbT

ntR 

CCTGGTTGATCACA

GTTGTAG 

3’ primer used in combination with RTnNbTntF for 

the ddPCR of RTnNbTnt 

RTn5145

F 

CACATGGAAGACC

GGATGTAG 

5’ primer used in combination with RTn5145R for 

the ddPCR of RTn5145 

RTn5145

R 

AGGCTACGGAAGTT

GCATAAG 

3’ primer used in combination with RTn5145F for 

the ddPCR of RTn5145 

GFP046F GAAGTTCGAGGGC

GACAC 

5’ primer used in combination with GFP047R for the 

ddPCR of GFP 

GFP047

R 

TGTGGCTGTTGTAG

TTGTACTC 

3’ primer used in combination with GFP046F for the 

ddPCR of GFP 

PP2A3F TGCGCCTGAACATC

ATTAG 

5’ primer used in combination with PP2A4R for the 

ddPCR of PP2A 

PP2A4R CCTCTGCTAGCTCA

ACAATAG 

3’ primer used in combination with PP2A3F for the 

ddPCR of PP2A 
         

a 
F=forward primer; R= reverse primer. 
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B.3 Results  

 

 

B.3.1 Specific retrotransposon transcripts are induced during CNV infection 

 

 

Previous and ongoing research in Dr. Rochon’s lab has shown that specific Copia and Gypsy 

type RTns are induced during CNV infection and that these are the most highly upregulated  of 

the induced retrotransposons. Figure B.1 shows a tabular representation of selected RTns 

induced during CNV infection and their level of induction. Also, a phylogenetic analyses 

conducted by Dr. Rochon has shown that CNV-induced Ty-1/Copia RTns RTn5533, Rtn0067, 

RTn6278 and RTn9304 are closely related to the heat stress inducible ONSEN retrotransposon. 

On the other hand the Ty-3/Gypsy RTn5145 is distantly related to ONSEN (D. Rochon, personal 

communication). This work was conducted by Dr. Rochon and members of the Rochon Lab. 
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Figure B.1: Retrotransposon (RTn) transcripts are induced during CNV infection.  

Tabular representation of Copia (highlighted as green) and Gypsy (highlighted as blue) type RTn 

mRNAs induced during CNV infection relative to mock treatment from two independent 

experiments. The data were obtained from Illumina based RNA-seq analysis of total leaf RNA 

extracted from mock or CNV infected leaf tissue at 4 dpi (CNV1 and Mock1) and 3 dpi (CNV2 

and Mock2). Data provided by Dr. D’Ann Rochon. RPKM=reads per kilobase per million 

transcripts as deduced from RNA-seq analyses. The CNV1 to Mock1 RPKM ratio as well as the 

CNV2 to Mock2 RPKM ratio indicate the level of induction of the indicated RTn. 
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B.3.2 LTRs of RTns induced by CNV contain putative HSEs 

 

Previous and ongoing research in Dr. Rochon’s lab has shown that the LTRs of RTns induced by 

CNV contain numerous putative HSEs. Figure B.2, panels (a) to (f), show the nucleotide 

sequences for the 5’ LTRs of five major Ty-1/Copia-type RTns (RTn5533, RTn0067, RTn6278, 

RTn7161 and RTn9304) and the Ty-3/Gypsy-type RTn5145 induced during CNV infection along 

with the previously described heat inducible ONSEN RTn (panel h).  Also the LTR of a N. 

benthamiana Ty-1/Copia Tnt type RTn (RTnNbTnt) which is not induced during CNV infection 

and has not been reported to be heat inducible is shown. The putative HSEs of the CNV 

inducible RTn LTRs are highlighted in yellow (see Materials and methods for details on what 

constitutes an HSE element). Sequences which may correspond to the core promoter “TATA 

box” are highlighted in grey.  

 

The LTR of RTn5533 which is induced to the highest level during CNV infection and heat stress 

(Figure B.1 and Figure B.3) contains a high number of putative HSEs (i.e., 13; with 8 P type,four 

G type and one S type) as well as a high percentage of putative HSEs (3.6%) considering the 

criteria described above, including overlapping HSEs. However, RTn6278 which is induced to a 

lower level by both CNV infection and by heat shock (Figure B.1 and Figure B.3) contains a 

greater number of HSEs (i.e., 23; with 19 P type and four G type) as well as a higher percentage 

when considering the length of the LTR (4.3%).  As well, RTn0067, which is expressed to a 

lower level than RTn5533 (Figure B.1 and Figure B.3) is quite similar to RTn5533 with respect 

to the number of HSEs (i.e., 13 with eight P type, five G type and one S type) but the percentage 

of HSEs is lower being about 2.6%.  Notably, RTnNbTnt, which is not significantly induced 

during CNV infection (Figure B.1 and Figure B.3) contains the fewest number of percentage 
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putative HSEs compared to the Ty-1/Copia RTns that are induced during CNV infection (i.e., 3, 

with 2 P type and 1 G type) (Figure B.2). Also, RTn9304 and RTn5145 which are not induced 

strongly during CNV infection or by heat shock contain a relatively low number of HSEs (Figure 

B.2) (5 and 6, respectively with percent values of 1.5% and 1.2%, respectively).  

 

Recently it has been shown that ONSEN contains numerous putative long HSE elements that 

accounts for its high level of induction by heat stress in Arabidopsis (358). Also it has been 

shown recently that longer HSEs (i.e., HSEs comprising more than 3 “nGAAn” elements) appear 

to be more strongly activated by HSFA2 than shorter ones or the ones that are of G or S type (75, 

358). This also correlates with the low in vitro binding efficiency of HSFs with G or S type 

HSEs (359). We found that the most highly expressed CNV-induced RTns have the greatest 

number of putative HSEs (Figure B.2, panels a-d) and that retrotransposons not known to be 

induced by CNV or heat such as RTnNbTnt contain a low level of putative HSEs that consist 

predominantly of elements containing only 3 pentanucleotide motifs (Figure B.2, panel g). The 

observation that there is not a pronounced correlation between the level of induction by CNV (or 

heat) and the number and type of HSE may simply reflect that the identified HSEs are only 

putatively functioning as HSEs. Also, other factors may be operating with respect to the level of 

induction.  Further experiments, such as footprint analysis to identify functional HSEs along with 

mutagenesis analyses are required to further assess the relationship between the possession of 

HSEs and inducibility by CNV infection and heat. Nevertheless, there appears to be a strong 

correlation between those RTns that are induced by CNV and heat shock and the number and 

length of putative HSEs. This work was conducted by the candidate along with Dr. Rochon and 

Ron Reade.  
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Figure B.2: LTRs of RTns induced by CNV contain putative HSEs.  

Analyses of the 5’ to 3’ LTR regions of four major Ty-1/Copia-type RTns (RTn5533, RTn0067, 

RTn6278 and RTn7161) induced during CNV infection (panels a to d) along with the moderately 

induced RTn9304 (panel f). The 5’ to 3’ LTR promoter of RTnNbTnt which is not induced 
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during CNV infection is shown in panel g. The 5’ to 3’ LTR of a previously described heat 

inducible ONSEN RTn is also shown (panel h). Panel e represents the 5’ to 3’ LTR of a Ty-

3/gypsy RTn5145 which is also significantly induced by CNV. The sequences highlighted in 

yellow represent putative HSEs and the sequences highlighted in grey represent putative TATA 

boxes. Putative HSE elements are described in more detail in the Materials and methods and text. 

The putative “nGAAn” and “nTTCn” pentanucleotide motifs (including those with single 

substitutions) comprising putative HSEs are shown in bold uppercase and the irregular ones (i.e. 

those with substitutions in the “nGAAn” or “nTTCn” sequence) are shown in regular uppercase. 

The number of HSEs is shown within parenthesis along with the proportion of each type [i.e, 

perfect (P), gap (G) or step (S) type] following the names of each RTn. The numbers of HSE 

elements were divided by the total number of nucleotides constituting the LTR and the values 

were multiplied by 100 to obtain the percentage value. 
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Unpublished work from Dr. Rochon’s lab has also shown that the N. benthamiana transcription 

factor HSF30 (gene ID Nbv5tr6215455; a homolog of Arabidopsis thaliana HSFA2, henceforth 

referred as NbHSFA2) is induced ~ 8-10 fold during CNV infection. Also, heat treatment of N. 

benthamiana has been found to significantly induce the levels of NbHSFA2. Thus, as with 

ONSEN, HSFA2 may be the heat shock factor that is involved in regulating the expression of 

CNV induced RTns.  However, this remains to be determined. Hence, the working hypothesis for 

this chapter is that CNV induces transcription of retrotransposons likely through activation of the 

heat-shock response induced during infection. More specifically, it is proposed that the highly 

induced RTns that are phylogenetically related to ONSEN possess functional HSEs that are 

likely activated by HSFA2s induced by CNV infection. 

 

B.3.3 Ty-1/Copia-type RTns induced by CNV are heat-shock inducible  

 

I wished to investigate if the RTns induced by CNV that contain HSEs in their LTRs are heat-

shock inducible. To do that, N. benthamiana plants were either not treated or heat-shocked at 

42°C (HS-42) or 48°C (HS-48) followed by TLR extraction and ddPCR as described in the 

Materials and methods. Figure B.3 is a graphical representation of the ddPCR results obtained 

using the primers described in Table B.1. It can be seen that the five major Ty-1/Copia RTns 

induced during CNV infection, i.e., RTn5533, RTn0067, RTn6278, RTn7161 and RTn9304 are 

each heat inducible.  In addition, induction is more pronounced at 48°C than 42°C (compare blue 

bars with red bars, respectively). As the transcript abundance of these RTns was significantly 

increased with severity of the stress (i.e., higher temperature), this suggests a temperature-

sensitive response as previously described for RTns in rice (Oryza sativa) (314).  
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To rule out the possibility that heat treatment induces RTns non-specifically, I also determined 

the transcript levels of the Ty-1/Copia element RTnNbTnt which is not induced during CNV 

infection (S.B. Alam, data not shown) and not reported to be heat inducible. It can be seen in 

Figure B.3 that RTnNbTnt is not induced by heat treatment at 42°C or 48°C suggesting that RTn 

induction by heat treatment is specific. Also, as found in CNV infection, where RTn5533 is the 

most strongly induced RTn followed by RTn0067, RTn6278, RTn7161 and RTn9304 (see Figure 

B.1), a similar pattern in the induction of RTns was observed by heat treatment suggesting a 

positive correlation between the levels of CNV induced RTns and RTns induced by heat 

treatment. I also determined the transcript levels of the Ty-3/Gypsy RTn (RTn5145) which is 

induced significantly during CNV infection and found that it is also induced by heat treatment, 

but only mildly so (Figure B.3B), consistent with the low level of HSE elements observed in the 

LTR region (Figure B.2).  The basis for the high level of induction of RTn5145 by CNV 

infection requires further exploration. This work was conducted by the candidate. 
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Figure B.3: Ty-1/Copia-type RTns induced by CNV are heat shock inducible.  

Graphical representation of the mRNA levels of Copia-type or Gypsy-type RTns induced by heat 

treatment. N. benthamiana plants were heat-shocked at 42°C (42°C-HS) or 48°C (48°C-HS) as 

described in Materials and methods. Control samples were not subjected to any heat stress 

(Untreated) and were kept at 24°C throughout the course of the experiment. TLR was extracted 

from untreated or heat-shocked leaf tissue and subjected to ddPCR using primers specific to the 

indicated RTn (See Table B.1). PP2a mRNA levels were used to standardize samples. The inset 

shows the levels of the same RTns induced by CNV infection as deduced from RNA-seq 

analyses (see Materials and methods) (Personal communication; D. Rochon).  The ratio of the 

RPKM value determined for a specific RTn in CNV infected leaf tissue compared to that in 

mock inoculated tissue (CNV:mock RPKM values) was determined and plotted as shown. 
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B.3.4 Heat treatment activates the LTR of CNV inducible RTn5533 resulting in the 

expression of the downstream reporter gene, GFP  

 

Since the LTRs of the most strongly induced RTns contain numerous putative HSEs, I wished to 

directly assess the possibility that heat treatment can activate the 5’ LTR of the RTns.  A reporter 

expression assay was therefore developed in the Rochon lab. Since the RTn5533 LTR was found 

to contain several HSE motifs and as described above is most highly induced by CNV infection 

and by heat treatment, I wished to determine if the LTR sequence is sufficient for heat induction.  

To do this, an Agrobacterium tumefaciens binary vector construct pRTn5533-LTR/GFP/pBin(+) 

was prepared in which the 5’LTR of RTn5533  was placed upstream of the reporter gene GFP  

(Figure B.4A).  N. benthamiana plants were agroinfiltrated with pRTn5533-LTR/GFP/pBin(+) 

and at 3 dpai the plants were either not subjected to any heat stress (untreated) or heat-shocked at 

42°C or 48°C as described in Materials and methods. At 2 hpt, TLR and TLP samples were 

collected and subjected to ddPCR and Western blot analyses to determine the relative levels of 

GFP mRNA (Figure B.4B) and protein (Figure B.4C) respectively.  

 

Figure B.4B shows that GFP mRNA levels are significantly increased following heat treatment 

relative to agroinfiltrated, untreated samples. Also, the GFP mRNA induction levels are more 

pronounced at 48°C (166 fold) than at 42°C (118 fold) which suggests that a parallel exists 

between the extent of heat stress and the extent of activation of the RTn5533 LTR. Figure B.4C 

shows a Western blot of TLP probed with either a HSP70 (upper panel) or GFP (middle panel) 

monoclonal antibody. The upper panel shows that, as expected, heat treatment at both 42°C and 

48°C significantly increases the levels of HSP70 homologs. The middle panel shows that heat 
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treatment of pRTn5533-LTR/GFP/pBin(+) agroinfiltrated leaves increases the expression of GFP 

consistent with the increased levels of GFP mRNA as shown by ddPCR.  

 

To further confirm activation of the pRTn5533 LTR by heat, confocal microscopy was 

conducted on untreated or heat-shocked pRTn5533-LTR/GFP/pBin(+) agroinfiltrated leaves at 2 

hpt. Figure B.4D summarizes the results. The first panel shows GFP fluorescence (green), the 

middle panel chloroplast autofluorescence (red) and the third panel shows a merge of the first 

and the middle panels. It can be seen that while untreated samples do not show any detectable 

levels of GFP fluorescence, heat-shocked samples show substantial GFP fluorescence which is 

more pronounced at 48°C compared to 42°C. These results are consistent with those of Figure 

B.4B and 4.4C and suggest that heat-shock can activate the 5’LTR of RTn5533 that in turn can 

promote the expression of the downstream reporter gene GFP. Since the 5’ LTR of RTn5533 is 

sufficient for heat-shock induction this suggests that the putative HSE elements may actually 

function as such during heat treatment. It is to be noted that similar types of results were obtained 

in pRTn5533-LTR/GFP/pBin(+) agroinfiltrated, CNV infected plants (personal communication, 

D. Rochon lab) suggesting that CNV infection may similarly activate the RTn5533 LTR via its 

possession of HSEs. Although highly unlikely, it is still possible that induction of GFP could 

occur in this binary vector in the absence of the RTn5533 LTR.  Such an experiment remains to 

be conducted.  This work was conducted by the candidate. 
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Figure B.4: Heat treatment activates the LTR of CNV inducible RTn5533 inducing the 

expression of the downstream reporter gene, GFP.  

(A) Schematic diagram of the structure of the construct pRTn5533-LTR/GFP/pBin(+). The 

duplicate 35S promoter from a previously described clone pGFP/pBin(+) was replaced with the 

RTn5533 LTR (shown in yellow). The positions of the AMV translational enhancer (shown in 

orange) and the NOS transcriptional terminator (shown in grey) are also shown. N. benthamiana 

plants were agroinfiltrated with a culture of pRTn5533-LTR/GFP/pBin(+) at an OD600=1.0 and 

at 3 dpai, the plants were heat-shocked at 42°C or 48°C as described in the Materials and 

methods. Untreated plants agroinfiltrated with pRTn5533-LTR/GFP/pBin(+) were kept at 24°C 

throughout the course of experiment. At 2 hpt, agroinfiltrated leaf samples from untreated or 

heat-shocked plants were collected. B) Total leaf RNA was extracted from collected samples. 

GFP mRNA levels were analysed by ddPCR using PP2a as the reference gene for standardizing 

the samples. The ddPCR value obtained in untreated samples was arbitrarily assigned a value of 

1 and the relative levels of induction at 42°C and 48°C are shown. (C) Equal amounts of total 

leaf protein were subjected SDS-PAGE in triplicate followed by Western blot analyses (upper 

and middle panel) or SYPRO Ruby staining (lower panel). The blots were probed with either a 

HSP70 (upper panel) or GFP monoclonal antibody (middle panel). Rubisco levels, used as the 
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loading control, are shown in the bottom panel. (D) Agroinfiltrated leaf sectors that were either 

untreated or  heat-shocked at 42°C or 48°C as indicated were analysed by confocal microscopy 

at 2 hpt. The first column represents GFP fluorescence (green) and the middle column shows 

chloroplast autofluorescence (red). The third column is a merge of the first and the middle 

columns. 
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B.3.5 Heat treatment activates the LTR of CNV inducible RTn0067 resulting in the 

expression of the downstream reporter gene, GFP  

 

 

I wished to determine if heat-shock can activate the 5’ LTR of another highly CNV induced 

retrotransposon with a high number of HSEs, RTn0067 (Figs B.1 and B.2). To do this an 

experimental approach similar to that described above for RTn5533 was taken. The construct 

pRTn0067-LTR/GFP/pBin(+) was produced as described for pRTn5533-LTR/GFP/pBin(+)  

(Figure B.5A) and used to agroinfiltrated N. benthamiana plants. At 3 dpai, the plants were 

either not subjected to any heat stress (untreated) or heat-shocked as described above. The 

activation of the RTn0067 LTR was analysed using ddPCR, Western blot analysis and confocal 

microscopy.  

 

Figure B.5B shows that GFP mRNA levels are significantly induced by heat treatment. Also, as 

for pRTn5533-LTR/GFP/pBin(+),  GFP mRNA levels are relatively more abundant at 48°C (215 

fold) compared to 42°C (45fold). Figure B.5C shows a Western blot analysis of TLP obtained at 

2 hpt from equal masses of untreated or heat-shocked,  pRTn0067-LTR/GFP/pBin(+) 

agroinfiltrated leaves, probed with either a HSP70 (upper panel) or GFP (middle panel) 

monoclonal antibody. The upper panel shows that, as expected, heat treatment at both 42°C and 

48°C significantly increases the levels of HSP70 homologs. The middle panel shows that heat 

treatment of pRTn0067-LTR/GFP/pBin(+) agroinfiltrated leaves significantly increases the 

expression of GFP. Lastly, confocal microscopy results show that GFP is induced at both 42°C 

and 48°C. Although highly unlikely, it is still possible that induction of GFP could occur in this 

binary vector in the absence of the RTn0067 LTR.  Such experiments remain to be conducted.  

This work was conducted by the candidate. 
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Figure B.5: Heat treatment activates the LTR of CNV inducible RTn0067 promoting the 

expression of the downstream reporter gene, GFP.  

(A) Schematic diagram of the structure of construct pRTn0067-LTR/GFP/pBin(+). The duplicate 

Cauliflower mosaic virus 35S promoter from a previously described A. tumefaciens binary vector 

clone pGFP/pBin(+) was replaced with the RTn0067 LTR (shown in yellow). The positions of 

the AMV translational enhancer (shown in orange) along with the nopaline synthase (NOS) 

transcriptional terminator (shown in grey) are also shown. N. benthamiana plants were 

agroinfiltrated with  a culture of pRTn0067-LTR/GFP/pBin(+) at an OD600=1.0 and at 3 dpai, the 

plants were heat-shocked at 42°C or 48°C as described in the Materials and methods. Untreated 

plants, agroinfiltrated with pRTn0067-LTR/GFP/pBin(+) were kept at 24°C throughout the 

course of experiment. At 2 hpt, agroinfiltrated leaf samples from untreated or heat-shocked 

plants were collected. (B) Total leaf RNA was extracted from collected samples. GFP mRNA 

levels were analysed by ddPCR using PP2a as the reference gene for standardizing the samples. 

The ddPCR value obtained in untreated samples was arbitrarily assigned a value of 1 and the 

relative levels of induction at 42°C and 48°C are shown. (C) Equal amounts of total leaf protein 

were subjected SDS-PAGE in triplicate followed by Western blot analyses (upper and middle 

panel) or SYPRO Ruby staining (lower panel). The blots were probed with either a HSP70 
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(upper panel) or GFP monoclonal antibody (middle panel). Rubisco levels, used as the loading 

control, are shown in the bottom panel. (D) Agroinfiltrated leaf sectors that were either untreated 

or heat-shocked at 42°C or 48°C as indicated were analysed by confocal microscopy at 2 hpt. 

The first column represents GFP fluorescence (green) and the middle column shows chloroplast 

autofluorescence (red). The third column is a merge of the first and the middle columns.  
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B.4 Discussion 

 

In the present study I have found a possible mechanism for induction of RTns during CNV 

infection. In Figure B.3, I found that several CNV induced retrotransposons are induced by heat 

treatment. Interestingly, the relative levels of induction of the retrotransposons by heat treatment 

roughly parallels that induced by CNV infection suggesting perhaps that the heat-shock response 

induced by CNV during infection may be responsible, at least in part, for the induction of 

specific CNV induced retrotransposons.  I have also found that the level of heat-shock induction 

of several retrotransposons correlates well with the number and extent of concatenation of 

putative HSEs in the respective LTRs of the RTns (Figure B.2). Finally, I have shown that the 

LTRs of 2 CNV-induced retrotransposons can be activated by heat to induce downstream 

expression of a reporter gene, indicating that the LTR component of the RTn is sufficient for heat 

inducibility of the respective RTn (Figures B.4 and B.5). This is the first report that 

retrotransposons are induced by a plant virus and also the first report that induction of 

retrotransposons during virus infection may be related to the heat-shock response induced by the 

virus.  

 

With regards to the Ty-3/Gypsy RTn5145 which is significantly induced during CNV infection 

but not significantly induced by heat treatment, it is plausible that the HSFA2 induced during 

CNV infection does not efficiently bind the HSEs since they are not long (see Figure B.2, panel 

e). However, when I analysed the LTR of RTn5145, I found that it contains other putative stress 

responsive consensus motifs that might be responsible for its activation during CNV infection. 

For example, I found that the RTn5145 LTR contains two “TCA” motifs.  This motif is highly 
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conserved among stress-inducible genes and binds salicylic acid-inducible tobacco nuclear 

proteins in N. tabacum (360). 

 

RTns are a major component of plant genomes. They can spread and insert at new locations 

throughout the genome by retrotransposition. Retrotransposition involves reverse transcription of 

the RTn mRNA into cDNA by reverse transcriptase encoded by the RTn and reinsertion of 

copied elements into new genomic loci randomly by a copy-and-paste mechanism (323). The 

transposition of RTns to new locations in the genome may interrupt a gene (361), change its 

expression (362, 363) and genome organisation (364) on a large scale. Hence, RTns represent a 

threat to the integrity of plant genomes when their propagation is uncontrolled.  

 

The LTR RTns are the most abundant class of TEs in plants genomes comprising 15% of the 

nuclear DNA of A. thaliana, 90% of the DNA of some Liliaceae species and 50-80% of the 

genomic DNA of Poaceae genomes (365, 366). LTR RTns are flanked at both the 5’ and 3’ ends 

by LTR sequences which are a few hundred to several hundred base pairs in length. LTRs 

contain gene promoters and regulatory sequences for controlling transcription and replication of 

RTns(367). Plants in turn, have evolved to keep a check on the activity of retrotransposons by 

epigenetic modification. Unlike animals, plants do not erase DNA methylation patterns during 

meiosis (368) and hence DNA methylation is inherited and acts to maintain TE suppression 

across generations (369).  

 

Nearly all TEs including the LTR RTns are dormant in plants and are not transcribed generally 

when biotic and abiotic stresses are absent (370). RTns on the other hand have co-evolved to 
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escape the plant suppressive response by acquiring cis-regulatory sequences in their LTRs that 

mimic stress responsive elements. Due to possession of the stress responsive elements in the 

promoter regions, RTns can become activated and multiply under different stress conditions 

(371). RTn activation under stress might be a driving force for adaptation, while simultaneously 

removing unfit variants if adjacent host genes become dysregulated (334).  

 

In the current study, we identified that a Tombusvirus, CNV, induces specific Ty-1/Copia RTns 

during infection. It is also possible that like other stress inducible RTns such as ONSEN (320), 

CNV inducible RTns may play a positive role in conferring stress tolerance and may positively 

influence adaptation of the genome. In this light, it is possible that CNV infection itself may 

confer a beneficial advantage to plants by inducing a heat stress response and thereby confer heat 

tolerance to plants.  Moreover, induction of retrotransposons carrying LTRs that are heat 

responsive could be a mechanism that allows the plant to retain heat responsiveness following 

virus infection.   

 

A study on Herpesvirus has shown that infection induced RTn expression contributes to innate 

immune signaling during infection. However, Herpesvirus can exploit that to enhance viral gene 

expression (372). It was reported that during Murine gammaherpesvirus 68 (MHV68) infection, 

SINE RNAs are induced that activate the antiviral NF-ĸB signaling pathway. However, the SINE 

RNAs also stimulate the activity of the IKKβ component of the NF-ĸB signaling pathway and 

this results in phosphorylation of MHV68RTA, which is the viral transcriptional activator.  Thus 

activation of SINE RNAs by the virus promotes viral gene expression and replication.  
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Previous work in this thesis has shown that CNV has evolved to co-opt different homologs of 

HSP70 proteins at several stages of the multiplication cycle for its own benefit (Chapters 2 and 

3) (117, 122).  I have also  shown that C. quinoa plants that are subjected to heat stress can result 

in enhanced replication of CNV (122). Hence it might be possible that CNV utilizes the heat 

stress inducible RTns for enhanced multiplication. It is possible that components of the RTn 

reverse transcriptase complex may be co-opted by the CNV replicase for enhanced CNV RNA 

replication.  Hence, I hypothesize that CNV has evolved to co-opt some aspect of the RTn 

multiplication cycle during infection for enhanced CNV accumulation. For example, the type 2 

cleavage site of the Retrovirus protease cleaves between hydrophobic residues.  It is known that 

CNV CP is must be cleaved prior to its entry into chloroplasts (24) which is associated with 

attenuation of CNV induced necrosis (Rochon Lab, unpublished observations), however, it is 

unknown how this occurs as CNV does not encode a protease.  It is possible that the RTn 

protease may assist in this cleavage process. 

 

A recent report suggests that endogenous retrotransposition of LINE-1 RTns were found to play 

a potential role in Hepatitis virus-related hepatocellular carcinoma (HCC) (373). LINE-1 RTns 

are usually silenced in most somatic cells by DNA methyltransferase-mediated DNA 

methylation of its promoter (374). But, in cancer cells infected with Hepatitis B and C, DNA 

hypomethylation occurs at various genomic loci (375) including loci containing LINE-1 RTns  

allowing for LINE-1 retrotransposition (376). LINE-1 mediated retrotransposition was postulated 

to be a critical source of mutations that could depress tumour suppressive capacity of somatic 

cells in HCC (373). In analogy to LINE-1 RTn, perhaps CNV inducible RTns can be used as a 

source of mutations to depress tumour suppressive activities.  
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Previous work in Dr. Rochon’s lab has shown that CNV CP when expressed in N. benthamiana 

plants can produce virus-like particles or VLPs that encapsidate host RNA (135). Of the 

encapsidated RNA the most abundantly encapsidated host RNAs are the cytoplasmic rRNAs 

possibly due to their abundance in the cytoplasm. Hence, it is possible that if CNV VLPs can 

encapsidate LINE-1 RTns introduced transgenically from cancer cells and expressed to high 

levels in plants, the resulting CNV VLPs which may encapsidate the LINE- RTns can be utilized 

as a vector to deliver RTns for therapeutic purposes to treat cancer. Also, CNV CP can be cloned 

into an expression vector capable of replicating in human cancer cell lines which express LINE-1 

RTns to a significantly high level. CNV CP can then form VLPs which would be expected to 

encapsidate abundant LINE-1 RNAs. VLPs containing LINE-1 RTns can then be extracted and 

delivered as vector to treat cancer.  

 

There is a growing attention towards the hypothesis that plants have a cellular memory of biotic 

and abiotic stress exposure (377). For example, the heat inducible ONSEN RTn has been 

described to confer heat inducibility into neighbouring genes via retrotransposition that can be 

transmitted to the next generation (333). Like ONSEN, CNV inducible RTns might too have 

hijacked the plant heat stress response. The plants, in turn may take advantage of new 

transpositions to cope with heat stress conditions in the long term. CNV inducible RTns might 

similarly play an important role in conferring long term heat stress memory as alluded to above. 

 

 

 


