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Abstract  

 

Plant viruses have developed a number of strategies that enable them to become obligate 

intracellular parasites of many agricultural crops. Potato virus X (PVX) belongs to a 

group of positive-sense, single-stranded plant RNA viruses that replicate on host 

membranes and form elaborate structures known as viral replication complexes (VRCs) 

that contain viral RNA (vRNA), proteins and host cellular components. VRCs are the 

principal sites of viral genome replication, virion assembly and packaging of vRNA for 

export into neighbouring cells. For many animal viruses, host membrane association is 

crucial for RNA export. For plant viruses, it is not yet known how vRNA is transported 

to and through plant plasmodesmata. PVX encodes genetic information required for its 

movement between cells; three viral triple gene block (TGB) movement proteins and a 

viral coat protein are essential for viral trafficking. 

  

This research project studies the relationship between PVX and its host plants, Nicotiana 

benthamina and Nicotiana tabacum. A particular focus of this project is exploration of 

the structural and functional significance of the PVX VRC and how the virus recruits 

cell host components for its replication and movement between cells. The role of 

specific viral proteins in establishing the VRC, and the ways in which these interact with 

host organelles, was investigated. A combination of different approaches was used, 

including RNA-binding dyes and a Pumilio-based bimolecular fluorescence 

complementation assay for detection of the vRNA, fluorescent reporters for virus-

encoded proteins, fluorescent reporters for host organelles involved in viral replication, 

and also transgenic tobacco plants expressing reporters for specific plant components 

(endoplasmic reticulum, Golgi, actin, microtubules and plasmodesmata). In addition, 

mutagenesis was used to study the functions of individual viral proteins in replication 

and movement. All of these approaches were combined to achieve live-cell imaging of 

the PVX infection process.  

 

The PVX VRC was shown to be a highly compartmentalised structure; (+)-stranded 

vRNA was concentrated around the viral TGB1 protein, which was localised in discrete 

circular compartments within the VRC while coat protein was localised to the external 

edges of the VRC. The vRNA was closely associated with host components 

(endoplasmic reticulum and actin) shown to be involved in the formation of the VRC. 

The TGB2/TGB3 viral proteins were shown to colocalise with the host endomembranes 

(ER) and to exit these compartments in the form of motile granules. vRNA, TGB1, 

TGB2 and CP localised to plasmodesmata of the infected cells. TGB1 was shown to 

move cell-to-cell and recruit ER, Golgi and actin in the absence of viral infection. In the 

presence of virus, TGB1 targeted the VRCs in several neighbouring cells. A model of 

PVX replication and movement is proposed in which TGB1 functions as a key 

component for recruitment of host components into the VRC to enable viral replication 

and spread.   
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1. Introduction 

 

1.1 Plant virus infection 

 

1.1.1 Plant viruses 

 

Plant viruses can be described as small microscopic obligate intracellular parasites that 

require and completely depend on host cells to accomplish their infection cycle. These 

molecular pathogens obtain many of their requirements from their host plant and use 

plant energy, ribosomes and related enzymes, nucleotides and amino acids synthesised 

by the host cell for their own purposes, such as initiation of viral replication, infection of 

the host plant and spread (Matthews, 1992; Nettleship and Foster, 2000; reviewed in 

Stange, 2006).  

 

Genomes of plant viruses are predominantly ribonucleic acid (RNA)-based, with almost 

75 % in the form of positive-sense single-stranded RNA ((+)ssRNA). Very few viruses 

have negative-sense single-stranded RNA ((-)ssRNA), single-stranded deoxyribonucleic 

acid (ssDNA) or double-stranded DNA (dsDNA) genomes. Plant viruses with 

segmented genomes (genomes with more than one molecule of nucleic acid) also exist. 

These plant viruses, unlike mammalian viruses, package each nucleic acid molecule into 

a single virus particle (Hillman, 1998; reviewed in Stange, 2006). 

 

In order to recruit host factors for their needs, viruses have their own highly efficient 

mechanisms and encode genetic information required for their replication and movement 

(Ring and Blair, 2001). As plants do not have the capacity to copy viral RNA (vRNA), 

RNA viruses have their own replicase (RdRp, RNA-dependent RNA polymerase) to 

produce multiple copies of their RNA genome. A coat protein (CP) is necessary to 

encapsidate newly synthesised vRNA into viral infectious particles to protect it from 

degradation and breakage. Movement proteins (MPs) are necessary for trafficking the 

virus for cell-to-cell movement (Nettleship and Foster, 2000). 
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1.1.2 Symptoms induced by plant viruses 

 

Plants respond to viral infections by developing a range of symptoms. Local lesions are 

developed near the site of virus entry into the leaf, and are the first diagnostic indication 

of viral infection of the plant. Infected cells of the leaf commonly lose chlorophyll and 

other pigments, producing chlorotic lesions. Necrotic lesions (Fig. 1_1) are formed when 

the infected cells die (Hillman, 1998). 

 

 

 

Figure 1_1: Necrosis of Nicotiana benthamiana leaves infected with tobacco rattle virus 

(Adapted from Carette et al., 2002) 

 

Systemic symptoms develop when the virus moves from an infected leaf into the 

remainder of the plant. Depending on the virus, these symptoms may include a broad 

range of developmental abnormalities, such as uneven growth, curling, and decreased 

plant size resulting in reduction of total crop yield. During virus infection a mosaic 

pattern can develop, which consists of dark and light green areas with a number of 
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shades in colour giving a mosaic effect in the infected leaves (for instance, during 

tobacco mosaic virus (TMV) infection) (Matthews, 1992). 

 

The plant defence response against virus infection incorporates silencing of viral gene 

expression and salicylic acid mediated resistance. However, once the virus enters the 

plant, it may usurp host-plant machinery to enable its replication and movement 

(reviewed in Takemoto and Hardham, 2004). Plant viruses have the following features 

that help them to evolve and mutate quickly in order to adapt to their hosts and to 

overcome the defence barriers of the plant: short replication cycle with the production of 

a large number of viral genomes per host cell, a high probability to recombine, and a 

broad range of host plants they can infect. In addition, the viral replicase lacks repairing 

activity, leading to an enhanced rate of mutations in each replication cycle (reviewed in 

Stange, 2006).  

 

1.1.3 Plant virus life cycle  

 

The replication cycle of plant viruses can be explained using the potato virus X (PVX) 

life cycle as an example. PVX is transmitted mechanically from diseased plants to 

uninfected ones. PVX virions get into plant cells by physical injury of the cell wall and 

through breaks in the plasma membrane (reviewed in Scholthof, 2005). The wound site 

in the host cell can be formed by physical contact between a virus-infected plant and a 

healthy plant, or by human force (Hillman, 1998; Ring and Blair, 2001), for example 

cutting tools and handling of infected plants that cause mechanical wounding of leaf 

epidermal cells that results in initiation of a viral infection in a single epidermal plant 

cell (reviewed in Scholthof, 2005). Common insect pests of potato plants do not transmit 

PVX (Smith, 1957). Once the virus is in the plant cell, its genomic material uncoats, 

transcription takes place, followed by translation and expression of viral proteins, 

assembly of the virus and genome packaging (encapsidation) into stable particles 

(virions) and the release of the virions from the infected cells (Hillman, 1998; Ring and 

Blair, 2001). Encapsidation of the virus into particles is thought to give a number of 
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benefits to the virus. It protects the virus both during movement within an infected plant 

(especially throughout viral long-distance movement) and during spread to other host 

plants. In addition, it serves as one of the viral defence systems by protecting the viral 

genome from the replication and translation machinery of the host, and preventing the 

excessive overproduction of the virus in the host plant cell (Hull, 2002; Palukaitis et al., 

2008). 

 

1.1.4 Movement of viruses 

 

To promote the development of disease, plant viruses spread locally (Fig. 1_2 and Fig. 

1_3) from initially infected cells to non-infected plant tissues. Viruses move from cell-

to-cell through plasmodesmata (PD; reviewed in Lucas, 1995; Ding, 1998; Oparka, 

2004; reviewed in Epel, 2009), which are plant-specific intercellular membranous 

channels, and systemically between organs within the plant through the vascular system 

(Gilbertson and Lucas, 1996; reviewed in Oparka and Santa Cruz, 2000; Lucas et al., 

2001; Ring and Blair, 2001; Taliansky et al., 2008). Evidence of viral systemic spread 

through the plant vascular tissue (Fig. 1_3) comes from appearance of virus particles in 

the phloem as seen in electron micrographs (Price, 1966; Esau et al., 1967). Chemical or 

physical disturbance of the flow of metabolites in the phloem may lead to the delay or 

even prevention of virus movement through the phloem (Roberts, 1952; Leisner and 

Turgeon, 1993). 
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Figure 1_2: Local green viral lesions (green fluorescent protein (GFP)-expressing virus) 

on Nicotiana tabacum leaves are visualised with ultraviolet (UV) illumination 

 

 

 

Figure 1_3: Virus spread within a plant (local, left and systemic, right)  

Round fluorescent spots (green) show local lesions; a large area of fluorescence in the 

upper leaves corresponds to the part of the leaf where a systemic spread of the virus 

occurred. 
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1.1.4.1 Virus movement from cell-to-cell  

 

Virus cell-to-cell movement takes place mainly in epidermal and mesophyl tissues 

(Trutnyeva et al., 2008). It involves transport of virus particles (virions) or 

ribonucleoproteins and occurs through PD (Hillman, 1998; Ring and Blair, 2001). Cell-

to-cell movement usually happens early in the infection process, e.g. 5 h post-infection 

for TMV in N. tabacum plants (Fannin and Shaw, 1987).  Similar pathways are used by 

the plant host to move endogenous macromolecules, suggesting that plant viruses take 

over the plant transport system for their own needs (Trutnyeva et al., 2008).  

 

Components which are smaller than the size exclusion limit (SEL) of PD move through 

the channels by diffusion without modification of the PD SEL. Molecules larger than the 

PD SEL have to move by selective transport and require conformational changes to take 

place in the plasmodesmal pore. Variation in PD SEL depends on the plant cell type and 

cell age (reviewed in Roberts and Oparka, 2003). Transient expression of plasmids that 

encode GFP-MP fusions has shown that molecules with the molecular mass up to 50-

kDa were able to move liberally via PD in sink plant leaves (Oparka et al., 1999). 

However, it has been proposed that viral MPs appear to associate with the secondary 

branched PD of source leaves and do not target simple plasmodesmata of young sink 

leaves (Tomenius et al., 1987; Itaya et al., 1998). Moreover, it is known that PD SEL 

decreases in leaves during the changes from simple to secondary PD (Oparka et al., 

1999). The molecular mass of the viral proteins of Potato virus X is much larger that the 

SEL of PD. For instance, PVX replicase is a protein of 165-kDa (Doronin and 

Hemenway, 1996; Plante et al., 2000). The ‘triple-gene block’ movement proteins of 

Potato virus X are about 45-kDa and the viral coat protein is 25-kDa (Morozov et al., 

1983). All 3 ‘triple-gene block’ movement proteins and the coat protein of PVX are 

essential for virus cell-to-cell trafficking (Huisman et al., 1988; Skryabin et al., 1988; 

Chapman et al., 1992; Angell and Baulcombe, 1995; Angell et al., 1996; Kalinina et al., 

1996; Santa Cruz et al., 1996; Santa Cruz et al., 1998; Morozov and Solovyev, 2003; Ju 

et al., 2007). This implies that PVX MPs are larger than the channels that interconnect 
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plant cells.  However, plant viruses do not have the capacity to lyse the cell-wall barrier, 

consisting of cellulose and pectin. This indicates that the virus has to modify these 

channels before viral movement takes place in order to infect adjacent uninfected cells 

(Ring and Blair, 2001; Taliansky et al., 2008). These modifications are controlled by 

viral MPs (Trutnyeva et al., 2008). Some viral MPs have been reported to localise to PD 

resulting in an increase in PD SEL (Evert et al., 1977; Carrington et al., 1996). Some 

viruses (for instance, potato virus X, tobacco etch virus and beet yellows virus) may 

move via PD in the form of virions and cause alterations in the structure of 

plasmodesmal pore (Esau et al., 1967; Kitajima and Lauritis, 1969; Weintraub et al., 

1976; Santa Cruz et al., 1998). The 30-kDa TMV MP also accumulates in 

plasmodesmata (Fig. 1_4) (Deom et al., 1987; Tomenius et
 
al., 1987; Ding et al., 1992a) 

and increases the PD SEL (Wolf et al., 1989; Citovsky et al., 1993; Waigmann et al., 

1994; Oparka et al., 1997a). 

 

 

 

Figure 1_4: MP of TMV localises to PD (Adapted from Roberts and Oparka, 2003)  

Confocal image of epidermal cells of the N. tabacum source leave of plants expressing 

the TMV MP-GFP fusion.  

TMV MP-GFP fusion localises to the PD (green spots at the periphery of the epidermal 

cell walls). Bars, 10 mm.  
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One possible function of viral MPs is to mediate virus-induced accumulation of �-1,3-

glucanase, a callose degrading enzyme. This event leads to the opening of PD for viral 

cell-to-cell trafficking (reviewed in Epel, 2009). Deposition of callose ((1�3)-�-glucan) 

at PD to regulate the plasmodesmal SEL is one of the control strategies of plants to 

direct the exchange of molecules through PD. This event has been reported to take place 

during wounding of plants (Hughes and Gunning, 1980). However, callose deposition 

could be also an early defense mechanism to prevent the spread of viruses. Support for 

this hypothesis comes from findings on callose depositions in pit fields of plants infected 

with PVX (Allison and Shalla, 1974). PVX TGB2 has been shown to increase PD SEL, 

allowing the passage of free GFP between PVX-infected cells (Tamai and Meshi, 2001). 

In addition, it was found that the second movement protein of PVX could associate with 

TGB2 interacting protein (TIP), a host factor that interacts with �-1,3-glucanase, which 

resulted in increased callose degradation (Fridborg et al., 2003). This could be a possible 

mechanism of regulation of the size exclusion limit of PD and PVX targeting of PD 

(reviewed in Boevink and Oparka, 2005). Moreover, callose was also found at PD of 

plants infected with many other viruses, such as TMV (Wu and Dimitman, 1970; Moore 

and Stone, 1972; Beffa et al., 1996), tomato bushy stunt virus (Pennazio et al., 1978), 

and maize dwarf mosaic virus (Choi, 1999), additionally supporting the hypothesis of a 

common defense mechanism to stop the spread of viruses in infected plant tissue.  

 

1.2 Positive-sense RNA virus genome expression and replication 

 

All (+)ssRNA viruses share similarities in their RNA replication processes. The 

differences only come from the variation in organisation of the viral genome, 

morphology of virus particles, and the host plant (reviewed in Sanfaçon, 2005). The 

replication process of these viruses is associated with host-derived intercellular 

membranes leading to the formation of functional viral replication complexes (VRCs) 

that incorporate vRNA, viral proteins, cell host organelles and cytoskeleton elements 

(Hills et al., 1987; Saito et al., 1987; Padgett et al., 1996; Heinlein et al., 1998; Mas and 

Beachy, 1999; Szecsi et al., 1999; Kawakami et al., 2004; Mackenzie, 2005; Novoa et 
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al., 2005; Miller and Krijnse-Locker, 2008). The precise role and involvement of plant 

host factors to accomplish successful viral replication and translation of their genome 

remains to be established (Whitham and Wang, 2004). PVX VRCs will be introduced in 

more detail in the following sub-chapter. 

 

(+)ssRNA viruses encode a template-specific RdRp, the so-called viral replicase. RdRp 

is necessary for the synthesis of viral RNA and does not have a proofreading ability like 

DNA polymerases. Once a (+)ssRNA virus is in the host plant cell, uncoating of its 

genome takes place (reviewed in Thivierge et al., 2005). Next, the translation initiation 

factors and ribosomal subunits recognise the genomic RNA and translation initiation 

starts from the open reading frame at the 5' end of the RNA molecule (Le et al., 1997; 

Gallie, 1998; Browning, 2004). The components of the RdRp are then produced 

allowing synthesis of full-length complementary negative-sense RNA intermediate 

molecules from (+)RNA templates (without any DNA phase), followed by synthesis 

from a (-)RNA template of new genomic (+)RNA and shorter viral subgenomic RNAs 

(sgRNAs) that allow the translation of viral proteins (Noueiry and Ahlquist, 2003). The 

balance between viral RNA replication and translation is coordinated by the interaction 

of viral and host factors since the 5'>3' movement of ribosomes on the vRNA
 
contradicts 

with the 3'>5' RdRp activity. This happens in both plants and animals (Gingras et al., 

1999; Barry and Miller,
 
2002; Walter et al., 2002).  

 

Viral (+)RNAs share characteristics with cellular messenger RNAs (mRNAs). The 

genomic viral (+)ssRNA can be translated directly by serving as an mRNA and used as a 

template for translation of viral proteins, allowing synthesis of a complementary 

negative strand RNA molecule (Ring and Blair, 2001). The genome organisation of 

some (+)RNA viruses (for instance, the PVX genome) is also similar to some eukaryotic 

cellular mRNAs. For instance, PVX RNA has a 5' untranslated region (UTR), a 

modified nucleotide sequence (so named cap structure or 5' cap), and a polyadenylated 3' 

end (3' poly(A) tail). However, there are a number of differences between viral RNAs 

and eukaryotic mRNAs. The  viral 5' UTRs of some (+)RNA viruses vary significantly 
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in their length and structure at the 5' and 3' ends from those of cell host mRNAs 

(reviewed in Thivierge et al., 2005). In eukaryotic cells, translation is spatially and 

functionally
 
separated from RNA synthesis. Unlike host cell mRNAs, vRNA synthesis 

follows rather than precedes translation. In addition, RNA virus replication and 

translation are coupled: many
 
host and viral factors take part both in plant virus 

translation and viral replication (White et al., 1992; Novak
 
and Kirkegaard, 1994).

  

 

(+)ssRNA plant viruses are infectious as ‘naked’ RNA. New (+)RNA is either packaged 

into virions covered with virus-specific CP (encapsidation of vRNA) or recruited for 

cell-to-cell transport to continue the infection process in neighbouring cells (vRNA 

trafficking). The host cytoskeleton is involved in trafficking of the viral genome. Viral 

nucleoproteins (protein-RNA complexes) assemble in the cytoplasm of the cell (for the 

majority of plant viruses) either as helices or as isometric particles (Harrison et al., 

1996). Generally, release of virions occurs by plant-cell death and membrane 

degradation (Ring and Blair, 2001).  

 

The exact mechanism of PVX RNA transport to and through PD is still not fully clear, 

and the functional significance of the VRC structure for viral replication and spread 

remains to be discovered.  

 

The positive-sense plant RNA virus genome expression and replication described above 

is schematically represented in Fig. 1_5 using potato virus X replication as an example 

of the replication processes of positive-sense single-stranded RNA viruses. 
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Figure 1_5: Schematic illustration of (+)ssRNA virus genome expression and replication 

 

1.3 Potato Virus X  

 

1.3.1 Plants infected with potato virus X 

 

PVX belongs to the genus Potexviruses, family Flexiviridae (Adams et al., 2004). PVX 

is well-characterised genetically and is one of the most widespread of all the 

Potexviruses. There are different strains of this virus. PVX can infect crops from the 

Solanaceae plant family, including potato, tobacco (Fig. 1_6), tomato and pepper, 

causing systemic infections in these plants and resulting in crop yield losses (Chapman 

et al., 1992; Santa Cruz et al., 1996).  
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  A                                                             B 

Figure 1_6: PVX systemic infections in plants  

A: Systemic PVX infections developed in a N. clevelandii plant at 13 days post-

inoculation (Adapted from Chapman et al., 1992)  

B: Systemic spread of PVX CP mutant construct in N. benthamiana showing distribution 

of virus across the leaf (Adapted from Santa Cruz et al., 1998). 

 

Local PVX infections are developed when the virus infects members of the 

Chenopodiaceae and Amaranthaceae families. Infected plants develop different 

symptoms of infection, which depend on the PVX strain. Infected plants are often short 

in size, have small leaves, decreased leaf numbers and show chlorosis. A mild mottling 

can also be present. PVX infection can also cause plant leaf tip death (Smith, 1957). 

 

1.3.2 PVX RNA 

 

The PVX genome consists of a (+)ssRNA molecule (Ring and Blair, 2001). The 

genomic (~6.4 kb) RNA has an 84-nucleotide (84-nt) 5'-UTR and 72-nt 3'-UTR 

(AbouHaidar et al., 1998).   

 

The PVX RNA encodes 5 open reading frames (ORFs; Fig. 1_7) (Huisman et al., 1988).  
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Figure 1_7: Schematic representation of PVX genomic RNA molecule 

5 ORFs: replicase, 3 ‘triple-gene block’ movement proteins and a viral coat protein. 

 

The first ORF encodes a protein of 165-kDa, which is involved in viral replication (the 

viral replicase) and possesses methyltransferase, RNA helicase and RNA polymerase 

activities (Doronin and Hemenway, 1996; Plante et al., 2000). The central region of the 

genome encodes 3 overlapping ORFs (‘triple-gene block’ movement proteins (TGB 

MPs or TGBs)). The final ORF at the 3' end of the RNA molecule is the viral CP gene 

(Morozov et al., 1983). This protein is required for virion assembly and protects the 

virus during its spread in the plant tissue. Like TGB MPs, the CP of PVX is critical for 

virus cell-to-cell movement (Huisman et al., 1988; Skryabin et al., 1988; Chapman et 

al., 1992; Angell and Baulcombe, 1995; Angell et al., 1996; Kalinina et al., 1996; Santa 

Cruz et al., 1996; Santa Cruz et al., 1998; Morozov and Solovyev, 2003; Ju et al., 2007). 

PVX CP was found to accumulate in plasmodesmata of infected cells but does not gate 

plasmodesmata (i.e. does not modify the SEL of PD) (Oparka et al., 1996). However, it is 

transported with the infectious material from one cell to another (Santa Cruz et al., 1998). 

PVX CP mutants lacking the CP gene can move cell-to-cell but do not move 

systemically; however, the virus still assembles virus particles but they are not infectious 

(Chapman et al., 1992; Baucombe et al., 1995). In addition, CP phosphorylation was 

proposed to play an important role in initiating of translation during PVX infection (Lee 

and Lucas, 2001).  

 

Both genomic (gRNA) and subgenomic (sgRNA) PVX RNAs are capped at the 5' end 

(Sonenberg et al., 1978) and polyadenylated at the 3' end (Morozov et al., 1981; 

Huisman et al., 1988). It was shown in radiographs that only genomic-size PVX RNA 

was present in PVX particles (Dolij et al., 1987). Six double-stranded forms of PVX 

sgRNAs with 3' poly(A) tails (3.6 kb, 3.0, 1.8 kb (Dolij et al., 1987) and 2.1, 1.4 and 0.9 
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kb (Dolij et al., 1987; Huisman et al., 1988) required for the expression of the TGB 

proteins and CP have been identified. PVX CP is translated from the 0.9 kb sgRNA 

(Grama and Mashkovsky, 1986). The data of in vitro translation studies show that TGB1 

is expressed as a single translation product of the 2.1 kb sgRNA, suggesting that the 

ORF of the TGB1 gene is produced from a functionally monocistronic mRNA. TGB2 

and TGB3 are both derived from the same 1.4 kb sgRNA. This mRNA is considered 

functionally bicistronic (Morozov et al., 1991; Zhou and Jackson, 1996; AbouHaidar et 

al., 1998; Verchot et al., 1998; Agranovsky and Morozov, 1999). Expression of the 

TGB2 and TGB3 proteins was proposed to involve a translation mechanism, in which 

PVX TGB3 ORF is translated by the leaky ribosome scanning mechanism through the 

TGB2 ORF from the same 1.4 kb sgRNA (sgRNAs of PVX are visualised in Fig. 5_2 E, 

Chapter 5) (Skryabin et al., 1988; Morozov et al., 1989; reviewed in Dreher and Miller, 

2006). In the leaky ribosome scanning mechanism more than one translation initiation 

site can be used by ribosomes during the scanning at the 5' UTR sequence of the viral 

RNA (Verchot et al., 1998). Coupling of the expression of the TGB2 and TGB3 proteins 

is likely an evolutionary conserved mechanism to make sure that they are translated at 

levels that are most efficient for virus function. Support for this theory comes from the 

complementation experiments of TGB cell-to-cell movement defective mutants of beet 

necrotic yellow vein virus, where viral spread was dependent on the relative amounts of 

the 13K and 15K TGB proteins, respectively, and occurred only when these proteins 

were produced from the same bicistronic mRNA (Gilmer et al., 1992; Bleykasten-

Grosshans et al., 1997).  

 

Expression of TGB proteins is detected simultaneously early in viral infection 

(Niesbach-Klösgen et al., 1990; Donald et al., 1993). The amounts of TGB2 and TGB3 

are regulated in the cell relative to the TGB1 protein, CP and RNA-dependent RNA 

polymerase. The TGB2 and TGB3 are found at much lower amounts in infected cells 

compared to other viral proteins (Yang et al., 2000). However, the TGB3 protein is 

expressed in very low amounts probably due to a leaky ribosome scanning translation 

mechanism (Guilford and Forster, 1986; Dolja et al., 1987; Zhou and Jackson, 1996; 
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Morozov and Solovyev, 2003). For example, the transcript ratio of TGB1/TGB2/TGB3 

for the potexvirus barley strip mosaic virus is 100/10/1, respectively (Lim et al., 2008). 

Moreover, PVX TGB3 protein is sometimes not even detected in infected cells 

(Gorshkova et al., 2003). 

 

1.3.3 PVX viral replication complex (PVX VRC)  

 

Once PVX is in the cell, the viral RNA replication is initiated and the MPs are produced 

(Santa Cruz et al., 1998). PVX forms complex perinuclear replication structures in the 

infected cells. The relationship of perinuclear inclusion bodies (also known as X-bodies 

(Iwanowski, 1903), amorphous bodies or amorphous inclusions, amoeboid bodies or 

vacuolate bodies) to the virus was studied in early work by Goldstein and Sheffield 

(Goldstein, 1926; Sheffield, 1939, 1949). Later, these bodies were named as viral 

replication complexes (Asurmendi et al., 2004). VRCs are often referred to as the 

principal centres of viral replication, translation and encapsidation in the host cell 

(Kikumoto and Matsui, 1961; Kozar and Sheludko, 1969; Allison and Shalla, 1973; 

Espinoza et al., 1991; Ju et al., 2005). PVX VRCs have also been proposed to be centres 

of active PVX protein synthesis during the viral replication process due to the fact that 

viral TGB proteins were found to localise to the PVX VRCs (Kozar and Sheludko, 1969; 

Shalla and Shepard, 1972; Samuels et al., 2007). 

 

PVX VRCs are found in epidermal and hair cells of the infected leaves, in mesophyll 

cells and in the parenchymatous tissue of the veins (Smith, 1957). Electron micrographs 

show viral replication complexes that contain many of the structural host components of 

a plant cell, as well as PVX particles (virions) either in a regular stacked form of densely 

packed virus aggregates at the periphery of the VRC or sometimes distributed randomly 

throughout the VRC (Kozar and Sheludko, 1969; Shalla and Shepard, 1972; Tilsner et 

al., 2009). The association of PVX VRCs with cellular organelles (endoplasmic 

reticulum (ER), Golgi, vacuoles, mitochondria) has been identified (Kozar and 

Sheludko, 1969; Stols et al., 1970). Inclusions of virus particles were also identified in 
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chloroplasts of parenchyma cells of Datura stramonium infected with the PVX Xs 

strain, the most virulent PVX strain, but only at the earliest stages of infection. However, 

no viral particles were observed in the plastids of plants infected with the two less 

virulent PVX strains (Xk and Xr) (Kozar and Sheludko, 1969).  

 

In living epidermal cells, the distinctive shape of the PVX VRC is approximately round 

or oval; however, elongated and more irregular shapes can also occur. There can be 

more than one VRC of different sizes in the cell. Small VRCs could be found in any 

position in the cytoplasm of cells infected with PVX and first appear at 4-5 days post-

infection. At later stages of the viral infection VRCs mainly occur near the cell nucleus 

(Fig. 1_8) (Kozar and Sheludko, 1969; Santa Cruz et al., 1996; Tilsner et al., 2009). 

Mature VRCs are usually up to twice the size of the cell nucleus (Smith, 1957).  

 

 
 

Figure 1_8: PVX VRCs next to the cell nucleus  

Top left: Electron micrograph of a cell infected with PVX showing the VRC in close 

association with the nucleus 

Nucleus 

Nucleus 

Nucleus 

VRC 
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Lower left: Confocal image of a cell infected with PVX green construct expressing a 

GFP-CP fusion (pTXS.GFP-2A-CP) (Santa Cruz et al., 1996); VRC is shown in green 

and is positioned next to the cell nucleus which was stained with 4',6-diamidino-2-

phenylindole (DAPI) (shown in blue).  

(Left images are adapted from Tilsner et al., 2009) 

Right image: Confocal image of a cell infected with pTXS.GFP showing a mature PVX 

VRC closely next to the nucleus in the magnified focus; the vacuoles within the VRC 

are seen (this thesis work). 

 

1.3.4 PVX movement complex  

 

Encapsidation of vRNA into virions takes place prior to viral transport into neighboring 

cells. Once the replication complex is ready for movement, vRNA is transported from 

the site of synthesis to and through PD (Christensen et al., 2009).   

 

Several models of PVX RNA movement have been proposed. According to one model, 

the PVX genome can move either as a viral particle or in a the form of a virion-like 

ribonucleoprotein (RNP) complex consisting of PVX RNA, CP and TGB1, which is 

targeted to PD either by itself or via an interaction with TGB2 and TGB3 (Lough et al., 

1998; Santa Cruz et al., 1998; Solovyev et al., 2000; Rodionova et al., 2003; Karpova et 

al., 2006; reviewed in Verchot-Lubicz et al., 2007). This PVX cell-to-cell movement 

model is based to some extent on the observation that in vitro-assembled vRNA-CP-

TGB1 complexes move from cell-to-cell in microinjection studies in vivo (Lough et al., 

1998). 

 

In vitro experiments on PVX viral particle assembly discovered single-tailed particles 

(STPs) consisting of PVX RNA, CP and TGB1 (Lough et al., 1998, 2000; Atabekov et 

al., 2000, 2001, 2007; Rodionova et al., 2003; Karpova et al., 2006). PVX CP was 

localised at the 5' end of the vRNA. STPs can be formed from the CP and 5' end of the 

viral RNA in the complete absence of TGB1. However, binding of the TGB1 protein to 
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CP-vRNA complex and association with the CP subunits at the head of the STPs results 

in the unwinding of virion particles and in conversion of vRNA into a translatable form. 

Therefore, these PVX particles are entirely untranslatable without interaction with the 

TGB1 protein, suggesting that TGB1 NTPase activity is necessary to promote 

conformational changes in virion structure (Atabekov et al., 2000). This process is found 

to be ATP-independent (Atabekov et al., 2000), indicating that TGB1 ATPase functions 

are not required for the association of TGB1 with the end of the PVX particle (Atabekov 

et al., 2000; Lough et al., 2000; Kiselyova et al., 2003; Verchot-Lubicz, 2005; Taliansky 

et al., 2008). It was suggested that the virus moves in the form of fully or partially 

assembled virions containing a single or multiple TGB1 proteins at one end of the virus 

particles (Atabekov et al., 2000; Rodionova et al., 2003; Karpova et al., 2006).  

 

An indication of the presence of ‘unwound’ virions during vRNA transport through PD 

is the detection of fibrillar material in PD infected with green ‘overcoat’ PVX (Santa-

Cruz et al., 1996).  It is suggested that binding of unwound vRNA-CP-TGB1 transport 

complex to the TGB2/TGB3 protein complex allows the linearised vRNA to align along 

the ER network. This structure then targets plant PD probably via the desmotubule 

(Epel, 2009). However, no interaction between the TGB1 and the TGB2/TGB3 proteins 

has been detected in two hybrid assays (Samuels et al., 2007). It has been proposed that 

PVX CP is responsible for the formation of movement complexes with vRNA (Lough et 

al., 1998, 2000; Santa Cruz et al., 1998; Atabekov et al., 2000). However, the precise 

role of the viral CP in the movement processes of PVX has not yet been identified. The 

above data support the hypothesis that virus-encoded MPs and cellular components of 

the host are involved in the trafficking of the movement complex to PD (Lough et al., 

1998; Morozov and Solovyev, 2003; Verchot-Lubicz, 2005; reviewed in Lucas, 2006; 

Verchot-Lubicz et al., 2007). However, more in vivo experimental evidence of this PVX 

movement hypothesis is necessary. 

 

It has been proposed in another PVX movement model that mobile vesicles induced by 

the TGB2 and the TGB3 transport complexes release their cargo into the PD (Ju et al., 
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2008). This model is based on confocal microscopy studies that showed that PVX GFP-

TGB2 or GFP-TGB3 were associated with the ER (Solovyev et al., 2000; Mirta et al., 

2003; Ju et al., 2005, 2007; Samuels et al., 2007). Moreover, mutational analysis has 

identified that GFP-TGB2-induced granules are crucial for virus cell-to-cell spread (Ju et 

al., 2007). Other viral factors may have an effect on this movement, but not have yet 

been determined. The exact nature of viral transport complexes is still unclear (Nelson, 

2005). 

 

1.3.5 PVX virions and an ‘overcoat’ virus 

 

PVX virions are long, flexuous filaments which are composed of coat protein subunits 

(Smith, 1957). The length of Potexvirus virions is about 470-580 nm (reviewed in 

Verchot-Lubicz et al., 2007). 

 

The transport form of PVX has been studied extensively (Kikumoto and Matsui, 1961; 

Kozar and Sheludko, 1969; Santa Cruz et al., 1996, 1998). In early work, particles in 

fibrous masses associated with PVX infection were found within the cell cytoplasm of 

Datura stramonium L. plants (Kikumoto and Matsui, 1961; Kozar and Sheludko, 1969). 

These particles resembled those of purified PVX particles in their shape and size. 

Straight, linearly arranged or variously curved/twisted virus particles, free or associated 

with cellular components of the host plant were observed (Kozar and Sheludko, 1969). 

Two types of organisation of virus particles were found (Fig. 1_9). One group had 

individual particles in loose association with each other, surrounded by a membrane. 

The second group was observed in a compact, dense bundle or cluster, and no 

membranous organelles were detected around this particle mass (Kikumoto and Matsui, 

1961). 
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A                                                           B 

Figure 1_9: A cell of Datura stramonium L. plant (Adapted from Kikumoto and Matsui, 

1961) containing: A: loosely associated fibrous mass (FM) particles and dense bundles 

of fibrous particles (DB); B: fibrous mass (FM) surrounded by a membranous organelle 

(MO); spherical body (SB) was also observed in the PVX-infected plant cell.  

 

PVX has been found to be a beneficial research tool in that its TGB proteins together 

with its coat protein can be tagged with fluorescent proteins (FPs) for studies of viral 

infection without affecting the ability of the virus to move both locally and systemically 

in infected plants. A fluorescent PVX plasmid was constructed by making a modified 

green fluorescent ‘overcoat’ virus (pTXS.GFP-2A-CP) by fusing the carboxy-terminus 

of the 27-kDa GFP to the amino-terminus of the 25-kDa PVX CP gene (Fig. 1_10). PVX 

GFP fluorescent virions can be then used for studying virus movement in plant cells 

(Santa Cruz et al., 1996). 

 
 

Figure 1_10: Schematic representation of pTXS.GFP-2A-CP construct (green ‘overcoat’ 

PVX) 
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In work by Santa Cruz et al. (1996), it was found that assembly of ‘overcoat’ PVX into 

virus particles required the presence of both fused and free CP subunits. In order to 

supply the virus with mixed pools of fused and unfused CP subunits, a carboxy-terminal 

16-amino acid (a.a.) fragment of the 2A peptide from foot-and-mouth-disease virus 

(FMDV) was inserted between the GFP and N-terminus of the PVX CP gene (GFP-2A-

CP fusion) (Santa Cruz et al., 1996). 2A ‘protease’ disrupts formation of peptide bonds 

during FMDV RNA translation (Lacomme et al., 1998). Approximately 50 % cleavage 

of the viral protein is achieved using this approach, resulting in approximately half of the 

CP being expressed as free and the other half as a fusion of CP (Lacomme et al., 2001).  

 

This ‘overcoat’ approach allows sub-cellular localisation of PVX virions in plants. In 

infected plants with pTXS.GFP-2A-CP virus, particles were detected as large, fibrillar 

aggregates in the cell (Fig. 1_11) (Santa Cruz et al., 1996).  

 

 
 

Figure 1_11: Confocal image of pTXS.GFP-2A-CP construct (green ‘overcoat’ virus) in 

PVX-infected plant cell 

 

In addition, proteins other than GFP were used for fusions with PVX CP gene. Such 

fusions were made between PVX CP and chloramphenicol acetyltransferase (26-kDa), 

PVX CP and neomycin phosphotransferase II (31-kDa). The ability to assemble virions 

was retained and the function of the protein was not changed. These viruses were able to 
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move both locally and systemically in plants (Lacomme et al., 1998). Thus, generation 

of the ‘overcoat’ virus provides a possibility for studying movement of virions in live 

tissue under the confocal laser scanning microscope (Santa Cruz et al., 1996).  

 

1.4 PVX Triple Gene Block (TGB) of Movement Proteins (MPs) 

 

1.4.1 Triple gene block of viral movement proteins 

 

Unlike many other plant viruses (for instance, TMV) which have only one MP gene, the 

genomes of viruses of Potex-, Beny-, Carla-, Fovea-, Peclu-, Pomo-, Hordei- and 

Allexivirus genera encode three MPs in the overlapping ORFs of a TGB (Fig. 1_12). 

These are named in order of the positions of their genes in the PVX genome, as TGB1, 

TGB2 and TGB3, respectively (Skryabin et al., 1988; Morozov et al., 1989, 1999; 

Rupasov et al., 1989; Koenig et al., 1996; Herzog et al., 1998; Lough et al., 1998; 

Leisner, 1999; Morozov and Solovyev, 2003). One possible explanation for the 

overlapping ORFs is that overlaps make it possible to coordinately translate all three 

ORFs (Davies et al., 1993). The positions of the TGB proteins in viruses of different 

genera can be also different (Morozov et al., 1989; Morozov and Solovyev, 1999).  
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Figure 1_12: Representation of evolutional conservation of the TGB genes of different 

TGB-containing viruses (Adapted from Morozov and Solovyev, 2003) 

Genes are presented as boxes with molecular masses of proteins on top of them. The 

TGB genes are indicated in green.  

MT: methyltransferase; PRO: protease; HEL: helicase; POL: polymerase; CP: coat 

protein; PVX: Potato virus X; ASPV: Apple stem pitting virus; PVM: Potato virus M; 

ShVX: Shallot virus X; BNYVV: Beet necrotic yellow vein virus; BSMV: Barley stripe 

mosaic virus; PMTV: Potato mop-top virus; PCV: Peanut clump virus. 
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The three PVX TGB proteins are also termed corresponding to their molecular mass, 

25K (24548b; TGB1), 12K (12339b; TGB2), and 8K (7623b; TGB3) proteins (Huisman 

et al., 1988). Mutational analysis of the PVX genome showed that all 3 TGBs are 

required for viral cell-to-cell movement (Huisman et al., 1988; reviewed in Koonin and 

Dolja, 1993; Angell et al., 1996; Verchot-Lubicz, 2005). Therefore, it is hypothesised 

that movement functions that belong to a single MP of TMV are possibly distributed 

over three TGB proteins in the TGB-carrying viruses (Morozov and Solovyev, 2003). 

However, the precise function of the triple gene block is not identified. It is likely that 

these three proteins interact with each other to allow viral intercellular transport, but the 

nature of these interactions remains poorly understood.  

 

1.4.2 The TGB1 protein 

 

1.4.2.1 TGB1 is a multifunctional protein 

 

The TGB1 ORF is the largest in the PVX genome and codes for a MP of 25-kDa. TGB1 

is a multifunctional protein with a number of biological activities. It contains an 

NTPase/helicase domain (reviewed in Koonin and Dolja, 1993; Morozov and Solovyev, 

2003) and possesses ATP/GTPase and RNA-binding activities in vitro (Skryabin et al., 

1988; Gorbalenya and Koonin, 1989; Kalinina et al., 1996, 2002; Lough et al., 1998; 

Morozov et al., 1999). PVX TGB1 protein, like the TGB1 protein of white clover 

mosaic virus, induces PD gating by increasing the SEL to enable transfer of virus and 

other molecules between plant cells, TGB1 moves intercellularly on its own, 

independently of other PVX-encoded MPs (TGB2, TGB3 and CP) and forms VRCs in 

neighbouring infected cells (Angell et al., 1996; Lough et al., 1998, 2000; Yang et al., 

2000; Howard et al., 2004). However, PVX GFP-TGB1 protein did not move cell-to-

cell in transgenic tobacco expressing the combined TGB2/TGB3 genes or the CP gene, 

indicating that intercellular trafficking of TGB1 is inhibited in the presence of other 

PVX-encoded genes. These data also indicate that non-cell autonomous TGB1 

movement can take place early in PVX infection cycle before there is significant amount 
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of the TGB2 and TGB3 proteins produced in the cell (Yang et al., 2000). It was found 

that PVX TGB1 is cotranslated with the viral gRNA and the viral CP during virus 

movement (Nelson, 2005).  

 

PVX TGB1 is also a suppressor of RNA silencing and allows virus cell-to-cell 

movement and systemic infection by inhibiting production or activity of the mobile 

RNA silencing signal and suppressing RNA silencing-mediated degradation of vRNA. 

The RNA silencing response from the plant is a protection mechanism against RNA 

viruses (Voinnet et al., 2000; Carrington et al., 2001; Baulcombe, 2002; reviewed in 

Scholthof, 2005).  

 

In addition, TGB1 by itself or in combination with other virus-encoded proteins has an 

important role in symptom formation in diseased plants. Typical PVX infection 

symptoms were induced in transgenic TGB1 plants. TGB1 expression caused 

physiological changes in transgenic plants, including atypical chloroplast functioning 

and altered metabolite contents. In contrast, tobacco plants transformed with the other 

PVX-encoded proteins (TGB2, TGB3, viral replicase and CP) showed a normal 

phenotype compared to control plants (Kobayashi et al., 2004). 

 

1.4.2.2 Subcellular localisation and immunogold labeling of the TGB1 protein 

 

Association of PVX TGB1 with cytoplasmic laminate inclusion bodies has been 

detected in work by Davies et al. (Fig. 1_13). It was suggested that this was one of 

several sub-cellular localisations of TGB1 and represented one of the examples of 

compartmentalisation of the PVX infection components (Davies et al., 1993).  
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Figure 1_13: Immunogold labelling with anti-TGB1 antibody of systemically infected 

PVX tobacco leaves at 9 days post-inoculation (Adapted from Davies et al., 1993). 

The viral replication complex and the TGB1 viral protein in association with the centre 

are displayed. W: the cell wall; v: aggregates of PVX particles. 

 

In addition, the authors in some cases detected the cytoplasmic inclusion bodies in the 

cell nucleus (Fig. 1_14). 

 

 
 

Figure 1_14: Immunogold labelling of TGB1 of the inclusion structures in a PVX-

infected cell nucleus at 9 days post-inoculation (Adapted from Davies et al., 1993).  

N: nucleus; c: chloroplasts; m: mitochondria; w: cell wall.  

Right image: a higher magnification area of the arrowed region in the left image. Bars, 1 

�m (left image) and 200 nm (right image).  
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In earlier work, Stols et al. (1970) and Shalla and Shepard (1972) found that the 

laminate inclusion bodies in the cytoplasm of the PVX-infected cells consisted of 

beaded (Stols et al., 1970; Shalla and Shepard, 1972) or smooth sheets in approximately 

3 nm wide layers (Shalla and Shepard, 1972). The sheets resembled rough ER but were 

thinner and destroyed when treated with potassium permanganate, indicating that they 

were non-membranous structures. The beads were located on both surfaces of the sheets 

and were morphologically similar to cytoplasmic ribosomes but were usually 11-14 nm 

in diameter (in contrast, ribosomes are 17-20 nm). The ‘beaded sheets’ were tightly 

packed in several layers and contained proteins. No lipids were identified in them. The 

‘beaded sheets’ either contained (Stols et al., 1970; Shalla and Shepard, 1972) (Fig. 

1_15.5) or did not contain virus particles (Fig. 1_15.4) within their layers. Smooth sheets 

frequently had virus particles between the sheets (Fig. 1_15.6) (Shalla and Shepard, 

1972).  

 

 
 

Figure 1_15: Electron micrographs of beads and sheets present in PVX inclusion bodies 

(Adapted from Shalla and Shepard, 1972) 

4: layers of rolled ‘beaded sheets’ without virus particles; 5: ‘beaded sheets’ with virus 

particles between layers of sheets; 6: smooth sheets with virus particles between layers 

of sheets. Bars, 250 nm. 

 

Due to the fact that these structures were discovered to contain ribosomes (Stols et al., 

1970), it was considered that the ‘beaded sheets’ could be sites of active viral protein 
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synthesis during viral replication process (viral ‘factories’) (Kozar and Sheludko, 1969; 

Shalla and Shepard, 1972). However, it was not possible to distinguish whether TGB1 

was associated with the beads or with the sheets (Davies et al., 1993). Moreover, the 

biological role of the ‘beaded sheets’ was not identified and remains to be investigated. 

Surprisingly, recent work on TGB1 does not refer to the earlier literature described 

above and does not mention the location of the TGB1 protein within the ‘beaded sheet’-

like structures in the VRC.  

 

In Samuels et al. (2007) work on subcellular localisation of the TGB1 protein, a GFP-

TGB1 fusion protein was found in the cell nucleus, cytoplasm, in inclusion bodies, and 

in the cell wall in PD (Fig. 1_16), suggesting the existence of different localisation 

patterns of TGB1 in the cell (Samuels et al., 2007), similar to Davies et al. (1993) 

findings (Davies et al., 1993). However, Davies et al. did not detected TGB1 

localisation in the cell PD. It is possible that the immunogold labelling method used was 

unable to detect this localisation of TGB1 (Davies et al., 1993). In Samuels et al. (2007) 

data TGB1 often formed elongated rod-like structures in perinuclear inclusion bodies, 

usually overlapping with each other (Samuels et al., 2007). 
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Figure 1_16: Confocal images of plants inoculated with PVX.GFP-TGB1 (Adapted from 

Samuels et al., 2007) 

White arrow points to the nucleus; arrowheads point to fluorescent spots of TGB1 in the 

cell wall (very likely inside PD); n: nucleus; r: rod-like structures.  

Bars, 40 �m in the left image; 10 �m in two right images.  

 

1.4.3 TGB2 and TGB3 proteins 

 

1.4.3.1 Molecular organisation of TGB2 and TGB3 proteins and their conservation  

 

The two smaller viral-encoded proteins, TGB2 (12K) and TGB3 (8K), are ER 

membrane-associated proteins and have been studied extensively (Morozov et al., 1989; 

Hefferon et al., 1997; Solovyev et al., 2000; Zamyatnin et al., 2002; Morozov and 

Solovyev, 2003).  

 

These PVX proteins have hydrophobic sequences (transmembrane domains) for 

insertion of these proteins into cellular membranes (Morozov et al., 1987, 1989). TGB2 
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sequence is conserved among all TGB-containing viruses (reviewed in Lucus, 2006). As 

a result of amino acid sequence analysis in the TGB2 protein, three domains of PVX 

TGB2 were identified. TGB2 contain two predicted transmembrane segments. Solovyev 

et al. (1996) predicted that these two domains allow the protein to take a U-shaped 

transmembrane orientation in which N- and C- termini of the domain are predicted to 

face towards the cytoplasm (Solovyev et al., 1996, 2000; Zamyatnin et al., 2002). The 

central domain of TGB2 is located between two transmembrane domains of the protein 

and is found to localise in the ER lumen (Morozov and Solovyev, 2003). This domain 

has a segment which is highly evolutionary conserved among the TGB proteins (po-

sitions 40 and 64) (Morozov et al., 1987; Skryabin et al., 1988). Mutations in the 

conserved residues of the central domain of PVX TGB2 protein affected membrane 

binding, abolished association of the TGB2 protein with granular vesicles and inhibited 

virus cell-to-cell trafficking, indicating that the central domain is critical for TGB2-

induced formation of granules, and that association of TGB2 with ER membrane and 

formation of granular-type vesicles is a necessary requirement for PVX movement 

(Mitra et al., 2003; Ju et al., 2005, 2007). 

 

Unlike TGB2, which is highly conserved among different TGB-containing viruses, 

TGB3 proteins of different viruses can have one or two hydrophobic domains (Morozov 

et al., 1991). TGB3 of PVX and other filamentous viruses of Potex- (PVX), Allexi-, 

Carla- and Foveavirus genera is predicted to have two structural domains: one 23-a.a. 

long N-terminal segment predicted to form a transmembrane hydrophobic domain of 

PVX TGB3 (potentially in ER lumen), and one 45-a.a. long C-terminal hydrophilic 

(cytosolic) segment which contains a motif conserved among viruses of the Flexiviridae 

family (Morozov et al., 1991; Zamyatnin et al., 2002; Krishnamurthy et al., 2003; Mitra 

et al., 2003; Morozov and Solovyev, 2003; Adams et al., 2004). Mutations in the N-

terminal transmembrane domain of PVX TGB3 abolished its association with the ER 

and affected virus spread from cell-to-cell, indicating that the transmembrane domain is 

important for PVX movement (Lough et al., 2000, Ju et al., 2008). A mutation in the 

transmembrane domain of TGB3 also caused the protein to localise to the cell nucleus, 



 31 

suggesting that nuclear accumulation of TGB3 is controlled by interactions of this 

protein with the host ER (Ju et al., 2008). It was suggested that the TGB3 hydrophobic 

segment is required for interaction with cell membranes (Morozov et al., 1991; 

Krishnamurthy et al., 2003). Partial and even complete deletion of the C-terminal 

hydrophilic region of the TGB3 protein did not eliminate its subcellular localisation and 

did not block the capacity of the mutant virus to move in complementation studies, 

suggesting that the TGB3 protein functions are mainly associated with its 

transmembrane hydrophobic sequence (Schepetilnikov et al., 2005). Schematic 

representation of molecular organisation of TGB2 and TGB3 proteins are shown in the 

Fig. 1_17. 

 
 

Figure 1_17: Molecular organisation of TGB2 and TGB3 proteins of Hordei-like and 

Potex-like (PVX) viruses showing predicted topology of these molecules in the cell 

membrane (Adapted from Morozov and Solovyev, 2003).  

Cylinders: predicted N-terminal transmembrane domains; '+' and '-': the net charge of the 

C-terminal hydrophilic segment of these proteins. 

 

 

 

 

 

PVX TGB2 PVX TGB3  
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1.4.3.2 Subcellular localisation of TGB2 and TGB3 proteins 

 

1.4.3.2.1 PVX TGB2 associates with the ER, ER-derived vesicles, but not with Golgi 

bodies 

 

PVX GFP-TGB2 was found to associate with the ER and ER-derived granular vesicles 

in the absence of virus in the cell (Ju et al., 2007). PVX TGB2 protein induces mobile 

granular vesicles in early PVX infection. Ribosomes were found in these vesicles (Ju et 

al., 2005). Later during viral infection an increase in cytosolic and nuclear fluorescence 

has been observed. At the centre of a PVX infection site, GFP-TGB2 is localised both in 

the ER network and in the ER-derived vesicles that move along the actin cytoskeleton 

(Fig. 1_18 C), and in perinuclear PVX VRCs (Ju et al., 2005; reviewed in Verchot-

Lubicz et al., 2007). In addition, ER localisation of the TGB2 protein was found to be 

affected by latrunculin B treatment (Mirta et al., 2003). At the leading edge of PVX 

infection, the GFP-TGB2 signal was identified mainly in the VRCs and the granular 

vesicles (Fig. 1_18 B). GFP-TGB2 did not colocalise with Golgi bodies (Fig. 1_18 D) 

(Ju et al., 2005, 2007) and was not affected by treatment with brefeldin A, an inhibitor 

of transport from the ER network to the Golgi apparatus (Mitra et al., 2003). 
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Figure 1_18: Tobacco epidermal cells located at the front (leading edge) of PVX 

infection (Adapted from Ju et al., 2005) 

A: PVX.GFP-infected cells at 6 days post-inoculation show green fluorescence in 

nucleus and in PVX perinuclear VRCs; arrowheads point to both structures;  

B: PVX.GFP-TGB2-infected cells at 4 days post-inoculation; arrowheads point to VRCs 

and arrows position to vesicles; 

C: GFP-TGB2 and GFP-Talin-expressing cells (actin marker); arrows point to vesicles 

along the actin filaments; 

D: GFP-TGB2 and DsRed-ST (sialyl-transferase)-expressing cells (Golgi marker); the 

GFP-TGB2 vesicles (arrowhead) do not colocalise with the DsRed-ST (arrows).  

Bars in A,B images represent 20 µm; bars in C,D images represent 10 µm.  
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1.4.3.2.2 PVX TGB3 associates with the ER, ER-derived vesicles, but not with the 

Golgi bodies 

 

In the absence of viral infection, PVX TGB3-GFP is found in the cortical ER and 

nuclear envelope. In the presence of virus infection, TGB3-GFP (when co-expressed 

with PVX) is, like TGB2, found mainly in the ER network and in the granular vesicles, 

and perinuclear aggregates associated with the ER (Zamyatnin et al., 2002; 

Krishnamurthy et al., 2003; Ju et al., 2005, 2007, 2008; Schepetilnikov et al., 2005; 

Samuels et al., 2007). PVX TGB3 is also found in the nucleus and nucleoplasm, 

suggesting that at some stages of virus infection there might be entry to the cell nucleus. 

However, the nuclear targeting domain has not been identified during mutational 

analysis of the TGB3 protein. Mutations which eliminated TGB3 association with the 

ER and affected virus movement did not influence TGB3-GFP localisation in the 

nucleoplasm. On the basis of fluorescence recovery after photobleaching (FRAP) 

experiments, it was suggested that TGB3-GFP is either dislocated from the ER and 

accumulates in the nucleoplasm or is directly transported to the nucleus independently of 

its accumulation at the ER early in PVX infection. However, further analysis of the 

TGB3 movement between the ER and nucleus is needed (Ju et al., 2008).  

 

Like TGB2, the TGB3 protein was also not found to colocalise with Golgi (Samuels et 

al., 2007). Interestingly, when TGB2 and TGB3 were cobombarded together, 

localisation of the TGB2 protein was redirected to peripheral bodies in the cell (Fig. 

1_19) (Solovyev et al., 2000; Schepetilnikov et al., 2005). 
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A                                                                       B 

Figure 1_19: Subcellular localisation of bombarded plasmids containing TGB2 and 

TGB2/TGB3 co-expressed together in N. benthamiana leaves (Adapted from Solovyev 

et al., 2000).  

A: pRT.GFP-TGB2; B: pRT.GFP-TGB2 + pRT.TGB3. Bars, 10 µm. 

 

The fact that both TGB2 and TGB3 proteins were found in the ER, in granular vesicles, 

and perinuclear bodies indicates that these two viral proteins act together and have the 

same subdomains for interaction with the host endomembrane system (Samuels et al., 

2007). In some studies it was shown that TGB2 and TGB3 can colocalise together in the 

ER and in the ER-associated vesicles induced by these proteins (Zamyatnin et al., 2002; 

Schepetilnikov et al., 2005; Samuels et al., 2007). However, there is no experimental 

evidence as to whether the TGB2/TGB3-related vesicles contain vRNA/CP/TGB1 

complex or virions/STPs. It is also yet unclear if TGB2 and TGB3-induced vesicles can 

traffic from cell-to-cell (Verchot-Lubicz et al., 2006). Also, these two proteins have not 

yet been shown to contribute to the viral replication process (Schepetilnikov et al., 

2005).  

 

1.5 Plant cell endomembrane system and cytoskeleton  

 

1.5.1 Plant cell endomembrane system  

 

All plant cells are surrounded by a membrane, which divides the cell cytoplasm from the 

outside environment. The plasma membrane consists of a bilayer of phospholipids with 
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proteins attached to it and it possesses differential permeability capacity allowing only 

certain compounds to get into plant cells (Matthews, 1992). Cell organelles are either 

connected with each other directly or through functional properties, for instance, through 

the exchange of transport materials (Cheung and de Vries, 2008). 

 

In eukaryotic plant cells the organelles of the endomembrane system include the 

endoplasmic reticulum, the Golgi apparatus, the nuclear envelope, the plasma 

membrane, lysosomes, vacuoles and vesicles. The membranes of mitochondria and 

chloroplasts are not included in the endomembrane system of the cell (Cheung and de 

Vries, 2008). This introduction will focus on the plant ER, Golgi apparatus and actin 

cytoskeleton.   

 

1.5.1.1 The ER and the Golgi apparatus 

 

The ER is found in all eukaryotic cells. The ER branches into the cell cytoplasm and 

takes up to 10 % of the whole plant cell volume. Plant ER forms a mobile network, 

which consists of sheets (cisternal ER) and branching tubules (tubular ER). Rough ER is 

so named due to the fact that its surface is covered with ribosomes. Smooth ER does not 

have ribosomes on its surface (Hepler et al., 1990; Vitale and Denecke, 1999). The ER 

contains different functional domains. At least 16 types of ER domains have been 

described. As in animal cells, plant ER is continuous with an outer membrane of the 

nuclear envelope. The outer nuclear membrane is a main microtubule organising centre 

(MTOC) in plant cells (Staehelin, 1997). The main function of the ER is the synthesis, 

processing and transport of molecules (proteins and lipids) to cell organelles and the cell 

exterior. Transitional ER contains ER exit sites from which transport vesicles carrying 

newly synthesised molecules are taken to the Golgi apparatus (Vitale and Denecke, 

1999). The Golgi is connected with the cortical ER network (Fig. 1_20) on its cis-face, 

where molecules enter the Golgi apparatus, while the trans-Golgi (where
 
the molecules 

exit the Golgi stack) is located at the opposite face of the Golgi (reviewed in Neumann 

et al., 2003; DaSilva et al., 2004).  
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Figure 1_20: Golgi bodies (fluorescent ‘blobs’) on the cortical ER network (Adapted 

from Hawes, 2005). Bar, 10 �m. 

 

In contrast to the ER, the Golgi apparatus has dramatic differences in its morphology 

and behavior between plant and animal cells (Nebenführ et al., 1999). Unlike animal 

Golgi, the higher plant Golgi apparatus (also known as the Golgi complex or the Golgi 

body) is composed of several organised biosynthetic subunits forming individual stacks 

of membrane cisternae which are considered to be functionally independent
 
(Staehelin 

and Moore, 1995). The plant Golgi apparatus is highly mobile and its individual stacks 

move over the cortical ER network along actin filaments (Boevink et al., 1998; 

Nebenführ
 
et al., 1999; Brandizzi et al., 2002). In animal cells, the

 
Golgi complex is 

found in a fairly stationary perinuclear location (Presley et al., 1997). In addition, 

communication between the ER and the Golgi in mammalian cells is dependent on 

microtubules and cytoskeleton-associated proteins such as dynein and kinesin (Roghi 

and Allan, 1999; reviewed in Andreeva et al., 2000; Sain-Jore et al., 2002).  
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The Golgi is a multifunctional organelle. It receives and modifies protein-containing 

vesicles from the ER for the packaging of the molecules into transport vesicles for 

navigation to the correct cell destination. Apart from the processing cargo from the ER, 

Golgi also synthesises and exports oligo- and polysaccharides and glycolipids (reviewed 

in Hawes, 2005). Interestingly, not all secretory proteins are passed through the Golgi. 

Hara-Nishimura et al. (1998) and Toyooka et al. (2000) suggest that the Golgi may be 

by-passed and the cargo transported directly from the ER to storage vacuoles (Hara-

Nishimura et al., 1998; Toyooka et al., 2000). 

 

1.5.1.2 Structural association of the ER and the Golgi apparatus with the actin 

cytoskeleton in plants  

 

On the whole, the plant Golgi apparatus is highly motile and its individual stacks move 

over the tubules of the cortical ER network on actin filaments (Fig. 1_21). This 

movement is possibly driven by a myosin motor (Boevink et al., 1998; Nebenführ
 
et al., 

1999; Brandizzi et al., 2002).  

 

 
 

Figure 1_21: Golgi bodies on ER network and actin cables (Adapted from Neumann et 

al., 2003).   

Confocal laser scanning images of a tobacco leaf epidermal cell (A) and tobacco BY-2 

cell (B) A: Golgi stacks (ST-YFP) in red and cortical ER in green; B: Golgi stacks (ST-

GFP) in green and actin filaments (rhodamine-phalloidine labelling of actin) in red; 

arrows point to the Golgi bodies. Bars, 10 µm. 
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1.5.2 Plasmodesmata, plant cell endomembrane system and cytoskeleton 

 

Actin microfilaments together with microtubules compose the plant cytoskeleton 

(reviewed in Takemoto and Hardham, 2004). Microtubules are composed of tubulin and 

microfilaments are made of actin. F-actin, a primary component of the cytoskeleton, 

surrounds the cell endomembrane system (Hull, 2002). The plant cytoskeleton is 

involved in cell growth and development and plays a fundamental role in cell meiosis 

and mitosis, cytokinesis, cell differentiation and intracellular movement of organelles 

(Staiger, 2000; Wasteneys and Galway, 2003). In plant cells there is a link between the 

endomembrane system and the cytoskeleton since the ER is closely associated with actin 

filaments (cortical ER moves along actin cables) (Allen and Brown, 1988; Quader et al., 

1987; Boevink et al., 1998).  

 

In PD, ER forms the desmotubule (Fig. 1_22), a strand of cortical ER that passes 

through PD and interconnects the ER of neighbouring cells (Robards and Lucas, 1990; 

Ding et al., 1992a,b; Lucas and Wolf, 1993; Boevink et al., 1998; Botha and Cross, 

2000; Ehlers and Kollmann, 2001). 

 
 

Figure 1_22: Diagrammatic illustration of the substructure of simple plasmodesmata 

(Adapted from Roberts and Oparka, 2003). 

C: PD in longitudinal; D: PD in transverse sections.  

ER: endoplasmic reticulum; CW: cell wall; CS: cytoplasmic sleeve; D: desmotubule; 

CR: central rod; PM: plasma membrane; SP: spoke-like extensions; PMP: plasma 

membrane-embedded proteins; DP: desmotubule-embedded proteins.  
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In addition, actin microfilaments are also associated with the plasmodesmal pore (Fig. 

1_23) and extend through PD (Blackman and Overall, 1998; White et al., 1994).  

 

 
 

Figure 1_23: Actin is associated with PD (Adapted from White et al., 1994)  

Confocal laser scanning microscopy of epidermal peels of H. vulgare fixed and stained 

with rhodamine-phalloidin to visualise actin  

8a-c: Arrows point to pitfields and show actin microfilaments attached to these pitfields; 

n: nucleus. Bars, 5 �m.  

 

There are different possible ways of viral transport through PD. It is likely that plant 

viruses use the cytoplasm between the plasma membrane and desmotubule (cytoplasmic 

sleeve, CS) for their trafficking to neighboring plant cells (Lucas and Wolf, 1993; Epel, 

1994; Kragler et al., 1998), possibly assisted by the actin-myosin system of the host 

(reviewed in Overall and Blackman, 1996). Viral movement is possibly regulated by 

callose deposition in the cell wall (Maule, 2008), and actin forms a static platform within 

PD for molecules to move on (White et al., 1994).  
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1.6 Involvement of host organelles in plant virus infection, replication 

and movement of vRNA  

 

1.6.1 Involvement of host organelles in plant virus infection and replication  

 

Recent data suggests that plant viral replication occurs on specific sites in the cell and 

these sites are related to the host membrane systems and the plant cytoskeleton 

(Ploubidou and Way, 2001). It has been reported that distinct types of membranes of 

different origin can be involved in positive-sense plant and animal RNA virus 

replication, and the type of host membranes involved depends
 
on the virus (Salonen et 

al., 2005).  

 

This section will provide examples of different host organelles and membrane 

recruitment (with the focus on the ER and the Golgi apparatus) that is associated with 

(+)RNA virus replication and movement. The examples of the host membranes 

associated with plant (+)ssRNA virus replication and spread are listed in the Table 1.1.  

 

Table 1.1: Involvement of the plant organelles in (+)ssRNA virus replication 

 

Membranes derived 

from: 

Virus Reference 

ER/Golgi AMV 

BMV 

BYV 

CPMV 

GFLV 

PCV 

PSLV 

PVX 

 

 

 

RCNMV 

TEV 

Huang and Zhang (1999) 

Restrepo-Hartwig and Ahlquist (1996, 1999) 

Peremyslov et al. (1999) 

Carette et al. (2000) 

Ritzenthaler et al. (2002) 

Dunoyer et al. (2002) 

Zamyatnin et al. (2002) 

Kozar and Sheludko (1969); Stols et al. (1970); 

Hefferon et al. (1997); Solovyev et al. (2000); 

Morozov and Solovyev (2003); Schepetilnikov et 

al. (2005); Samuels et al. (2007) 

Turner et al. (2004) 

Schaad et al. (1997) 
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TMV 

 

 

Esau and Cronshaw (1967); Heinlein et al. 

(1998); Reichel and Beachy (1998); Mas and 

Beachy (1999) 

Nucleus BYV 

PEMV 

 

PVX 

TMV 

 

Cronshaw et al. (1966) 

Shikata and Maramorosch (1966); Demler et al. 

(1994) 

Davies et al. (1993); Samuels et al. (2007) 

Goldin (1963); Reddi (1964); Esau and 

Cronshaw (1967) 

Vacuolar membrane CMV 

PVX 

TAV 

TMV 

Hatta and Francki (1981) 

Kozar and Sheludko (1969); Stols et al. (1970) 

Hatta and Francki (1981) 

Esau and Cronshaw (1967) 

Peroxisome CymRSV Russo et al. (1983); Lupo et al. (1994) 

Endosome/lysosome SFV Froshauer et al. (1988) 

Mitochondria CIRV 

PVX 

TRV 

Rubino et al. (2001); Weber-Lotfi et al., 2002) 

Kozar and Sheludko (1969); Stols et al. (1970) 

Harrison and Roberts (1968)  

Chloroplast outer 

membrane 

AMV 

BYV 

ClYMV 

TMV 

 

TYMV 

de Graaf at al. (1993) 

Leyon (1953); Cronshaw et al. (1966)  

Purcifull et al. (1966) 

Zaltlin and Boardman (1958); Matsushita (1965); 

Esau and Cronshaw (1967); Shalla (1968) 

Ralph et al. (1966); Hatta et al. (1973); Garnier 

et al. (1980, 1986); Prod’homme et al. (2001) 

 

AMV – Alfalfa mosaic virus (Bromoviridae family) 

BMV – Brome mosaic virus (Bromoviridae family) 

BYV – Beet yellows virus (Closteroviridae family)  

CIRV – Carnation Italian ringspot virus (Tombusviridae family)  

ClYMV – Clover yellow mosaic virus (Flexiviridae family) 

CMV – Cucumber mosaic virus (Bromoviridae family) 

CPMV – Cowpea mosaic virus (Comoviridae family) 

CymRSV – Cymbidium ringspot virus (Tombusviridae family) 

GFLV – Grapevine fanleaf virus (Comoviridae family) 

PEMV – Pea enation mosaic virus (Luteoviridae family)  

PSLV – Poa semilatent virus (Hordeivirus genus) 

PVC – Peanut
 
clump virus (Furovirus genus) 

PVX – Potato virus X (Flexiviridae family) 

RCNMV – Red clover necrotic mosaic virus (Tombusviridae family)  

SFV – Semliki forest virus (Togaviridae family) 

TAV – Tomato aspermy virus (Bromoviridae family) 

TEV – Tobacco etch virus (Potyviridae family) 

TMV – Tobacco mosaic virus (Tobamovirus genus) 
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TRV – Tobacco rattle virus (Tobravirus genus) 

TYMV – Turnip yellow mosaic virus (Tymoviridae family) 

 

1.6.1.1 Membranes derived from the ER/Golgi  

 

The membrane for replication of tospoviruses is formed by budding into the Golgi 

apparatus and takes place in the cytoplasm of the host plant cell (Hull, 2002). A number 

of plant (+)RNA viruses such as brome mosaic virus (Restrepo-Hartwig and Ahlquist, 

1996, 1999; reviewed in Noueiry and Ahlquist, 2003), tobacco etch virus (Schaad et al., 

1997), TMV (Fig. 1_24) (Esau and Cronshaw, 1967; Heinlein et al., 1998; Reichel and 

Beachy, 1998; Mas and Beachy, 1999), cowpea mosaic virus (CPMV) (Fig. 1_25) 

(Carette et al., 2000), grapevine fanleaf virus (GFLV) (Ritzenthaler et al., 2002), peanut
 

clump virus (PCV) (Fig. 1_26) (Dunoyer et al., 2002), red clover necrotic mosaic virus 

(RCNMV) (Turner et al., 2004) were shown to use ER-derived membranes
 
for their 

replication. 

 
 

Figure 1_24: Association of TMV with the ER (Adapted from Esau and Cronshaw, 

1967) 

Electron microscopy (EM) of TMV X-body and its association with cellular components 

of the host N. tabacum plant   

V: aggregates of TMV particles; ER: rough ER with ribosomes; G: vacuole containing 

globules. Magnification: X 52,000. 
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Figure 1_25: Cowpea mosaic virus replication on rearranged ER membranes (Adapted 

from Carette et al., 2000) 

Confocal image of N. benthamiana transgenic plant with GFP targeted to the lumen of 

the ER (ER-GFP) infected with CPMV expression vectors to show the effect of 

expression of different cowpea mosaic virus proteins on ER morphology. 

Massive ER proliferation near the nucleus (arrowhead) of a CPMV-infected cell and the 

CPMV VRC (arrow). Bars, 10 �m. 

 

Replication of peanut
 
clump virus (Fig. 1_26), a member of

 
the Pecluvirus genus and the

 

alphavirus-like family, also happens on modified membranes of ER and Golgi apparatus 

(Dunoyer et al., 2002).  
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Figure 1_26: Peanut
 
clump virus replication on ER/Golgi membranes (Adapted from 

Dunoyer et al., 2002)  

Confocal images of uninfected (A and B) and PCV-infected (C and D) epidermal cells 

of ER-GFP transgenic N. benthamiana plants 

A: typical tubular ER network and nuclear envelope in control uninfected plants; B: 

cortical ER in control uninfected plants; C: perinuclear ER membrane aggregates 

(arrow) observed in epidermal cells of PCV-infected systemic leaves; D: fluorescent 

bodies in a cortical ER network in infected cells. Bar, 10 µm. 

 

ER involvement in TMV replication has been studied extensively (Sanfaçon, 2005). 

Work by Mas and Beachy (1999) found a structural association between vRNA-
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replicase complexes, ER membranes and the cytoskeleton (Mas and Beachy, 1999). The 

labeling of the ER was also found for MPs of beet yellows virus (Peremyslov et al., 

1999), and alfalfa mosaic virus (Huang and Zhang, 1999), for poa semilatent virus 

(Solovyev et al., 2000; Zamyatnin et al., 2002) and for the plant potyvirus replication 

(Wei and Wang, 2008).  

 

1.6.2 Involvement of the plant cytoskeleton in virus replication and vRNA trafficking  

 

It is shown that some viral MPs (for example, TMV MP and cauliflower mosaic virus P6 

protein) interact with the host cytoskeleton systems: with mictrotubules (Heinlein et al., 

1995) and microfilaments (McLean et al., 1995; Boyko et al., 2000; Harries et al., 

2009a). It is very likely that both actin microfilaments and microtubules may act as host 

elements for vRNA-MP and virion complexes to target PD (Carrington et al., 1996; 

Lazarowitz and Beachy, 1999; Tzfira et al., 2000; Heinlein, 2002).  

 

TMV, a single-stranded RNA virus, encodes a 30-kD MP. During TMV infection, this 

protein binds to vRNA and associates with replicase, ER membranes, microtubules and 

actin and increases the SEL of PD. It was suggested that TMV MP mediates 

microtubule-based movement of RNP
 
complexes to and via PD (Wolf et al., 1989; 

Citovsky
 
et al., 1992; Heinlein et al., 1995, 1998; McLean et al., 1995; Reichel and 

Beachy, 1998; Mas and Beachy, 1999, 2000; Heinlein, 2002; Kawakami et al., 2004). 

There are some contradictory findings for the involvement of actin cytoskeleton in TMV 

intracellular spread. Some data show that TMV cell-to-cell movement is inhibited by 

expression of an actin-binding protein (Hofmann et al., 2009). Another recent finding 

showed no influence on TMV spread by latrinculin B applications (Harries et al., 

2009b). However, the differences in these two results could be due to differences in the 

experimental approaches, for instance in the duration of inhibitor treatments and in 

different experimental time-points. 
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In the work of Kragler et al. (2003), MPB2C, a TMV MP-binding protein, was isolated 

from tobacco and this protein was found to have homologous sequences only in plants. 

When expressed together, MPB2C colocalised with TMV MP at microtubules but not on 

the ER. When MPB2C was overexpressed, transport of MP was inhibited, suggesting 

that a TMV MPB2C is a negative regulator of the TMV transport on microtubules 

(Kragler et al., 2003). 

 

There is also some discussion about the transport of viruses independently of the plant 

cytoskeleton systems. This theory is supported by the data of Gillespie et al. (2002) and 

Kawakami et al. (2004) and includes experiments with a microtubule depolymerisation 

drug and silencing of the �-tubulin gene. Gillespie’s data shows that TMV is able to 

replicate and move in the absence of microtubules (Gillespie et al., 2002). Silencing of 

the �-tubulin gene had no major effect on the TMV movement and the MP targeting to 

PD (Kawakami et al., 2004).  

 

MPs of some viruses (for example, tomato spotted wilt virus, cowpea mosaic virus and 

grapevine fanleaf virus (GFLV)) can form protein tubules. These tubules are needed for 

the virions to go through PD in infected plant cells (Hull, 1992; Ritzenthaler et al., 1995; 

Storms et al., 1995; Lazarowitz and Beachy, 1999; Laporte et al., 2003). Interestingly, 

formation of tubules is inhibited by brefeldin A, a drug that affects protein transport 

from the ER to the Golgi apparatus and leads to protein accumulation in the ER 

(Nebenführ et al., 2002). However, cytoskeletal inhibitors of actin (cytochalasin D and 

latrunculin B) did not influence tubule formation or distribution. Application of oryzalin 

disrupted MP tubule distribution. The authors suggest that tubules of GFLV MP are 

transported via plant microtubules and propose that the plant secretory pathway has an 

effect on tubule formation. The authors hypothesise that actin microfilaments are 

involved in the transport processes if microtubules are depolymerised (Ritzenthaler et 

al., 1995; Lazarowitz and Beachy, 1999; Laporte et al., 2003). 

 



 48 

1.6.3 Involvement of mammalian host membranes and cytoskeleton in virus infection, 

replication and movement 

 

Replication of animal viruses has been also shown to occur in close association with 

cellular membranes of the host (Ploubidou and Way, 2001; Greber and Way, 2006; 

Radtke et al., 2006). The transmembrane domains that are responsible
 
for the anchoring 

of the virus on host membranes were identified
 
(Echeverri et al., 1998; Kusov et al., 

1998). The replication of togaviruses and coronaviruses takes place on modified 

membranes of endosomes or lysosomes
 
(Froshauer et al., 1988; Peränen et al., 1995; 

Maglianon et al., 1998; van der Meer et al., 1999). Many animal viruses also use ER as 

a site of replication (Suhy et al., 2000; Mackenzie, 2005). Flavivirus RNA replication 

has been suggested to take place in vesicles generated from the trans-Golgi membranes 

(Mackenzie et al., 1999). Membranes of the ER, the Golgi apparatus, and
 
lysosomes 

have been identified in the poliovirus-induced vesicles in animal cells (Dales et al., 

1965; Caliguri and Tamm, 1970; Bienz et al., 1987; Schlegel et al., 1996). Most of the
 

vesicles induced during viral replication are surrounded by double bilayers of lipids, 

indicating that it is not just a simple budding process, suggesting a more complex 

packaging mechanism for vesicle formation (Schlegel et al., 1996; Pedersen et al., 

1999).  

 

Certain
 
animal viruses have been also found to be associated with host cytoskeleton 

systems during viral entry, replication and translocation within the host mammalian cell 

(Radtke et al., 2006; Lai et al., 2008). Viral capsids of
 
herpes simplex virus type 1 and 

adenovirus type 2 have been found closely associated with microtubules during viral 

infection. These viruses bind to microtubule-associated
 
motor proteins and utilise host 

microtubules for movement. Application of a microtubule-depolymerising drug had an 

effect on intracellular
 
virus transport (Sodeik et al., 1997; Suomalainen et al., 1999). An 

interaction of virions with host
 
cell actin has been detected for vaccinia virus, a DNA 

mammalian virus of the Poxviridae family (Cudmore et al., 1997; Roper et al., 1998). In 

addition, actin microfilaments and myosin proteins have been shown to be involved in 
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the transport of endogenous mRNAs within the cell (Sundell and Singer, 1991; Bassel 

and Singer, 1997). However, little is
 
known about the nature and

 
regulation of animal 

virus-host cytoskeleton interactions (Stidwill and Greber, 2000).
 

 

All in all, the replication of an increasing number of (+)RNA viruses has been 

discovered to occur on different intracellular membranes of the host plant, and there has 

been more evidence recently suggesting that plant viral replication and movement 

complexes could also be related to the plant cytoskeleton  (Hull, 2002).  

 

1.7 Current RNA imaging 

 

An increasing number of localised RNA molecules identified over recent years have 

resulted in a high demand for methods that are suitable to visualise and study RNA 

dynamics in single cells (reviewed in Neilson and Sharp, 2008). A number of RNA 

imaging strategies have been designed, ranging from molecular beacons to chemical 

RNA binding dyes (reviewed in Rodriguez et al., 2007). The majority of techniques for 

viral RNA imaging are based on fluorescence in situ hybridisation (Mas and Beachy, 

1999; Carette et al., 2000) and immunogold EM approaches (Dunoyer et al., 2002; 

Taliansky et al., 2003). However, these RNA localisation methods are destructive and 

do not allow in vivo studies of viral RNA dynamics (Tilsner et al., 2009). 

 

This section will focus on describing some of the RNA imaging protocols that are most 

relevant to plant pathogen research to date.  

 

1.7.1 Fluorescent nucleic acid dyes 

 

Fluorescent nucleic acid dyes are another way to label viral genomes. However, the 

major challenge for their use in plant tissues is their delivery into living plant cells 

without causing cell death due to toxicity of many fluorescent dyes. Hydrophobic 

synthetic dyes normally cross the cell barrier passively and easily in animal cell. Getting 
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the dye in to the plant cell is a challenge due to the hydrophilic cell-wall barrier. Cell-

impermeable dyes do not penetrate cellular membranes and require other methods of 

delivery, for instance, microinjection (reviewed in Jeffrey et al., 2008). 

 

There is a broad variety of different nucleic acid dyes, the choice of which depends on 

the purpose of the experiment and dye properties and characteristics. DAPI (4'-6-

diamidino-2-phenylindole; Spence, 2001) is a semi-permanent dye (reviewed in Suzuki 

et al., 2007). This dye forms a blue fluorescent complex when bound to double stranded 

nucleic acids and therefore it is broadly used for nuclear staining (excitation/emission: 

358/461 nm) (reviewed in Kapuscinski, 1995).  

 

When using fluorescent dyes for studies of vRNAs, the dyes have to fulfill a number of 

requirements, such as their response to RNAs, high detection intensity and low 

photobleaching level in order to be suitable for successful RNA staining. Brandenburg et 

al. (2007) screened more than 20 RNA-binding dyes available from Molecular Probes 

(such as acridine orange (AO), RiboGreen, RNA Select, and many different Syto dyes 

from Syto11-17, 59, 61, 63, 64, 80, 81, 83, 85) for their interaction with poliovirus by 

the following 5 criteria: 1) membrane permeability of the dye; 2) cytotoxicity; and the 

requirements for interactivity with the virus, such as 3) dye capacity to bind to the viral 

RNA to allow single RNA visualisation, 4) absence of interference with RNA 

incorporation into virions, and 5) virus ability to infect the cells when the dye was 

applied. As a result of these experiments, the authors identified only one dye, Syto82 

(excitation/emission maximum: 541/571 nm), that met all five requirements. 

Brandenburg et al. (2007) used this dye successfully for single poliovirus RNA imaging 

in living cells. However, rate of photobleaching for Syto82 was high. When applying 

this dye, extensive photobleaching had to be avoided (Brandenburg et al., 2007). 

 

AO is a dual fluorescent nucleic acid dye. This stain is permeable to cell membranes and 

has green fluorescence with excitation/emission maximum at 500/525 nm when bound 

to DNA. When this dye associates with RNA, its excitation/emission is shifted towards 
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the red fluorescence spectrum (460/650 nm), characteristic frame-red signal for AO 

RNA staining. However, AO is mainly used for staining RNA molecules (Molecular 

probes web site). Mayor and Diwan (1961) and Mayor and Hill (1961) found that AO 

dye only interacted with single-stranded nucleic acids by intercalation or possible ionic 

bonds to the phosphate groups. Weaker van der Waals’ forces are probably also 

involved in the interaction (Mayor and Diwan, 1961; Mayor and Hill, 1961). 

 

In the past AO was broadly used to study viral RNAs of ssRNA viruses, for example, 

RNA of infectious bursal disease virus (Cho and McDonald, 1980), poliovirus (Mayor 

and Diwan, 1961) and tobacco mosaic virus (Hirai and Wildman, 1953; Mayor and 

Diwan, 1961). The authors detected brick red fluorescence when 0.1 % AO was used for 

staining fixed TMV infected plant hair cells (Hirai and Wildman, 1953). Unlike 

poliovirus, TMV was discovered to be permeable to AO in the non-fixed condition 

(Mayor and Diwan, 1961). Hiatt (1960) reported that many viruses (for instance, T3 

phage and vaccinia) are also permeable to RNA dyes; however, others (enteroviruses 

and reoviruses) are totally resistant (Hiatt, 1960).  

 

Mayor and Diwan (1961) performed the so called “vital staining” (Schaffer, 1960; 

Crowther and Melnick, 1961; Mayor, 1961) in their experiments with TMV, in which 

they incorporated the dye into forming virions so AO associated with RNA of virus 

particles. The concentration of the dye (0.01 % AO) in the medium was an important 

condition in their experiments (Mayor and Diwan, 1961). Schümmelfeder (1958) has 

shown in experiments on fixed tissue that at high concentration of AO (0.05 %), the 

change from green to yellow to orange and lastly to red was observed when the pH of 

the solution was increased. At low concentration of AO (0.01 %) RNA was detected as a 

red signal (Schümmelfeder, 1958).  

 

In summary, a strong point in using fluorescent nucleic acid dyes is their ability to label 

RNA molecules in the cells. However, the main problems in fluorescent dye labelling in 

living cells are no sequence specificity, permeability and toxicity. For instance, even 
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very low concentration of AO (0.003 %) was found to be extremely toxic to tissue 

culture cells. AO required fixation of the tissue prior to staining, and therefore was 

unsuitable for live cell imaging of viral RNAs (Mayor and Diwan, 1961). 

 

1.7.2 New approaches for RNA imaging in living cells 

 

1.7.2.1 Pumilio RNA-binding protein  

 

Ozawa et al. (2007) designed an RNA imaging system that allows visualisation of 

mitochondrial (mtRNA) RNAs in mammalian cells (Ozawa et al., 2007) The authors 

used the RNA-binding Pumilio Homology Domain (PUMHD; Wickens et al., 2002) of 

the human protein Pumilio1 (HsPUM1; a homolog of the Drosophila melanogaster 

Pumilio protein) (Spassov and Jurecic, 2002). HsPUM1 belongs to the Pumilio family 

(PUF) of RNA-binding proteins. These proteins are unique. The unique conserved 

PUMHD has a modular structure, consisting of eight imperfect Puf repeats. Each repeat 

contacts one base of a target RNA molecule creating 8-nt contact sites (Fig. 1_27) 

(Wang et al., 2002). All protein-RNA contacts in each site occur between three amino 

acid side chains per Puf repeat and the RNA bases, resulting in binding (KD = 0.05 nM) 

to its complementary target RNA sequence (Fig. 1_27). Therefore, these characteristics 

allow the PUMHD to be modified to bind an 8-nt RNA sequence of choice (Cheong and 

Hall, 2006).  
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Figure 1_27: Structure of the human HsPUM1 protein (left) and schematic 

representation of Pumilio protein-target RNA contacts (right) (from Wang et al., 2002; 

Cheong and Hall, 2006; Ozawa et al, 2007) 

Left: The helical Pumilio protein repeats are labelled R1� to R8�. 

Right: The protein-RNA interactions observed in the structure of the HsPUMHD:NRE2-

10 complex.  

Hydrogen bonds are shown with dotted lines; stacking interactions are represented with 

dashed lines; van-der-Waals interactions are indicated with “))))))”; distances between 

atoms are shown in angstroms under the lines.  
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Upon binding of two modified PUMHD variants fused to split-FP constructs to the 

target sites on endogenous mtRNAs in HeLa cells, Ozawa et al. visualised mtRNA (Fig. 

1_28) (Ozawa et al., 2007). 

 

 

 
Figure 1_28: Detection of mtRNA molecules by means of the split-FP bimolecular 

fluorescent complementation (BiFC) approach (Adapted from Ozawa et al., 2007) 

A: schematic representation of BiFC strategy for mRNA tracking 

N-EGFP and C-EGFP: N- and C- terminus of the split-GFP; PUMHD mutant 1 and 

PUMHD mutant 2: two engineered Pumilio RNA-binding domains for binding to the 

target RNA sequence. 

B: mtRNAs sequences that are recognised by two PUMHD mutant domains.  

 

The difficulties of different RNA labelling methods for viral RNA localisation in living 

plant cells have been a significant drawback in understanding virus replication and 

movement in plants. Of specific relevance to this problem is recent work from our lab, in 

which Dr. Tilsner adapted the Ozawa et al. method (Ozawa et al., 2007) to study plant 

viral RNAs, with the focus on their subcellular localisation and movement (Tilsner et al. 

2009). Tilsner et al. (2009) developed a method, in which a Pumilio RNA-binding 

protein was engineered to interact with the target vRNA in virus-infected living plant 
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cells (Tilsner et al., 2009). This publication is attached in the appendix and will be 

explained in more details in the corresponding results chapter (see Chapter 5). 

 

1.8 The aims of the project 

 

Despite intense research efforts, the exact mechanism of PVX vRNA transport to and 

via PD is still poorly understood. The functional significance of PVX VRC, including its 

biogenesis, structure and the role of viral proteins in vRNA localisation within the VRC 

remain unclear. Available research data suggests that PVX uses cellular pathways for 

trafficking its genome; however, there is no clear picture of the molecular details of 

different stages, including the early stages of viral infection events. The role and 

involvement of plant host factors during PVX infection remains to be established. To 

date, it is not known which cellular membrane compartments serve as a centre for PVX 

replication and movement of viral genomes into adjacent cells. There are several current 

models of viral cell-to-cell movement with many unanswered questions in these models. 

The hypothesis of this thesis is that viral movement is dependent on the successful 

formation of the VRC.  

 

Therefore, the aims of this project are to dissect the PVX VRC in order to: 

 

- analyse the biogenesis and structure of the PVX VRC; 

 

-  identify host organelles involved in the formation and establishment of the VRC and 

to understand their involvement in the viral replication and movement processes; 

 

-  explore the localisation of viral proteins in the VRC, their interactions with each 

other, with vRNA and with the components of the host plant;   

 

-  uncover where the viral RNA is located in PVX-infected cells;  
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- determine which viral gene products recruit host organelles into the VRC; 

 

-  establish the link between VRC formation and trafficking of the viral genome to cell 

PD; 

 

- develop a detailed integrated model of PVX vRNA movement to and through PD.   
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2. Materials and Methods 

 

2.1 Materials 

 

2.1.1 Plant materials and growth conditions 

 

N. tabacum and N. benthamiana plants were grown under the following conditions: 

16 h light, 8 h dark (long-day) with the light intensity 1000 �mol m
-2

 sec
-1

 at 25° C 

(PVX) and at 33° C (TMV). 

 

2.1.1.1 Transgenic plant lines used in this thesis (Table 2.1) 

 

Table 2.1: Transgenic plants 

 

Line # Transgene Promoter Plant host Source 
CB 3 TMV MP-GFP 

green secondary PD 

35S N. tabacum Roberts et 

al., 2001 

CB 13 

 

smRS.GFP-TUA6 

green microtubulin 

35S N. benth Ueda et al., 

1999 

CB 28 

 

mGFP5-ER 

green ER 

35S N. benth Boevink et 

al., 1996 

CB 39 

 

ST (sialyl transferase)-GFP 

green Golgi 

35S N. tabacum Boevink et 

al., 1998 

KO 29 

 

FABD2 (fimbrin actin binding 

domain 2)-GFP 

green actin 

35S N. tabacum Sheahan et 

al., 2004 

 

2.1.1.2 Plasmids used in this thesis (Table 2.2) 

 

Table 2.2: Constructs and molecular cloning procedures for plasmids constructed and 

used during this work 

 

Plasmid name Characte- 

ristics 

Origin  

Organelle markers: 
pRTL2-duplicated 

Cauliflower mosaic virus 

(CaMV) 35S promoter 

(p2x35S) 

3.8 kb; Amp
R

 Restrepo et al., 1990 
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pRTL2.ER-tdTomato  

 
5.7 kb; Amp

R

; 

bombardment 

red ER marker 

Dr. Jens Tilsner 

pRTL2.Lifeact-tdTomato 5.7 kb; Amp
R

; 

bombardment 

red actin marker 

Dr. Jens Tilsner 

pGWB402�-2x35S promoter 

and TMV 5' UTR, so-called 

‘omega sequence’ 

(translational enhancer) 

11.7 kb; Spec 

and Cm
R

 

Nakagawa et al., 2007 

pGWB402�.Lifeact-TagRFP 12.5 kb; Spec
R

; 

binary red actin 

marker 

Dr. Jens Tilsner 

PVX-carrying plasmids: 

pGR106  11.1 kb; Kan
R

 Jones et al., 1999 

pGR106.GFP 11.8 kb; Kan
R

; 

binary PVX 

construct  

Prof. David Baulcombe 

pGR106.CFP 11.8 kb; Kan
R

; 

binary PVX 

construct 

Dr. Christophe Lacomme 

pGR106.mCherry 11.8 kb; Kan
R

; 

binary PVX 

construct 

Dr. Christophe Lacomme 

pGR106.pum.CFP 11.8 kb; Kan
R

; 

binary PVX 

construct 

Dr. Christophe Lacomme 

pGR106.pum.mCherry 11.8 kb; Kan
R

; 

binary PVX 

construct 

Dr. Christophe Lacomme 

pTXS  8.9 kb; Amp
R

 Chapman et al., 1992 

pTXS.CFP 

  

 

9.6 kb; Amp
R

;  

in vitro 

transcription 

PVX construct 

Dr. Christophe Lacomme 

pTXS.GFP-2A-CP 

  

 

10.4 kb; Amp
R

;  

in vitro 

transcription 

green ‘overcoat’ 

PVX construct 

Santa Cruz et al., 1996 

pRTL2.GFP-2A-CP 

 
11 kb; Amp

R

; 

bombardment 

green ‘overcoat’ 

PVX construct 

Dr. Christophe Lacomme  

pTXS.mCherry-2A-CP 10.4 kb; Amp
R

;  

in vitro 

transcription 

PVX construct 

Dr. Christophe Lacomme 

pTXS.pum.CFP-2A-CP  10.4 kb; Amp
R

;  

in vitro 

transcription 

Dr. Christophe Lacomme 
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PVX construct 

pTXS.pum.mCherry-2A-CP 10.4 kb; Amp
R

;  

in vitro 

transcription 

PVX construct 

Dr. Christophe Lacomme 

Endogenous PVX TGB1-mCherry: 

pGEMTE.TGB1-mCherry 

HiFi PCR product (OL29) 
4.4 kb; Amp

R

 

 

Designed during this thesis by Volha Linnik: 

The insert was generated from pGR106.mCherry 

as a template by 2 parallel HiFi PCRs using primer 

pairs NotI_25K for and Over_25K rev, 

Over_mCherry for and SacI_mCherry rev to 

introduce NotI site at TGB1 and the SacI site at 

mCherry. The resulting 2 PCR products were 

mixed and an overlap HiFi PCR was performed 

with added primer pairs NotI_25K for and 

SacI_mCherry rev. The resulting PCR product (an 

insert) was digested with NotI/SacI enzymes and 

cloned into NotI/SacI/CIP-treated OL18 vector 

(see below). The positive clones were sequenced. 

pGR106.TGB1-mCherry 

HiFi PCR product (OL39) 
11.8 kb; Kan

R

 

 

Designed during this thesis by Volha Linnik: 

The insert was generated from pGR106.mCherry 

as a template by HiFi PCR using primer pairs 

PmeI_sgp12K for and SacI_AscI rev to introduce 

the PmeI site at the sub-genomic promoter (sgp) of 

TGB2 and the SacI site at the end of TGB3 next to 

the AscI site.  

pGEMTE.TGB1-

mCherry,TGB2,TGB3 

(OL40) 

 

5 kb; Amp
R

 

 

Designed during this thesis  by Volha Linnik: 

The insert was excised from OL39 (HiFi PCR 

product) as a PmeI/SacI fragment and ligated into 

PmeI/SacI/CIP-treated OL29. The positive clones 

were sequenced. 

pGR106.TGB1-

mCherry.GFP (OL41) 
12.6 kb; Kan

R

 Designed during this thesis by Volha Linnik: 

The insert (TGB1-mCherry,TGB2,TGB3) was 

excised from OL40 as an ApaI/AscI fragment and 

ligated into ApaI/AscI/CIP-treated pGR106.GFP.  

pGR106.TGB1-

mCherry.GFP-2A-CP 

(OL41.2) 

12.7 kb; Kan
R

 

 

Designed during this thesis by Volha Linnik: 

The insert GFP-2A-CP was excised from 

pTXS.GFP-2A-CP as an EagI/Klenow 

blunted/SpeI fragment and ligated into 

AscI/Klenow blunted/SpeI-treated OL41 vector. 

pGR106.TGB1-mCherry 

(OL41.3) 
12.7 kb; Kan

R

 Designed during this thesis by Volha Linnik: 

The insert was excited from OL41 vector as an 

AscI/NotI/Klenow fragment and the fragment 

without GFP was religated. 

Viral gene markers: 

pRTL2.TGB1-mCherry 5.2 kb; Amp
R

 Dr. Christophe Lacomme 

pRTL2.GFP-TGB2 4.8 kb; Amp
R

 Krishnamurthy et al., 2002 

pRTL2.TGB3-GFP 4.6 kb; Amp
R

 Krishnamurthy et al., 2002 

PVX mutant constructs: 

pGEMTE.TGBs (OL28) 

 
4.2 kb; Amp

R

  

 

Designed during this thesis by Volha Linnik: 

The insert was generated from pGR106.mCherry 

as a template by HiFi PCR using primer pairs 

NotI_25K for and SacI_AscI rev to introduce the 

NotI and the SacI sites. The resulting PCR product 
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(the insert with TGBs) was digested with 

NotI/SacI enzymes and cloned into NotI/SacI/CIP-

treated OL18 vector (see below). The positive 

clones were sequenced. 

pGEMTE.�TGB2 (OL30) 

 
4.2 kb; Amp

R

 Designed during this thesis by Volha Linnik: 

The insert was excised from OL28 as a 

XbaI/Klenow fragment (frame-shifting) and 

religated. The positive clones were sequenced. 

pGEMTE.�TGB3 (OL31) 

 
4.2 kb; Amp

R

 Designed during this thesis by Volha Linnik: 

The insert was excised from OL28 as an 

EcoNI/Klenow fragment (frame-shifting) and 

religated. The positive clones were sequenced. 

pGEMTE.�TGB2-�TGB3 

(OL32) 

 

4.2 kb; Amp
R

 Designed during this thesis by Volha Linnik: 

The insert was excised from OL30 (�TGB2) as an 

EcoNI/Klenow fragment (frame-shifting in TGB3 

to generate �TGB3) and religated. The positive 

clones were sequenced. 

pGR106.�TGB2.GFP 

(OL35) 

 

11.8 kb; Kan
R

 Designed during this thesis by Volha Linnik: 

The insert (�TGB2) was excised from OL30 as an 

ApaI/AscI fragment and ligated into 

ApaI/AscI/CIP-treated pGR106.GFP. 

pGR106.�TGB3.GFP 

(OL36) 

 

11.8 kb; Kan
R

 Designed during this thesis by Volha Linnik: 

The insert (�TGB3) was excised from OL31 as an 

ApaI/AscI fragment and ligated into 

ApaI/AscI/CIP-treated pGR106.GFP.  

pGR106.�TGB1.GFP 

(OL37) 
11.8 kb; Kan

R

 Designed during this thesis by Volha Linnik: 

The insert (�TGB1) was excised from 

pGR106.GFP as an ApaI/T4 DNA Polymerase 

fragment (frame-shifting) and religated. 

pGR106.pum.mCherry.�CP 

(OL42) 

 

11.1 kb; Kan
R

 Designed during this thesis by Volha Linnik: 

The fragment (�CP) was excised from 

pGR106.pum.mCherry as a NotI/XhoI/Klenow 

fragment and the vector without CP was religated. 

pGR106.mCherry.�CP 

(OL43) 

 

11.1 kb; Kan
R

 Designed during this thesis by Volha Linnik: 

The fragment (�CP) was excised from 

pGR106.mCherry as a NotI/XhoI/Klenow 

fragment and the vector without CP was religated. 

pGR106.�TGB2-

�TGB3.GFP (OL44) 

 

11.8 kb; Kan
R

 Designed during this thesis by Volha Linnik: 

The insert (�TGB2-�TGB3) was excised from 

OL32 as an ApaI/AscI fragment and ligated into 

ApaI/AscI/CIP-treated pGR106.GFP. 

pGR106.�TGBs.GFP (OL45) 

 
11.8 kb; Kan

R

 Designed during this thesis by Volha Linnik: 

The fragment (�TGB2-�TGB3) was taken from 

OL44 as an ApaI/T4 DNA Polymerase fragment 

(frame-shifting in TGB1) and religated. 

pGR106.�TGB1-

�TGB2.GFP (OL46) 

 

11.8 kb; Kan
R

 Designed during this thesis by Volha Linnik: 

The insert (�TGB1-�TGB2) was excised from 

OL35 as an ApaI/T4 DNA Polymerase fragment 

(frame-shifting) and religated. 

pGR106.�TGB1-

�TGB3.GFP (OL47) 

 

11.8 kb; Kan
R

 Designed during this thesis by Volha Linnik: 

The insert (�TGB1-�TGB3) was excised from 

OL36 as an ApaI/T4 DNA Polymerase fragment 

(frame-shifting) and religated. 

pGR106.�TGB1.GFP-2A-CP 

(OL49) 
11.9 kb; Kan

R

 Designed during this thesis by Volha Linnik 

(finished by Dr. Jens Tilsner): 

The insert (GFP-2A-CP) was excised from 

pTXS.GFP-2A-CP as an EagI/Klenow 
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blunted/SpeI fragment and ligated into 

AscI/Klenow blunted/SpeI-treated OL37 vector. 

pGR106.�TGB2-

�TGB3.GFP-2A-CP (OL50) 
11.9 kb; Kan

R

 Designed during this thesis by Volha Linnik: 

The insert was excited from OL44 vector as an 

AscI/NotI/Klenow fragment and was religated. 

pGR106.�TGB2.GFP-2A-CP 

(OL53) 
11.9 kb; Kan

R

 Designed during this thesis by Volha Linnik 

(finished by Dr. Jens Tilsner): 

The insert (GFP-2A-CP) was excised from 

pTXS.GFP-2A-CP as an EagI/Klenow 

blunted/SpeI fragment and ligated into 

AscI/Klenow blunted/SpeI-treated OL35 vector. 

pGR106.�TGB3.GFP-2A-CP 

(OL54) 
11.9 kb; Kan

R

 Designed during this thesis by Volha Linnik 

(finished by Dr. Jens Tilsner): 

The insert (GFP-2A-CP) was excised from 

pTXS.GFP-2A-CP as an EagI/Klenow 

blunted/SpeI fragment and ligated into 

AscI/Klenow blunted/SpeI-treated OL36 vector. 

pGR106.�TGB1-

�TGB2.GFP-2A-CP (OL56) 
11.9 kb; Kan

R

 Designed during this thesis by Volha Linnik: 

The insert (GFP-2A-CP) was excised from 

pTXS.GFP-2A-CP as an EagI/Klenow 

blunted/SpeI fragment and ligated into 

AscI/Klenow blunted/SpeI-treated OL46 vector. 

pGR106.�TGB1-

�TGB3.GFP-2A-CP (OL57) 
11.9 kb; Kan

R

 Designed during this thesis by Volha Linnik: 

The insert (GFP-2A-CP) was excised from 

pTXS.GFP-2A-CP as an EagI/Klenow 

blunted/SpeI fragment and ligated into 

AscI/Klenow blunted/SpeI-treated OL47 vector. 

Pumilio/viral RNA imaging constructs: 

pUGW0-single 35S promoter 

(p1x35S) 

6 kb; Amp and 

Cm
R

 

Nakagawa et al., 2007 

pRPS5A  6.4 kb; Amp and 

Cm
R

 

Weijers et al., 2001 (promoter); Tilsner et at., 

2009 (plasmid) 

pUGW0.pRPS5A-a pUGW0-

derivative with p1x35S 

replaced by the promoter of 

the Arabidopsis ribosomal 

RPS5A gene (pRPS5A) 

(JT504) 

6.7 kb; Amp and 

Cm
R

 

Dr. Jens Tilsner (plasmid)  

pENTR1A 2.7 kb; Kan
R

 Invitrogen 

pGEMTE.PUMHD3794-

BSEXlinker (JT454) 
4.1 kb;  Amp

R

 Dr. Jens Tilsner 

pGEMTE. CitN-

PUMHD3794-NLS (without 

mutation) (OL18) 

Nuclear localisation signal 

(NLS) 

4.8 kb;  Amp
R

 Designed during this thesis by Volha Linnik:  

The insert (PUMHD3794) was excised from 

JT454 as a KpnI/BglII fragment and ligated into 

KpnI/BglII/CIP-treated pGEMTE-based vector. 

The positive clones were sequenced. 

pGEMTE.PUMHD3809-

PUMHD3794-BSEXlinker 

(JT463) 

5.3 kb; Amp
R

  Dr. Jens Tilsner 

pENTR1A.PUMHD3809-

PUMHD3794-BSEXlinker 

(OL1) 

4.4 kb; Kan
R

 Designed during this thesis by Volha Linnik: 

The insert (PUMHD3809-PUMHD3794-

BSEXlinker) was excised from JT463 as an 

EcoRI/AflII/Klenow fragment and ligated into 

XmnI/EcoRV/CIP-treated pENTR1A. 

pRTL2.DEST-B-//GFPc3 6.4 kb; Cm and Dr. Jens Tilsner 
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(JT355) Amp
R

 

pENTR1A.PUMHD3809-

PUMHD3794-�SgrA-EcoRV 

(OL15�) 

4.4 kb; Kan
R

 Designed during this thesis by Volha Linnik:  

OL1 vector was digested with 

SgrAI/EcoRV/Klenow in order to cut out the 

downstream stop codon and phenol-chloroform 

extracted followed by vector religation.  

pRTL2.PUMHD3809-

PUMHD3794-GFPc3 (OL27) 
6.9 kb; Amp

R

; 

green ‘double 

Pumilio’ reporter 

Designed during this thesis by Volha Linnik:  

OL15� and JT355 were recombined using 

Gateway LR Clonase II.  

pRTL2.CitN-PUMHD3794 

(JT425) 
5.5 kb; Amp

R

; 

Pumilio BiFC-

based reporter 

Dr. Jens Tilsner 

pRTL2.PUMHD3809-CitC 

(JT464) 
5.2 kb; Amp

R

;  

Pumilio BiFC-

based reporter 

Dr. Jens Tilsner 

pUGW0.pRPS5A.CitN-

PUMHD3794  

6.8 kb; Amp and 

Cm
R

; optimised 

PUMHD-split 

FP fusion 

Dr. Jens Tilsner 

pUGW0.PUMHD3809-CitC 5.6 kb; Amp and 

Cm
R

; optimised 

PUMHD-split 

FP fusion 

Dr. Jens Tilsner 
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2.2 Methods  

 

2.2.1 Molecular biological methods  

 

2.2.1.1 Preparation of competent cells  

 

2.2.1.1.1 Escherichia coli electrocompetent cells preparation 

 

DH5� and XL-1 Blue E. coli strains were prepared as follows. To set up overnight 

cultures, single colonies were picked up from an existing stock plate or from an 

aliquot of competent cells from the previous batch onto an LB (Luria-Bertani) plate 

supplemented with the appropriate antibiotic, if any (XL-1 Blue cells were selected 

against tetracycline 12.5 �g/mL; DH5� were plated on LB media without an 

antibiotic). The growth of a single colony was performed overnight at 37° C in an 

orbital shaker. Next day, colonies were inoculated with 5 mL of LB medium. After 

24 hours 5 mL of a fresh overnight culture were inoculated with 500 mL of LB 

media and the flasks were placed in a shaker at 37°
 
C for approximately four hours 

incubation until the absorbance of the cultures reached 0.8 at OD600 (OD, optical 

density). The range between OD 0.6 and 1.0 was considered acceptable. After the 

OD was measured, the flasks were placed on ice for 30 minutes to arrest cell growth. 

To harvest the cells, the cultures were decanted into pre-chilled sterile 250 mL 

Sorvall bottles, centrifuged at 4,000 rpm for 15 min at 4°
 
C in Beckman centrifuge in 

a pre-cooled Sorvall SLA-1500 rotor. The supernatant was carefully removed and the 

pellets were resuspended in 5 mL of chilled 10 % glycerol (in distilled water). Once 

thoroughly resuspended, the bottles were filled with more glycerol to 250 mL. The 

next centrifugation step was performed as before. This step was repeated twice more 

giving three washes in total. For the last wash the resuspensions were pooled into 

two 250 mL Sorvall bottles, filled with 10 % glycerol and centrifuged as before. The 

pellets were resuspended in a total volume of 4 mL chilled sterile 10 % glycerol. 50 

�L volumes of cells were gently aliquoted into pre-chilled 0.5 mL Eppendorf tubes 

racked on ice, placed in liquid nitrogen and stored at -80°
 
C.  
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2.2.1.2 DNA manipulation and analysis 

 

2.2.1.2.1 Electrotransformation of E. coli competent cells with plasmid DNA 

 

50 �L aliquots of electrocompetent cells from the -80
o 

C freezer were thawed on ice. 

0.2 cm electroporation cuvettes were placed on ice to cool. The electroporator was 

set to “1800V”. 0.5-3 µl of plasmid DNA was added to the aliquot of cells, mixed by 

pipetting up and down. The cells with DNA were pippeted down the side of the 

cuvette between the metal plates to get the cells to the bottom of the cuvette and 

make sure the sample was evenly distributed between the sides of the cuvette 

(avoiding creating any air bubbles). After 1 min, the sides of the cuvette were dried 

with a tissue. The cuvette was placed in the electroporation chamber and the 

electrotransformation was performed. Subsequently, 0.9 mL of LB medium was 

added to the cuvette with cells. The cells were resuspended by pipetting up and down 

several times, collected into a new tube and incubated in a shaker at 37° C for 1 hour 

to allow recovery of cells and for phenotypic expression. After the incubation period 

a small aliquot of the cells (to get single colonies) was placed on LB agar plate 

containing appropriate selective antibiotic. Kanamycin (Kan) was used at a final 

concentration of 50 �g/mL, ampicillin (Amp) and spectinomycin (Spec) were used at 

a final concentration of 100 �g/mL for both LB agar plates and LB liquid cultures.  

 

2.2.1.2.2 Chemical transformation of E. coli competent cells with plasmid DNA 

 

50 �L aliquots of competent DH5� cells (Invitrogen) were thawed on ice. Up to 5 �L 

of plasmid DNA was added to the aliquot. The mix of competent cells with DNA 

was incubated on ice for 30 min, followed by 30 sec heat-shock at 42°
 
C in a heating 

block and then placed immediately on ice to incubate for 2 min. 0.2 mL of room-

temperature LB media was added to the cells followed by 1 hour incubation in 37°
 
C. 

After the incubation period, a small volume of the media with cells was placed on 

LB plate with an appropriate antibiotic concentration. Following overnight 

incubation, colonies were picked up individually and inoculated in 4.3 or 50 mL 
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liquid LB cultures depending on the type of the following plasmid preparation. 

Liquid media cultures were grown overnight at 37°
 
C. 

 

2.2.1.2.3 Transformation of Agrobacterium tumefaciens cells 

 

In this work the following strains of Agrobacterium were used: LBA4404, GV3101, 

AGLI/pSoup, C58. These competent cells were thawed on ice for 1 hour. 1-2 �g of 

binary plasmid DNA (T-DNA construct containing a gene of interest) was added to 

50 �L or 100 �L aliquots of competent cells, mixed by gently flicking the tubes and 

incubated on ice for about 30 min. The binary plasmids had the left and right T-DNA 

border sequences, replication origins for both E. coli and A. tumefaciens, a 

eukaryotic promoter sequence, selectable antibiotic marker genes and a downstream 

multiple-cloning site with several restriction sites for the gene of interest (Stougaard, 

1995). The virulence genes are located within the plasmid or alternately on a separate 

helper plasmid (pSoup). The mix of binary DNA and Agrobacterium competent cells 

to be transformed was placed into an electroporator. 0.9 mL of growth medium 

(yeast extract peptone (YEP) medium: yeast extract, 10 g/L; peptone, 10 g/L; sodium 

chloride, 5 g/L; pH 7.0) was added to the cells and the mix was incubated for 2-3 

hours at 28°
 
C. The cultures were plated out on YEP agar plates with the appropriate 

concentration of an antibiotic (the antibiotic concentration and the transformation 

procedure are identical to the ones used for the E. coli transformations). The cells 

were grown for 2-3 days at 28°
 
C.  

 

2.2.1.2.4 Plasmid DNA extraction from E. coli and DNA digestion with 

restriction endonucleases 

 

Once bacterial clones were grown, plasmid DNA was isolated from the cultures of 

the chosen clone using QIAGEN Mini kit according to the manufacturer’s 

instructions. To get plasmid DNA from the retransformants, QIAGEN Midi kit was 

used. Restriction digests of plasmid DNA were performed to screen bacterial 

colonies for the correct insertions. The reaction volume was 20 �L and consisted of 

2.5 �L of DNA, 2 �L of buffer supplied with the enzyme, 0.5 �L of restriction 
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enzyme, 0.2 �L of bovine serum albumin (BSA) (if was required) and distilled water 

was added to make up 20 �L reaction. Reactions were incubated for 2-4 hours or 

overnight at 37°
 
C (unless a different temperature was stated by the manufacturer’s 

instructions). For larger quantities of DNA (in case of making a preparative digest), 

the volumes were increased to 50 �L and consisted of 25 �L of DNA, 5 �L of buffer 

supplied with the enzyme, 2 �L of restriction enzyme, 0.5 �L of BSA (if required) 

and distilled water was added to make up 50 �L reaction. These reactions were 

incubated overnight. Double digests were set up according to the guidelines provided 

by the manufacturer New England Biolabs (NEB). In case of absence of 100 % 

enzyme activity in a particular buffer, sequential digestions were performed, in 

which the restriction enzyme was heat-inactivated after the first digestion and the 

DNA was spin-dialysed to remove the first buffer.  

 

2.2.1.2.5 Agarose gel electrophoresis and gel extraction 

 

To separate different fragments by size ranging from 100 bp to 10 kb, 1 % gel was 

prepared by dissolving 1 g of agarose in 100 mL of 0.5 × TBE (Tris/Borate/ 

ethylenediaminetetraacetic acid (EDTA)) buffer: 4 mM Tris, 4 mM Boric acid, 1 

mM EDTA, to keep DNA deprotonated and soluble in water (EDTA protects the 

nucleic acids against enzymatic degradation). The gel percents varied from 0.7 % to 

1 % depending on the type of gel extraction. Ethidium bromide solution (0.5 �g/mL) 

was added to the melted agarose. This was poured into casts and allowed to solidify 

at room temperature, then placed into the gel electrophoresis tank with 0.5 × TBE 

buffer. The loading buffer and samples were run under different voltage depending 

on the size and separation of the fragments. After running a gel, it was placed on an 

UV light source, where the digested fragments were visualised (ethidium bromide 

intercalates into DNA and fluoresces upon UV light activation). To extract DNA 

from a gel, a QIAquick gel extraction kit was used from QIAGEN. Alternatively, 

Zymoclean gel DNA recovery kit from ZYMORESEARCH was applied. Both kits 

give a possibility to recover the purified DNA in a small volume of buffer (7-20 �L), 

resulting in a higher concentration of DNA of interest. The procedure was followed 

as per manufacturer’s instructions. After the extraction procedure the concentration 
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of samples was measured using the BioPhotometer from Eppendorf at OD260 using 

the formula: DNA concentration (µg/mL) = (OD260) x (dilution factor).  

 

2.2.1.2.6 Converting 5'-overhang to a blunt ended terminus (Klenow enzyme 

blunt-end cloning) 

 

Blunting is performed when unable to use the same restriction enzyme for vector and 

insert DNA. 5'-overhangs were converted into blunt-ended termini by filling in 

reaction with 1 �L of deoxyribonucleotide triphosphate (dNTP) and 0.5 �L Klenow 

enzyme. The mix was incubated at 25°
 
C for 15 min. The reaction was terminated by 

addition of 1 �L 0.5 M EDTA (pH 8), vortexed and incubated at 75°
 
C for 20 min. In 

such cases, 5'-overhangs were blunted in both insert and vector. 

 

2.2.1.2.7 Converting 3' and 5'-overhang to a blunt ended terminus (T4 DNA 

polymerase blunt-end cloning) 

 

T4 DNA polymerase, which has both 5'->3' polymerase and 3'->5' exonuclease 

activity, was used to remove 3' overhangs and fill in 5' overhangs to create blunt 

ends. The reactions were set up as indicated below: 25 µL DNA, 10 µL 10 x NEB T4 

DNA polymerase buffer, 0.5 µL 10 mg/mL BSA and 2 µL 5 mM dNTPs. The 

reaction was mixed and cooled on ice and 1 µL T4 DNA polymerase was added. The 

enzyme was added last as in the absence of nucleotides DNA could be rapidly 

degraded. Keeping the reaction in cold conditions at all times was critical as the 

exonuclease is more active than the polymerase at higher temperatures. Water was 

added to a final volume of 50 µL after enzyme addition. The reaction was incubated 

at 12° C for 1 hour. After the incubation time, the reaction was returned to ice and 

enzyme was inactivated and removed during phenol-chloroform extraction, followed 

by chloroform extraction and spin-dialysis. 
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2.2.1.2.8 Phenol-chloroform extraction 

 

If plasmid DNA was further purified by phenol-chloroform extraction, 1 sample 

volume of phenol-chloroform-isoamylalcohol was added, mixed and then centrifuged 

at 13,000 rpm for 5 min. The aqueous phase was transferred to the new tube. 1 

volume of chloroform was added to this supernatant, vortexed and centrifuged at 

13,000 rpm for 3 more min. Only a clear upper phase (no chloroform was left in the 

supernatant) was taken out to the new clean tube followed by spin-dialysis.  

 

2.2.1.2.9 Spin-dialysis 

 

The main purpose of spin-dialysis is to remove low molecular weight substances. 

Sepharose CL-6B, which contains cross-linked agarose beads, was used as a gel 

matrix. The nominal exclusion size for CL-6B is 194 bp. To purify products of a 20 

or 50 µL reaction by spin-dialysis, a column was prepared. A small hole was 

punched in the bottom of 1.5 mL eppendorf tube. A drop (about 30 µL) of glass 

beads (0.2 mm; 212-300 µm in sterile water) was added to this tube. Resuspended 

Sepharose CL-6B (in Tris EDTA (TE) buffer or sterile water, pH 8) was added 

gently to the glass beads (about six times the sample volume). This column was 

centrifuged at 2,000 rpm (Centrifuge 5810 R, Eppendorf) for 1 min to remove excess 

buffer and make sure that the buffer can flow through the column. Then a volume of 

water equivalent to the sample volume was placed to the centre of the packed column 

and centrifugation was repeated. Subsequently, the sample was added to the top of 

the spin column. Finally, a 1.5 mL Eppendorf tube was placed under the column to 

collect the purified product during the following centrifugation step. 

 

2.2.1.2.10 Dephosphorylation of vectors 

 

Cutting with a single restriction enzyme leads to the linearisation of a vector. To 

minimise the religation of the linearised vector without incorporation of an insert 

fragment, the 5' end of the blunted vector was dephosphorylated with 1 �L calf 

intestinal alkaline phosphatase (CIP) enzyme, which was added to the DNA with 10 
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x NEB buffer (NEB buffers 2, 3, 4 if added directly to the restriction enzyme 

digests). This enzyme removes 5' phosphate groups from DNA. The reactions were 

incubated at 37°
 

C for 1 hour. CIP is difficult to completely heat-inactivate. 

Therefore, after 1 hour incubation time the samples were phenol-chloroform 

extracted and further purified by chloroform extraction and spin-dialysis (if desired). 

 

2.2.1.2.11 Ligation reactions 

 

The concentrations of both insert and vector DNA were measured using a 

BioPhotometer from Eppendorf at optical density OD260. The molar ratio of vector to 

insert DNA was 1:10. Ligation reactions were set up in 5 to 20 �L (made up to this 

volume with distilled water) depending on the concentration of total DNA and 

catalysed with T4 DNA ligase (NEB) overnight at 16°
 
C.  

 

2.2.1.2.12 Gateway LR recombination 

 

The Gateway LR recombination method (L and R restriction sites in the gateway 

system) was adapted from a Gateway technology with Clonase II manual.  

 

Recombination is a conservative method and does not require DNA synthesis and 

there is no gain or loss of nucleotides. The gateway cloning technology maintains the 

orientation and the reading frame. It is based on the site-specific recombination 

properties of the bacteriophage lambda. The BP recombination reaction (B and P 

restriction sites in the gateway system) allows transfer of a gene of interest in an attB 

expression clone (or attB-PCR product) to an attP-containing donor vector to 

produce an entry clone. Once an entry clone is generated during the BP 

recombination, the gene of interest is shuttled into a destination vector using the LR 

recombination reaction. Maximum of 75 ng of entry clone and maximum of 75 ng of 

gateway destination vector were used for the LR gateway recombination. These two 

components were mixed up to 4 �L with TE buffer (pH 8) to get the desired 

concentration. An aliquot of gateway LR Clonase II was thawed on ice (from -80°
 
C 

freezer) for 2 min, vortexed briefly twice and 1 �L of the enzyme was added to the 
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reaction (final volume of the reaction was 5 �L). The reaction was gently mixed by 

flipping the tube bottom and briefly centrifuged. It was then placed to incubate 

overnight at 25°
 
C. The reaction generated an expression clone and was stopped next 

day by incubating at 70°
 
C for 30 min. Next day 1 �L of the recombination reaction 

was transformed and placed on a plate with an appropriate antibiotic, the choice of 

which was dependent on the destination vector.  

 

2.2.1.2.13 Polymerase Chain Reaction (PCR) 

 

PCR was carried out in a Mastercycler (Eppendorf, Hamburg, Germany). Primers 

were designed using the vector NTI program (Invitrogen) to amplify target DNA 

sequences for cloning or for colony PCR screening procedures.  All oligonucleotide 

primers used in this thesis for cloning are listed in table 2.3.  

 

Table 2.3: List of oligonucleotide primers used in this thesis  

 

Primer name Oligo sequence (5' � 3') and origin 
NotI_25K for TTTGCGGCCGCAATGGATATTCTCATCAGTAG 

designed during this work in collaboration with Dr. Christophe Lacomme 

Over_mCherry for GTCCGCGCAGGGCCAGTGAGCAA 

designed during this work in collaboration with Dr. Christophe Lacomme 

PmeI_sgp12K for TTTGTTTAAACGCACCAATAGAGGAAATTG 

designed during this work in collaboration with Dr. Christophe Lacomme 

SacI_mCherry rev TTGAGCTCGTTTAAACTTACTTGTACAGCTCGTCCAT 

designed during this work in collaboration with Dr. Christophe Lacomme 

Over_25K rev TTGCTCACTGGCCCTGCGCGGAC 

designed during this work in collaboration with Dr. Christophe Lacomme 

SacI_AscI rev TTGAGCTCGGCGCGCCAATCGATGCTAG 

designed during this work in collaboration with Dr. Christophe Lacomme 

 

2.2.1.2.13.1 Standard PCR programs and reactions 

 

To amplify a target DNA sequence by PCR, the following cycling conditions were 

used: 

1. Initial denaturation: 98°
 
C for 30 sec 

2. Denaturation of the double-stranded DNA template: 98°
 
C for 10 sec 

3. Annealing of the primers for the attachment to their target sequences on the 

template: 50-60°
 
C for 30 sec  
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4. Extension: 72°
 
C for 1 min 30 sec (if expected PRC product of a size about 1.3 

kb) 

Repeated steps 2-4 for 19 cycles 

5. Final extension: 72°
 
C for 10 min 

6. 4°
 
C on hold. 

 

The annealing temperature used in the PCRs was primer dependent. The number of 

cycles used was dependent on the level of amplification required. The duration of the 

extension time varied according to the expected PCR amplification product size (1 

min per 1 kb synthesised) (Santos et al., 2008). 

 

The reaction conditions were:  

0.5 �L DNA  

For 24.5 �L of the master mix: 

2.5 �L Promega 10 x thermophilic DNA polymerase buffer 

1 �L Promega 50 mM MgCl2 

1 �L 5 mM dNTPs 

0.5 �L 10 µM 5' primer (forward oligonucleotide primer) 

0.5 �L 10 µM 3' primer (reverse oligonucleotide primer) 

0.1 �L Promega Taq DNA polymerase 

18.9 �L sterile water. 

 

2.2.1.2.13.2 High-fidelity (HiFi) PCR 

 

To introduce a new restriction site or new sequence into known DNA plasmid, HiFi 

PCR reactions were carried out.  

 

All HiFi PCR reactions were prepared in 25 �L total volume as follows:  

0.5 �L template 

2.5 �L Promega HiFi buffer 

1 �L Promega 50mM MgSO4 

1 �L 5 mM dNTPs 
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0.5 �L 10 µM 5' forward primer  

0.5 �L 10 µM 3' reverse primer  

0.1 �L Promega HiFi Taq 

18.9 �L water.  

 

Endogenous expression cloning of PVX TGB1-mCherry fusion: 

 

HiFi PCR conditions were: 

1. 94°
 
C for 2 min 

2. 92°
 
C for 20 sec 

3. 60° C for 20 sec  

4. 68°
 
C for 1.20 min 

    Repeated 2-4 for 4 cycles 

5. 92°
 
C for 20 sec 

6. 63° C for 20 sec  

7. 68°
 
C for 1.20 min 

    Repeated 5-7 for 24 cycles  

8. 68°
 
C for 5 min 

9. 4°
 
C on hold. 

 

Overlap PCR conditions were: 

1. 94°
 
C for 2 min 

2. 92°
 
C for 20 sec 

3. 55° C for 20 sec  

4. 68°
 
C for 1 min 

    Repeated 2-4 for 9 cycles 

Paused and primers NotI_25K for and SacI_mCherry rev were added 

5. 92°
 
C for 20 sec 

6. 63° C for 20 sec  

7. 68°
 
C for 1.40 min 

    Repeated 5-7 for 9 cycles  

8. 92°
 
C for 20 sec 
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9. 65° C for 20 sec  

10. 68°
 
C for 1.40 min 

    Repeated 8-10 for 14 cycles  

11. 68°
 
C for 5 min 

12. 4°
 
C on hold. 

  

2.2.1.2.13.3 Colony screening PCR 

 

To determine successful E. coli transformation, PCR was used to screen for positive 

clones. A colony screening PCR master mix was prepared according to the following 

procedure: 

For 24.5 µL of the master mix: 

2.5 �L Promega 10 x thermophilic DNA polymerase buffer 

1 �L Promega 50 mM MgCl2 

1 �L 5 mM dNTPs 

0.5 �L 10 µM 5' primer (forward oligonucleotide primer) 

0.5 �L 10 µM 3' primer (reverse oligonucleotide primer) 

0.1 �L Promega Taq DNA polymerase 

18.9 �L sterile water 

24.5 �L aliquots of the master mix were pipetted into 0.2 mL PCR tubes. Single, 

well-separated, bacterial colonies were picked up from an agar LB plate with an 

appropriate antibiotic and inoculated in a corresponding colony PCR master mix 

aliquot using sterile tips and then plated on to a fresh agar plate (the number of a 

colony on a plate corresponded to the number of the PCR tube with a master mix 

inoculated with the corresponding clone). The plates were incubated at 37° C for 

three to six hours while the PCR was running. The PCR tubes were placed into the 

thermocycler machine and the reaction was carried out as indicated below: 

Initial denaturation: 94°
 
C for 4 min 

Denaturation: 94°
 
C for 30 sec 

Annealing: 50°
 
C for 30 sec  

Extension: 72°
 
C for 1 min 50 sec (if expected PRC product size was about 1.5 kb) 

Repeated steps 2-4 for 24 cycles 
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Final extension: 72°
 
C for 10 min 

4°
 
C on hold. 

After thermocycling, gel loading buffer was added to the reactions, mixed, and the 

samples were run on an agarose gel to check the size of the PCR products.  

 

2.2.1.2.14 PCR products purification  

 

To purify PCR products, a QIAquick PCR purification kit (QIAGEN) was used 

according to the manufacturer’s instructions.  

  

2.2.1.2.15 DNA sequencing  

 

All PCR generated clones were confirmed by DNA sequencing. The sequencing 

reactions were performed by the Edinburgh University Sequencing Service. 

Chromatograms were analysed in the vector NTI program.  

 

Sanger didesoxyribonucleotide triphosphate (ddNTP) chain termination method 

shows different ddNTPs labelled with fluorescent dyes in different colours. 

Separation of DNA fragments is performed by liquid chromatography. Samples that 

were submitted for sequencing were prepared with an ABI Prism BigDye terminator 

kit (with reduced BigDye concentration to avoid excess dye peaks) as follows: 

2 µL H2O, 2 µL unquantified DNA, 2 µL BigDye mix, 3 µL ABI buffer (diluted 1:5 

in water), 1 µL 3.2 µM primer.  

 

PCR program conditions were: 

Lid 105° C, no wait, auto volume 

96° C  for 10 sec, R = 1° C/sec 

50° C for 50 sec, R = 1° C/sec  

60° C for 4 min, R = 1° C/sec for 25 cycles 

8° C on hold. 
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2.2.1.2.16 DNA sequence analysis 

 

Vector NTI program from  Invitrogen was used for sequence alignments and their 

following analysis, for planning cloning strategies, constructing plasmid maps, 

designing primers, planning the performance of preparative and diagnostic restriction 

digestions.  

 

2.2.1.3 RNA manipulation methods 

 

2.2.1.3.1 In vitro transcription, reassembly and inoculation  

 

This method is based on the protocols described by Turner and Foster, 1998; 

Annamalai and Rao, 2008. 

 

Template plasmid DNA was linearised with an appropriate restriction enzyme 

downstream of the insert that has to be transcribed (only the SpeI site was used 

during this work). After complete digestion of the plasmid DNA, the reaction 

mixture was extracted with phenol-chloroform to remove all traces of RNAases, 

followed by chloroform extraction and spin-dialysis to remove a reaction buffer. The 

digested plasmid DNA was used for the subsequent in vitro transcription.  

 

Biologically active RNA transcripts were synthesised in vitro using T7 polymerase 

promoter. Localisation of the viral sequence downstream of a RNA polymerase 

promoter is necessary to synthesise infectious RNA transcripts. Any work conducted 

with RNA required a very careful treatment of the samples and limitation of RNAase 

contaminations (gloves were changed regularly, new autoclaved tips and tubes were 

used, the end of pipettes was rinsed with an RNase-inactivating solution; the gel 

apparatus was treated with 0.5 M NaOH, followed by several rinses with water and 

then with absolute ethanol).  

 

The commercially available T7 mMESSAGE mMACHINE kit (Ambion, Austin, 

TX, USA), was used to produce infectious TMV or PVX RNA. The transcription 
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reactions were set up according to the manufacturer’s instructions at 5 µL scale: 2.5 

µL 2 x NTP mix, 0.5 µL 10 x buffer, 1.5 µL template (linearised plasmid DNA) and 

0.5 µL 10 x enzyme mix. The reactions were assembled at the room temperature in 

0.5 µL Eppendorf tubes. When performing multiple transcriptions a master mix was 

prepared and added to the template. The components were mixed well by gentle 

pipetting, shortly centrifuged and incubated at 37° C for 2 hours. To check the 

transcript yield and integrity, a 0.5 µL aliquot of the reaction was taken after 60 min 

of incubation and electrophoresed on a 0.7 % gel as follows: to the 0.5 µL aliquot 50 

µL of RNase-free water and 4.5 µL of Ambion gel loading buffer were added, then 

vortexed and run on a gel containing ethidium bromide at 75 V. Once the 2 hours 

incubation period at 37° C was over, 60 µL of diluted TMV CP that had been pre-

assembled at 25° C overnight (each 5 µL transcription reaction consisted of 10 µL of 

10 mg/mL TMV CP in sodium phosphate buffer and 50 µL of this buffer), was added 

to the transcription reaction, mixed by gentle pipetting and transferred to be 

incubated overnight at 25° C. Next day after reassembly the transcripts were stored at 

4° C until inoculation.  

 

Uninfected healthy plants (transgenic or non-transgenic) were selected for 

inoculations. 3 or 4 leaves per plant were marked by puncturing the leaf tips with a 

pipette tip. These leaves were slightly dusted with aluminium oxide powder. 5-10 µL 

of reassembled transcript was added to each selected leave to the upper side near the 

base. The leave was supported below with one hand and then with the other one the 

inoculum was gently spread across the entire leaf surface (to avoid excessive damage 

of the leave) in the direction from the main veins towards the periphery (Takahashi 

and Yoshikawa, 2008). When the inoculation was finished, the leaves were rinsed 

briefly with water to remove any remaining powder. Inoculated plants were 

transferred to the 33° C for TMV or to the 25° C for PVX. 
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2.2.2 Cell biological methods 

 

2.2.2.1 Transient plant transformation by agroinfiltration 

 

The method was adapted from S. N. Chapman and further optimised in the lab 

(optimisation from the following sources: Neuthaus and Boevink, 2001; Annamalai 

and Rao, 2008; Haupt et al., 2008; Palukaitis et al., 2008).  

 

A common method to transiently express the gene of interest in plants is 

agroinfiltration of the Agrobacterium tumefaciens cultures directly into plant leaves. 

A. tumefaciens is a natural plant pathogen, which carries a Ti plasmid (tumour 

inducing). This plasmid encodes DNA that is integrated into the host plant genome 

randomly, potentially upon disruption of endogenous genes. This DNA is called the 

T-DNA (transfer-DNA). Genes within the T-DNA are of eukaryotic type and thus 

can be expressed in plants. The virulence (vir) genes are present on the Ti plasmids 

of Agrobacterium tumefaciens but not within the T-DNA sequence. They are 

prokaryotic and encode for proteins expression of which allows the transfer of the 

DNA from the bacterial cell to the host plant cell. Acetosyringone (4'-hydroxy-3',5'-

dimethoxy acetophenone; 3',5'-dimethoxy-4'-hydroxy acetophenone; C10H12O4), a 

phenolic virulence gene inducer (in very low concentration of acetosyringone), is 

used as one of the components of the Agromix. Plants generate different phenolic 

compounds. Acetosyringone is produced naturally in plant wounds (Vaghchhipawala 

and Mysore, 2008).  

 

Preparation of Agrobacterium culture: 

Transformed Agrobacterium single colonies were picked up from plates incubated at 

28°
 
C into tubes containing 5 mL LB or YEP supplemented with an appropriate 

antibiotic to select for the binary plasmid. Cultures of A. tumefaciens carrying 

recombinant binary plasmids were grown at 28°
 
C for 1-3 days (depending on the 

strain of Agrobacterium used). The bacteria were centrifuged at 2,500 rpm for 15 

min at 16° C. The supernatant was removed and the bacterial pellet was resuspended 

in 1 mL of Agromix. The 1:100 dilutions in water of the resuspensions’s aliquots 
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were prepared and OD600 was measured using Eppendorf BioPhotometer. Then the 

dilutions of the resuspensions were prepared in Agromix to an OD600 of between 

0.001 and 0.5 (depending on the viral construct’s requirements). These diluted 

cultures were left to stand at room temperature in the dark for 2 to 3 hours.  

 

Preparation of plant materials: 

During the incubation period plants (beyond 9-leaf developmental stage) to be 

inoculated were selected. To mark the leaves for infiltration, a hole was punched into 

the leaves with a yellow tip in the same way as the procedure described for in vitro 

transcription inoculation. The only difference is that leaves, selected to be infiltrated, 

had to have a flat surface to allow easier penetration and distribution of the 

infiltration medium.  

 

Infiltration: (the same procedure as for infiltration of Agrobacteria and dyes) 

A small spot was punctured on a lower epidermal leaf surface at several sites with a 

white pipette tip. A 1 mL syringe (without needle) with the bacterial resuspension 

was placed over the punctured sites on the leaf over the hole and the resuspension 

was gently infiltrated into the leaf while applying a counter-pressure on the opposite 

side of the leaf with a finger to facilitate entry of the Agrobacterial resuspension. If 

the leaf was not infiltrated entirely, the boundary of the infiltrated area was marked 

with a marker pen. Plants were placed in the controlled growth conditions for 3-4 

days (before imaging) with an appropriate temperature required for the virus.   

 

Agromix (infiltration medium in sterile H2O):  

Was prepared fresh from the stock sterile solutions: 

0.01 M MgCl2 (from 1M sterile stock) 

0.01 M MES (2-(N-Morpholine)-ethane sulfonic acid) buffer (from 0.5 M sterile 

stock solution, pH adjusted to 5.6 with KOH) 

15 µM acetosyringone (from 0.01 M stock). 
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2.2.2.2 Transient plant transformation by particle bombardment  

 

Genetic transformation by particle bombardment simply involves shooting the gold 

particles with the DNA of interest into plant cells. When exogeneous DNA enters the 

nucleus of a cell, it can be incorporated into the plant genome (Haupt et al., 2008).  

 

The bombardments in all the experiments were carried out using the Bio-Rad 

Biolostic PDS-1000/He Particle Delivery System according to the manufacturer’s 

instructions. When the gas is delivered from the cylinder to the gas acceleration tube, 

it causes an increase in pressure behind the disk at the end of the tube. This disk 

ruptures and the pulse of gas hits the microcarrier disk. Then the microcarrier hits the 

stopping screen, the gold particles with DNA are released from a microcarrier disk 

and shot into the plant tissue.   

 

To make gold for bombardment, a suspension of 50 mg gold particles (1.0 µm) in 1 

mL sterile dH2O was prepared, vortexed vigorously for 1-2 min and centrifuged at 

13,000 rpm for 1 min. The supernatant was discarded and the gold particles were 

washed three times with 100 % ethanol by vortexing and following centrifugation. 

Then the suspension was washed once with the sterile H2O, vortexed and 

centrifuged. The supernatant was discarded. The gold particles were resuspended in 1 

mL sterile H2O and aliquoted with a volume of 25 µL into 1.5 mL eppendorf tubes 

and stored at 4
o 

C. 

 

To coat the gold particles with plasmid DNA, a 25 µL aliquot of gold particles was 

resuspended by vortexing or sonicating (a water bath Ultrasonic Cleaning Device). 2-

5 µg of plasmid DNA was added to the gold suspension and vortexed or sonicated 

briefly again. To precipitate DNA on the gold, 25 µL 2.5 M CaCl2 was added and 

mixed by pipetting up and down 5-10 times (avoiding creating bubbles). To protect 

the DNA from cellular DNAses, 10 µL of 0.1 M spermidine was added, mixed by 

pipetting and vortexing at low speed for 2 min. Then the tube was incubated on ice 

for 5-30 min. The DNA-coated gold particles were pelleted by centrifuging for about 

10 sec. To wash the sample, the supernatant was removed and 180 µL of 100 % 
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ethanol was applied to the tube. The gold particles were resuspended by pipetting up 

and down followed by sonicating. Then they were pelleted again and the supernatant 

was removed. Finally, the particles were resuspended in 100 µL 100 % ethanol, 

mixed and sonicated to fully resuspend.  The particles then were ready for 

bombardment and were stored at -20 
o
 C for several months (Santos et al., 2008; 

Trutnyeva et al., 2008). 

 

The success of transformation by bombardment was dependent on two different 

parameters, specifically on the pressure at which the gold was shot into the tissue and 

the distance from the tissue to the stopping screen. If the pressure is too high, or the 

tissue is too close, the leaves of the plant are damaged extensively and the rate of 

transformation is very low (Neuthaus and Boevink, 2001). 

 

Parameters for bombarding leaves of Nicotiana benthamiana and Nicotiana tabacum 

in all experiments carried out in this thesis: 

Tissue: medium size leaves removed from plants (as much of the petiole as 

possible attached to the leaf). 

Position: the leaf was placed on a Petri dish at distance of 6 cm between the leave 

surface and the stopping grid. 

Pressure: 1100 psi. 

 

Plants were bombarded at 3-5 days (local leaves) and 10-15 days (systemic leaves) 

post-inoculation (d.p.i.). PVX bombarded leaves were kept at 25° C with the petiole 

of the leaf kept in water, and imaged at 1-5 days post-bombardment (d.p.b.). Leaves 

bombarded with TMV constructs were kept at 33° C and imaged between 3 and 48 

hours after bombardment. 

 

2.2.2.3 Fixation of plant tissue (N. benthamiana leaves) and staining with AO  

 

An optimised version of the following fixation protocols (Hawes, 1994; Spence, 

2001) was used. Buffer stock of 0.2 M Pipes, pH 6.9 was prepared as follows: to 6.04 

g Pipes 50 mL sterile water was added, the powder was dissolved with 8 M NaOH 
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and pH was adjusted with 0.1 M NaOH to pH 6.9, and then diluted to 100 mL. A 10 

% stock solution of paraformaldehyde was prepared from 16 % stock. 25 mL 0.2 M 

buffer, 4 mL EM grade 25 % glutaraldehyde, 5 mL 10 % paraformaldehyde solutions 

were mixed together and water was added to make up to 50 mL. The fixation 

procedure of epidermal peels was performed under the vacuum, then AO was applied 

to stain RNA in red (0.02 % AO and 0.06 % AO dilutions in phosphate buffer were 

used). The peels were left for 1.5-2 hours to incubate in a dye, then washed in 0.2 M 

Pipes at least 3 times and then with 0.1 M phosphate buffer, pH 7 (61.5 mL of 1 M 

K2HPO4 were mixed with 38.5 mL of 1 M KH2PO4, pH 7 at 25 °
 
C to make 0.1 M 

potassium phosphate buffer). 

 

2.2.2.4 DAPI staining  

 

DAPI stain forms fluorescent complexes with double-stranded nucleic acids. This 

dye binds to DNA and therefore it is used to stain the cell nucleus (Goodin et al., 

2008). In this thesis, samples of PVX-infected cells were treated with DAPI dye to 

differentiate the cell nucleus from PVX VRCs. Leaves infiltrated through abaxial 

leaf surface with DAPI were suitable for confocal microscopy (405 nm laser) after 1-

2 h. Stock solution of DAPI in DMSO (dimethyl sulfoxide) was at the concentration 

of 14.3 mM. Working solution was used at the concentration of 300 nM and was 

prepared as a dilution of the stock DAPI in sterile water. 

 

2.2.2.5 Infectious sap collection 

 

To collect PVX infectious sap, leaves of N. benthamiana and N. tabacum carrying 

virus construct (preferably inoculated non-systemic leaves) were cut and weighted. 

They were then grinded with a pestle in a mortar with 2 volumes of 10 mM 

Sorensens buffer (adjusted with NaOH to pH 7.2). For example, to 35 g of leaves 70 

mL of the buffer was added. The homogenate was equally transferred into new tubes 

and centrifuged at 4,000 rpm at 4° C for 25 min to pellet debris. The supernatant was 

filtered through Miracloth into a falcon tube standing on ice and then aliquoted into 

0.5 mL tubes and stored at -20° C. For the pTXS.GFP-2A-CP ‘overcoat’ PVX 
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construct the centrifugation step was skipped and the homogenate containing PVX 

virions was collected into new tubes and stored at -20° C. 

 

2.2.2.6 Confocal microscopy of N. benthamiana and N. tabacum leaves 

 

Experimental leaves were imaged on a Leica SP2 laser scanning confocal 

microscope (LSCM). Confocal microscopy eliminates out-of-focus light and 

provides the ability to collect serial optical sections from thick specimens (Shaw, 

2001; Trutnyeva et al., 2008). Double sided tape was used to hold the leaves on the 

glass slides. Leaves were imaged on the confocal microscope with the 63 x water 

dipping lenses or 100 x oil immersion lenses. 

 

The following excitation wavelengths were used (Goodin et al., 2008):  

GFP fluorescence was visualised using an Ar 488 laser; mCherry was excited using 

594 nm; cyan fluorescent protein (CFP) and DAPI, 405 nm; mCitrine for BiFC 

assay, 514 nm; dsRed/tdTomato, 561 nm; monomeric red fluorescent protein 

(mRFP), Ar/Kr 568 nm laser. 

 

Visualisation of GFP and CFP, GFP and mRFP signals was performed by sequential 

scanning to minimise signal bleed-through (a cross-talk between two channels). 

Microscope settings were adjusted to optimise contrast for each individual 

experiment. The gain was kept as low as possible to improve image quality and to 

keep the background signal low. Images were acquired at a pixel resolution of 1024 x 

1024. To find expressing cells, an appropriate filter set for a particular fluorescent 

protein was used. Projections were saved as individual files with file type “TIFF”. 
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3. Analysis of PVX VRC formation – involvement of host organelles 

 

3.1 Aim 

 

Recent data suggest that positive-sense RNA replication and movement occur for 

both plant and animal viruses on specific sites in the cell, and these sites are related 

to the host intracellular membrane systems and the plant cytoskeleton (Ploubidou and 

Way, 2001; Hull, 2002; Salonen et al., 2005; Greber and Way, 2006; Radtke et al., 

2006). Despite intense research efforts on PVX, to date it is not known which 

cellular membrane compartments serve as a centre for PVX replication and which 

cytoskeleton components are involved in trafficking of the viral genome from a VRC 

through PD into adjacent cells. The hypothesis is that viral spread in the host plant is 

dependent on successful replication and formation of the viral replication and 

movement complex. Therefore, the aim of this results chapter is to analyse the 

structure of the PVX VRC and to identify host organelles involved in the formation 

of this viral structure and to understand their involvement in PVX replication and 

viral cell-to-cell movement. Thus, the recruitment of plant host organelles into the 

VRC and its role for the virus during PVX infection was investigated. The possible 

reasons for redirection of host organelles into the developing VRC are discussed.  

 

3.2 Results  

 

3.2.1 Plasmids used in this study (Table 3.1, Fig. 3_1) 

 

Plasmids used in this results chapter can be divided into two groups which are listed 

below in Table 3.1 

 

1) According to the method of plasmid delivery: 

 

i) Bombardment plasmids for transient plant transformation by biolistic 

bombardment: 

pRTL2 (Restrepo et al., 1990) 
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ii) Plasmids containing T7 polymerase promoter for synthesis of infectious PVX 

RNA transcripts for in vitro transcription, reassembly and inoculation: 

pTXS (Chapman et al., 1992) 

 

2) According to the expressed marker or gene: 

 

Plasmid name Expressed marker or gene Figure number  

Organelle markers: 

pRTL2.Lifeact-tdTomato red actin marker Fig. 3_1 A 

Transgenic Nicotiana plants that stably express: 

mGFP5-ER green reporter for ER 

ST-GFP green reporter for Golgi  

FABD2-GFP green reporter for actin 

GFP-TUA6 green reporter for microtubulin 

see Table 2.1 in 

Chapter 2 for more 

details 

PVX-carrying plasmids: 

pTXS.CFP PVX with cyan fluorescent 

protein 

Fig. 3_1 B 

pTXS.mCherry-2A-CP  PVX with red (monomeric 

Cherry) fluorescent protein 

fused to coat protein 

Fig. 3_1 C 

 

Leaves of transgenic plants that express a 27-kDa monomeric green fluorescent 

protein (mGFP) isolated from the jellyfish Aequorea victoria, targeted to either the 

ER, Golgi, actin or microtubules were infected with PVX (Fig. 3_1 B; Fig. 3_1 C). 

GFP is a very bright and easy to locate in plant cells once it is expressed. It is very 

stable and non-toxic to plant cells (Prasher et al., 1992; Chalfie et al., 1994; Oparka 

et al., 1997b; Takahashi and Yoshikawa, 2008). GFP-visualised organelles allow an 

opportunity to study virus-induced changes in the host components of the infected 

plant during PVX infection. Morphological changes in the host organelles were 

studied in the centre of PVX infection where the virus has already moved into 

adjacent cells. The annotation d.p.i. (days post-inoculation of plant local leaves with 

the viral construct) is used in this thesis. This annotation is an approximate way to 

show for how long the viral infection has been present but does not indicate 

accurately the stage of infection in any given cell.  
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Figure 3_1: Schematic representation of plasmids used in this results chapter 

TGB: triple gene block, MP: movement protein; CP: coat protein. 

 

3.2.2 PVX reorganises the ER network during VRC establishment (Fig. 3_2)  

 

The PVX TGB2 and TGB3 proteins are known to associate with the ER membrane 

(Zamyatnin et al., 2002; Krishnamurthy et al., 2003; Ju et al., 2005, 2007, 2008; 

Schepetilnikov et al., 2005; Samuels et al., 2007) and the association of PVX VRCs 

with cellular organelles (ER, Golgi, vacuoles and mitochondria) was identified in 

early EM studies by a number of authors (Kozar and Sheludko, 1969; Stols et al., 

1970). It was also shown that the ER was rearranged during the replication of a range 

of other viruses, including TMV (Esau and Cronshaw, 1967; Heinlein et al., 1998; 

Reichel and Beachy, 1998; Mas and Beachy, 1999; Carette et al., 2000; Dunoyer et 

al., 2002; Ritzenthaler et al., 2002; reviewed in Noueiry and Ahlquist, 2003). Thus, 

the ER structure in PVX-infected cells was the first focus of this thesis.  

 

To determine the effect of PVX infection on ER morphology, transgenic Nicotiana 

plants that stably expressed a reporter for ER were infected with PVX (Fig. 3_1 C). 

In transgenic Nicotiana benthamiana plants expressing an ER-localised GFP fusion 

(mGFP5-ER) (Boevink et al., 1996), GFP is fused to an N-terminal cleavable ER-

targeting and C-terminal HDEL ER luminal retention signal sequence (Haseloff et 

al., 1997), both of which are responsible for targeting of GFP to the ER, resulting in 

accumulation and retention of GFP within the ER lumen and nuclear envelope 

(Zamyatnin et al., 2002; Krishnamurthy et al., 2003; Ju et al., 2005). The ER lumen 

contains isomerases and chaperones that help folding of the protein (Haseloff et al., 

1997). Application of membrane potential-sensitive fluorescent stains verified that 

the GFP had been retained in the ER (Boevink et al., 1996). Therefore, a 
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characteristic reticular green fluorescent network of cytoplasmic interconnected 

tubules that are continuous with the nuclear envelope sheets is seen in the transgenic 

control plants (Fig. 3_2 A,E) (see also Staehelin, 1997; Boevink et al., 1998). 

  

PVX-infected transgenic mGFP5-ER N. benthamiana leaves were observed under 

the confocal laser scanning microscope. Infected epidermal cells were identified by 

the presence of numerous PVX-induced VRCs in the cell cytoplasm. These infected 

plants were compared with the uninfected controls. The ER was found to be involved 

in PVX VRC formation and the morphology of the ER was intensively altered by the 

viral infection. Green fluorescence associated with the plant ER was no longer 

uniformly distributed in the cytoplasm highlighting the ER network, but was instead 

drawn into the VRC (Fig. 3_2 B-D,F). During early infection, the recruited ER was 

highly mobile (Movie 3.1a,b) and moved in and out of the VRC (Fig. 3_2 B). In 

addition, at the early infection events, the ER strands formed circular rings in the 

VRC (Fig. 3_2 C), suggesting that the ER membranes surrounded additional sub-

compartments of the VRC. During later infection events, the GFP-ER signal in the 

VRC became gradually more disperse. ER became trapped within the VRC (and 

formed a large ‘cluster’ within which intact individual tubules of the ER were almost 

undetectable and the ER was concentrated in those structures forming large, 

perinuclear membrane aggregates (Fig. 3_2 D). Interestingly, the cortical ER 

network was also detected and was not affected by PVX infection. However, cortical 

ER was found to be continuous with the ER in the VRC (Fig. 3_2 F). This pattern of 

green fluorescence was observed in all repeated experiments with different ER 

markers. No ER aggregates were detected in uninfected control plants, strongly 

implying that these observed morphological changes in the ER structure are the 

results of PVX presence in these plant cells.  

 

 

 

 



 87 

 
Figure 3_2: PVX on mGFP5-ER N. benthamiana transgenic plants  

Confocal laser scanning images of control uninfected (ER in green; A,E) and PVX-

infected (ER in green, PVX in red; B,C,D,F) epidermal cells of mGFP5-ER 

transgenic N. benthamiana plants to show the effect of PVX on ER morphology 

A: Typical tubular ER network and nuclear envelope in control uninfected plants; B: 

strand of ER going into the PVX VRC (4 d.p.i.); C: ER ring in PVX VRC (4 d.p.i.); 

D: ER membrane aggregates observed in epidermal cells of PVX-infected leaves (7 

d.p.i.); E: typical cortical ER network in control uninfected plants; F: fluorescent ER 

bodies in the cortical ER network in PVX-infected epidermal cells (4 d.p.i.).  

d.p.i. – days of post-inoculation of the leaf tissue with PVX; n – nucleus; arrows 

point to PVX VRCs.  

Bars, 10 µm (A) and 5 µm (B-F). 
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3.2.3 PVX rearranges the Golgi apparatus during VRC formation (Fig. 3_3) 

 

Plant ER is continuous with the Golgi apparatus through transport vesicles (Boevink 

et al., 1998; Vitale and Denecke, 1999). To find out if Golgi is also involved in PVX 

VRC formation and establishment, transgenic Nicotiana plants that stably expressed 

a reporter for Golgi stacks (a transmembrane domain with the N-terminal signal 

anchor sequence of a rat sialyl transferase) (Munro, 1995) fused to GFP (ST-GFP) 

(Boevink et al., 1998; Wee et al., 1998), were infected with PVX (Fig. 3_1 B; Fig. 

3_1 C). This protein fusion is transported from the ER to the Golgi apparatus 

through the COPII pathway (Boevink et al., 1998; Saint-Jore et al., 2002). The ST-

GFP fusion allowed Golgi visualisation in leaf epidermal Nicotiana tabacum cells. 

The Golgi stacks in uninfected control plants (Fig. 3_3 A) were observed to be 

highly mobile within the cytoplasm of the epidermal cells as described in previous 

studies (Boevink et al., 1998; reviewed in Hawes, 2005).  

 

PVX-infected ST-GFP N. tabacum leaves were studied under the confocal laser 

scanning microscope. The infected plants were compared with the uninfected control 

transgenic Golgi plants (Fig. 3_3 A). The Golgi membranes were discovered to be 

involved in PVX VRC formation (Fig. 3_3 B-E), suggesting substantial 

modifications in the host endomembrane system (e.g. ER and Golgi are in the VRC). 

The number and size of VRCs varied from cell to cell (Fig. 3_3 B). During early 

viral infection, the ST-GFP started to accumulate in the PVX VRC (Movie 3.2; 10 

days post-inoculation) and were found to be distributed relatively uniformly within 

this viral structure (Fig. 3_3 B,C). In the sites of late PVX infection (at 24 days post-

inoculation), the Golgi bodies formed ‘clusters’ in the VRC but the integrity of the 

VRC was retained (Fig. 3_3 D,E). With progressive infection, several small VRCs 

(less than 5 �m in size) at the cell periphery and large VRCs (over 25 �m in size) 

next to the cell nucleus were formed with the increased number of Golgi ‘clusters’ 

per infected plant cell (Fig. 3_3 E). This fluorescence pattern was observed in all 

repeated experiments, and no remodelling of the Golgi apparatus was detected in 

uninfected control plants, proving evidence that observed above morphological 

changes in Golgi membranes are the results of PVX infection of these plant cells.  
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Figure 3_3: PVX on ST-GFP N. tabacum transgenic plants  

Confocal laser scanning images of control uninfected (Golgi in green; A) and PVX-

infected (Golgi in green, PVX is either unlabelled (B,C) or PVX in red (D,E)) 

epidermal cells of ST-GFP transgenic N. tabacum plants to show the effect of PVX 

on Golgi morphology 

A: Typical Golgi apparatus in control uninfected plants; B: Golgi bodies in PVX 

VRCs in close association with the nucleus of virus-infected epidermal cells (10 

d.p.i.); C: closer magnification showing Golgi accumulating on the VRC (10 d.p.i.); 

D,E: PVX-infected epidermal cells showing developed perinuclear VRCs (24 d.p.i.) 

with Golgi clusters in them.  

d.p.i. – days post-inoculation of PVX; n – nucleus; arrows point to PVX VRCs.  

Bars, 10 µm.  
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3.2.4 PVX recruits actin microfilaments during VRC establishment (Fig. 3_4) 

 

Plant cortical ER moves along actin cables (Quader et al., 1987; Boevink et al., 

1998) and it is also continuous with actin in plasmodesmata that provide continuity 

of ER between neighbouring cells (Roberts and Lucas, 1990; Ding et al., 1992; 

Lucas and Wolf, 1993; White et al., 1994; Boevink et al., 1998; Botha and Cross, 

2000). To find out if actin is also involved in PVX VRC formation and 

establishment, transgenic Nicotiana plants expressing a reporter for actin, fimbrin 

actin binding domain 2 fused to GFP (FABD2-GFP) (Sheahan et al., 2004), were 

infected with PVX (Fig. 3_1 B; Fig. 3_1 C).   

 

As above, the infected N. tabacum leaves were examined under the confocal laser 

scanning microscope and compared with uninfected control plants (Fig. 3_4 A). 

Unpolymerised actin was found to be recruited to the VRC during the formation of 

the PVX infection site (Fig. 3_4 B-E). These are the first data showing that F-actin is 

recruited to the PVX replication complex. Recruited host actin was found to be 

internalised into the VRC with the formation of ‘spider web’-like arrays of actin 

microfilaments (Fig. 3_4 B,C). In addition, actin was found around specific sub-

compartments of the PVX VRC (Fig. 3_4 D,E). The circular rings of actin 

microfilaments around the VRC sub-compartments provide additional evidence that 

the PVX VRC is a complex compartmentalised structure containing domains with 

specific, defined function. Some ‘empty’ sub-compartments (Fig. 3_4 D,E) were 

identified in actin-PVX localisation studies, suggesting that these ‘empty’ spaces 

could be the sites of the recruitment of the plant host endomembrane system or the 

viral components of PVX. Actin strands were also detected around the whole VRC 

(Fig. 3_4 E). However, these host cytoskeleton elements associated with the VRC 

not only surrounded this viral structure but, in addition, actin cables were found to be 

continuous with radiating cortical actin strands that exited the VRC towards the cell 

periphery (Fig. 3_4 B,C,E), suggesting that virus may employ this route for 

movement of its genome from the VRC to and through PD.   
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Figure 3_4: PVX on FABD2-GFP N. tabacum transgenic plants  

Confocal laser scanning images of control uninfected (actin in green; A) and PVX-

infected (actin in green, PVX is either unlabelled (B,C) or PVX in red (D,E)) 

epidermal cells of FABD2-GFP transgenic N. tabacum plants to show the effect of 

PVX on actin morphology 

A: Typical actin microfilaments in control uninfected plants; B: PVX-infected 

epidermal cell with actin recruited into the VRC (due to low gain the cortical actin is 

not visualised in this image); B,C: ‘spider web’-like actin in PVX VRCs (14 d.p.i.) in 

close association with the nucleus of virus-infected epidermal cells; D: actin 

microfilaments in the VRC (6 d.p.i.); E: actin surrounds the PVX VRC and forms 

rings around the VRC sub-compartments (12 d.p.i.).  

d.p.i. – days post-inoculation of PVX; n – nucleus; arrows point to PVX VRCs.  

Bars, 10 µm (A-C), 5 µm (D,E). 
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3.2.5 PVX does not recruit intact microtubules into the VRC (Fig. 3_5) 

 

Actin microfilaments together with microtubules compose the plant cytoskeleton 

(reviewed in Takemoto and Hardham, 2004). To examine whether microtubules are 

involved in PVX VRC formation, transgenic Nicotiana plants that stably express a 

reporter fused to tubulin (GFP-TUA6) (Ueda et al., 1999) were infected with PVX 

(Fig. 3_1 C).  PVX-infected GFP-TUA6 N. benthamiana leaves were studied under 

the confocal laser scanning microscope and were compared with the uninfected 

control plants (Fig. 3_5 A). Microtubules were abundant in both infected and 

uninfected cells but tubulin was unpolymerised within the VRC (Fig. 3_5 B-E). 

However, the host tubulin was found to be diffuse in the VRC (Fig. 3_5 B,E), and 

unlike actin microfilaments, no ‘spider web’-like arrays of tubulin were detected in 

the infected cells. No obvious compartmentation of tubulin was found within the 

VRC structure. Also, no ‘unbroken’ microtubules were seen around the viral 

replication complex. The host tubulin in the VRC was not detected to be continuous 

with intact microtubules of the cell. Intact microtubules were not found to exit the 

VRC, suggesting that virus may disrupt microtubule assembly during PVX infection 

and indicates that intact microtubules are not involved in PVX VRC establishment, 

and consequently in viral replication and spread.  
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Figure 3_5: PVX on GFP-TUA6 N. benthamiana transgenic plants 

Confocal laser scanning images of control uninfected (microtubules in green; A) and 

PVX-infected (microtubules in green; PVX in red (B-D)) epidermal cells of GFP-

TUA6 transgenic N. benthamiana plants to show the effect of PVX on microtubules 

morphology 

A: Typical microtubules in control uninfected plants; B, E: microtubules (green 

channel) in the PVX VRC of a virus-infected epidermal cell (5 d.p.i.); C: PVX VRC 

(red channel) in the epidermal cell (5 d.p.i.); D: overlay image of B and C 

(microtubules + PVX) showing a PVX VRC (5 d.p.i.). 

d.p.i. – days post-inoculation of PVX; arrows point to PVX VRCs; n – nucleus.  

Bars, 10 µm. 
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3.2.6 Colocalisation of ER and actin in PVX-infected cells (Fig. 3_6) 

 

To examine how the VRC is structured in relation to different organelles, transgenic 

Nicotiana plants expressing mGFP5-ER were infected with PVX (Fig. 3_1 B). An 

actin marker (Fig. 3_1 A) was subsequently bombarded into the PVX infection. 

Infected N. benthamiana leaves were studied under the confocal laser scanning 

microscope. As before, the ER membranes were detected in the VRC (Fig. 3_6 A). 

Actin microfilaments were also found to be internalised into this viral structure (Fig. 

3_6 B). In addition, when the two signals were overlaid, actin cables were observed 

around the VRC and in specific sub-domains of the VRC (Fig. 3_6 C). The 

individual sub-compartments of the ER were found to be interconnected by intact 

actin filaments, as well as surrounded by actin from the outside edges of these ER 

sub-domains (Fig. 3_6 D). ER and actin host organelles colocalised in discrete areas 

within the VRC (Fig. 3_6 E), suggesting that each of these components is recruited 

into the same sub-compartment of the VRC. ER-/actin-free sub-compartments were 

also identified within the VRC, and separate domains, containing only ER or only 

actin were also found (Fig. 3_6 C,E). These results indicate that there are other sub-

domains within the VRC, occupied by other viral or host components. 
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Figure 3_6: PVX on mGFP5-ER N. benthamiana transgenic plants + actin 

marker  

Confocal laser scanning images of PVX-infected (PVX is unlabelled) epidermal cells 

of mGFP5-ER transgenic N. benthamiana plants (ER in green) cobombarded with 

actin marker (actin in red)  

A: ER (green channel) and B: actin (red channel) in the PVX VRC of a virus-

infected epidermal cell; C: overlay image of A and B (ER + actin) (13 d.p.i. + 1 

d.p.b.); D,E: overlay images (ER + actin) showing PVX VRCs; D: 15 d.p.i. + 9 d.p.b. 

E: 15 d.p.i. + 1 d.p.b. 

d.p.i. – days post-inoculation of PVX; d.p.b. – days post-bombardment of actin 

marker; arrows point to PVX VRCs. 

Bars, 5 µm. 
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3.2.7 Colocalisation of Golgi and actin in PVX-infected cells (Fig. 3_7) 

 

Next, transgenic Nicotiana plants stably expressing ST-GFP were infected with PVX 

(Fig. 3_1 B) followed by bombardment of an actin marker (Fig. 3_1 A) into the 

infection sites. As above, PVX-infected ST-GFP N. tabacum leaves were studied 

under the confocal laser scanning microscope. As expected, the Golgi membranes 

were detected in the VRC (Fig. 3_7 A,D). The actin microfilaments were also found 

to be internalised into this viral structure, as well as detected around the VRC (Fig. 

3_7 B,E). In addition, when the two signals were overlaid, the Golgi bodies 

completely colocalised with the host actin, appearing superimposed on the actin 

strands (see also Boevink et al., 1998) within the VRC and between the VRC and the 

cell cortex (Fig. 3_7 C,F). The actin cables with the Golgi bodies moving on them 

(Movie 3.3a,b; 10 days post-inoculation) were found to be continuous with radiating 

cortical actin strands that exited the VRC towards the cell periphery (Fig. 3_7 C,F). 

The Golgi stacks together with the actin network formed VRCs resembling a ‘birds 

nest’-like structure in the infected cell (Fig. 3_7). In addition, different sized (smaller 

Fig. 3_7 C; and bigger Fig. 3_7 F) actin- and Golgi-free sub-compartments were 

identified within the VRC. These data show that actin and Golgi colocalise in the 

VRCs and that there are Golgi-/actin-free sub-compartments probably occupied by 

additional organelles or by PVX-encoded proteins. 
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Figure 3_7: PVX on ST-GFP N. tabacum transgenic plants + actin marker 

Confocal laser scanning images of PVX-infected (PVX is unlabelled) epidermal cells 

of ST-GFP transgenic N. tabacum plants (Golgi in green) cobombarded with actin 

marker (actin in red)  

A,D: Golgi (green channel) and B,E: actin (red channel) in the PVX VRC of a virus-

infected epidermal cell; C: overlay image of A and B (Golgi + actin); F: overlay 

image of D and E (Golgi + actin) showing PVX VRCs.  

A-C: 10 d.p.i. + 1 d.p.b.; D-F: 10 d.p.i. + 2 d.p.b.  

d.p.i. – days post-inoculation of PVX; d.p.b. – days post-bombardment of actin 

marker; arrows point to PVX VRCs. 

Bars, 10 µm. 
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3.3 Discussion 

 

3.3.1 ER remodelling during PVX infection 

 

My data show that PVX reorganises the host ER network during the VRC 

establishment. The ER modifications triggered by PVX infection resemble those 

induced by a wide range of viruses. Many animal (+)RNA viruses are known to use 

the ER as a site of replication (Suny et al., 2000; Mackenzie, 2005). A variety of 

plant (+)RNA viruses such as tobacco mosaic virus (Esau and Cronshaw, 1967; 

Heinlein et al., 1998; Reichel and Beachy, 1998; Mas and Beachy, 1999; Sanfaçon, 

2005), tobacco etch virus (Schaad et al., 1997), brome mosaic virus (Restrepo-

Hartwig and Ahlquist, 1996, 1999; reviewed in Noueiry and Ahlquist, 2003), cowpea 

mosaic virus (Carette et al., 2000), peanut
 
clump virus (Dunoyer et al., 2002), poa 

semilatent virus (Solovyev et al., 2000; Zamyatnin et al., 2002), grapevine fanleaf 

virus (Ritzenthaler et al., 2002), red clover necrotic mosaic virus (Turner et al., 

2004), beet yellows closterovirus and alfalfa mosaic virus (Huang and Zhang, 1999; 

Peremyslov et al., 1999) also use ER-derived membranes
 

for their replication 

processes. For instance, replication of peanut
 
clump virus takes place on modified 

membranes of the ER and the Golgi apparatus (Dunoyer et al., 2002) while cowpea 

mosaic virus forms large ER perinuclear fluorescent aggregates (Carette et al., 2000) 

similar to those induced by PVX infection (Fig. 3_2 D). Association of the PVX 

TGB2 and TGB3 proteins with the ER membrane has been under extensive study 

(Zamyatnin et al., 2002; Krishnamurthy et al., 2003; Ju et al., 2005, 2007, 2008; 

Schepetilnikov et al., 2005; Samuels et al., 2007). In addition, association of PVX 

VRCs with different cellular components, including the ER was identified in early 

EM studies (Kozar and Sheludko, 1969; Stols et al., 1970). These data have been 

largely ignored in recent reports of PVX infection. In this study, remodelling and 

redistribution of the host ER into the developing VRC is presented for the first time. 

In this work, the degree of ER incorporation into the VRC was found to correlate 

with the stage of viral infection. These data highlight that the ER morphology and 

mobility changes once the infection progresses. This begins with a highly mobile ER 

component moving in and out of the VRC (Movie 3.1a,b) (Fig. 3_2 B) and, over 
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time, results in formation of the large, perinuclear ER membrane aggregations within 

the VRC (Fig. 3_2 D). The mobile ER network moving in and out of the VRC 

indicates that during early infection PVX extensively recruits these host membranes 

into the forming VRC. Over time, the ER membranes appear to become trapped 

within the VRC and may serve as centres for active viral RNA synthesis and PVX 

replication. Large fluorescent ER aggregates at later stages of viral infection may 

form due to the increased reorganisation of the ER network with developing 

infection, suggesting that a general redistribution of host membranes in the infected 

cell may also take place. Large perinuclear ER ‘clusters’ may derive from existing 

tubular ER elements or perhaps from de novo membrane
 
synthesis. Additionally, the 

PVX VRC was found to be continuous with the cortical ER network in this study 

(Fig. 3_2 F). Unlike grapevine fanleaf virus (Ritzenthaler et al., 2002), peanut clump 

virus (Dunoyer et al., 2002), cowpea mosaic virus (Carette et al., 2000) and tobacco 

mosaic virus (Reichel and Beachy, 1998), the morphology of the cortical ER was not 

disrupted by the presence of PVX. My hypothesis is that, unlike these viruses, PVX 

may utilise unmodified cortical ER network for movement of its genome through 

PD. Differences in the morphology of the host cortical ER induced by different plant 

virus groups, and even viruses within the same family, suggest that these viruses may 

use dissimilar mechanisms when recruiting cellular organelles into the VRC and 

establishing a movement pathway to PD.  

  

3.3.2 Golgi redistribution during PVX infection 

 

My data also show that PVX rearranges the Golgi apparatus during VRC formation. 

Golgi membranes were also found to be involved in the establishment of the VRC 

(Fig. 3_3 B-E) together with the ER, indicating that ER is not the only contributor
 
to 

the morphogenesis of the VRC. Like PVX, a number of animal and plant viruses 

have been found to replicate in close association with Golgi-derived membranes. For 

example, flavivirus RNA replication has been suggested to take place in vesicles 

generated from the trans-Golgi membranes (Mackenzie et al., 1999). Membranes of 

the ER, Golgi apparatus and
 
lysosomes have been identified in the poliovirus-

induced vesicles in animal cells (Dales et al., 1965; Caliguri and Tamm, 1970; Bienz 
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et al., 1987; Schlegel et al., 1996). These data suggest that sub-cellular Golgi 

redistribution is a common event during a wide range of infections of both (+)RNA 

mammalian and plant viruses. Like ER, the Golgi apparatus was found to undergo 

different changes in its organisation during PVX infection. At the beginning of PVX 

infection, the Golgi bodies were observed to accumulate within the developing VRC 

(Fig. 3_3 B,C). This is probably achieved by Golgi bodies moving on the actin 

filaments targeted to the developing VRC. The Golgi ‘clusters’ formed at the later 

PVX infection events (Fig. 3_3 D,E) are probably due to reabsorption of the Golgi 

membranes into the VRC, forming an endomembrane sub-compartment. As virus 

infection progresses, PVX may reorganise host membranes, and the amorphous 

Golgi ‘clusters’ observed at later stages of infection are likely to be comprised of 

disassembled lipids and proteins. The mechanism of such cellular changes is 

unknown (Takemoto and Hardham, 2004). Such a dramatic structural reorganisation 

of host organelles is likely a product of interactions between the host components of 

the infected cell and the virally-encoded proteins. The Golgi and the ER membranes 

may not be the only contributors to the morphogenesis of the VRC as the association 

of PVX VRCs with vacuoles and mitochondria was also identified in early EM 

studies (Kozar and Sheludko, 1969; Stols et al., 1970). These results indicate that 

other host membranes can potentially make a contribution towards the VRC structure 

and could also be possible sites for PVX replication.  

 

3.3.3 Origin of the modification of cellular membranes 

 

The modifications in cellular membrane structure could involve proliferation and 

invaginations of host membranes, and possibly vesiculation to expand the surface of 

infection. One possible explanation of the virus-induced aggregates formed in PVX-

infected cells is a clustering of vesicles derived from the ER or Golgi. A number of 

viruses have been also shown to induce vesiculation during replication processes, 

among them comoviruses (Eggen and van Kammen, 1988), potyviruses (Lesemann, 

1988), polioviruses (Semler et al., 1988) and tombusviruses (Burgyan et al, 1996; 

Rubino and Russo, 1998; Rubino et al., 2001; Weber-Lotfi et al., 2002). Most of the
 

vesicles induced during replication of animal viruses are surrounded by double 
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bilayers of lipids, indicating that modification of cellular membrane structure 

requires a more complex packaging mechanism for vesicle formation than a simple 

membrane budding process (Schlegel et al., 1996; Pedersen et al., 1999).  

 

3.3.4 Potential involvement of the plant cytoskeleton in PVX replication and 

movement  

 

This is the first report that demonstrates recruitment of unpolymerised actin 

microfilaments into the PVX VRC during the formation of the infection site (Fig. 

3_4 B-E). Actin was found to form ‘spider web’-like arrays of microfilaments within 

the VRC (Fig. 3_4 B,C). In addition, actin was detected around the VRC (Fig. 3_4 E) 

and around specific sub-compartments within this structure (Fig. 3_4 D,E), 

supporting a hypothesis that the PVX VRC is highly compartmentalised and contains 

a series of spatially functioning sub-domains of undefined viral function. Some 

‘empty’ sub-compartments (Fig. 3_4 D,E) were also identified, indicating and these 

‘vacant’ regions may be the sites of recruitment of the plant host endomembrane 

system or the PVX gene products produced during infection. Importantly, actin 

cables were found to be continuous with radiating cortical actin strands that exited 

the VRC towards the cell periphery (Fig. 3_4 B,C,E), suggesting that PVX is very 

likely to take this pathway for movement of its genome from a VRC to and through 

PD. 

 

Certain
 
animal viruses have been found to be associated with host cytoskeleton 

systems, both microtubules (Sodeik et al., 1997; Suomalainen et al., 1999) and actin 

microfilaments (Sundell and Singer 1991; Bassel and Singer 1997; Cudmore et al., 

1997; Roper et al., 1998) during viral entry, replication and translocation within the 

host cell (Radtke et al., 2006; Lai et al., 2008). The plant cytoskeleton has been also 

implicated in replication and movement of different viruses (see Chapter 1). It has 

been also shown that some movement proteins of plant viruses (for example, TMV 

MP) may interact with mictrotubules (Heinlein et al., 1995) and with microfilaments 

(McLean et al., 1995; Liu et al., 2005). It has also been proposed that both actin 

microfilaments and microtubules may act as host channels for vRNA-MP and/or 
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virion complexes to target cell PD (Carrington et al., 1996; Lazarowitz and Beachy, 

1999; Tzfira et al., 2000; Heinlein, 2002), possibly involving host myosin motors 

(Liebe and Quader, 1994; Prokhnevsky et al., 2005; Harries et al., 2009b). However, 

little is
 
known about the nature and

 
regulation of virus-host cytoskeleton interactions 

(Stidwill and Greber, 2000). 

 

The data of this chapter support the hypothesis that host actin is involved in 

trafficking of PVX genome to PD. These data also support recent findings showing 

that the intercellular movement of PVX is influenced by disruption of actin 

microfilaments, suggesting that the intercellular trafficking of this plant virus is 

dependent on the host actin cytoskeleton. Like PVX, intercellular spread of TMV 

and tomato bushy stunt virus was also found to be influenced by disruption of actin 

microfilaments, suggesting that the intercellular movement of these viruses is also 

dependent on actin. Movement of turnip vein-clearing virus (a tobamovirus that is 

closely related to TMV) was not arrested by application of the actin inhibitor, 

latrunculin B, indicating that viruses even from the same group may differ in their 

utilisation of the plant cytoskeleton elements (Harries et al., 2009b).   

 

My data also illustrate that intact microtubules are not recruited into the PVX VRC. 

In stead, a pool of diffuse unpolymerised tubulin was observed within the VRC (Fig. 

3_5 B,E). Unlike actin microfilaments, no ‘spider web’-like arrays of tubulin were 

detected in the infected cells and no intact microtubules were found to exit the VRC. 

These data suggest that PVX may disrupt microtubule organisation during infection, 

and that this host organelle is not involved in PVX VRC establishment. My data also 

imply that PVX may use host actin for translocation between the VRC and the cell 

periphery. This hypothesis is supported by various studies showing that actin 

microfilaments are involved in viral transport processes when microtubules are 

depolymerised (Ritzenthaler et al., 1995; Lazarowitz and Beachy, 1999; Laporte et 

al., 2003). Microtubule depolymerisation has been also reported for vaccinia virus 

infection (Ploubidou et al., 2000), suggesting that this event also takes place during 

infection of animal viruses. In the future studies it would be interesting to examine if 

treatment with mictrotubule-depolymerising agents (oryzalin, nocodazole), and the 
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application of a microtubule-stabilising drug (taxol) during PVX infection interfere 

with viral replication and spread. Although myosins are suggested to be involved in 

transport of organelles and ER along actin microfilaments (Liebe and Quader, 1994), 

an involvement of myosins as candidate motor proteins for facilitating movement of 

different animal (Sasaki et al., 1995; Forest et al., 2005; Greber and Way, 2006) and 

plant viruses (Harries et al., 2009b) has also been documented. It is also possible that 

some viruses may make use of the energy released during depolymerisation of 

tubulin (Molodtsov et al., 2005).  

 

The data of this chapter suggest that both plant actin cytoskeleton and 

endomembrane system are associated with PVX VRC. The presence of actin and 

cortical ER within PD supports the hypothesis that the cytoskeleton is required for 

virus movement (White et al., 1994; Nelson, 2005), and one possible pathway for 

plant viruses to spread through plasmodesmata is via the desmotubule (Cantrill et al., 

1999; reviewed in Roberts and Oparka, 2003).  

 

3.3.5 Colocalisation of ER, actin and Golgi in PVX-infected cells 

 

Colocalisation data support the idea that PVX VRCs are complex compartmentalised 

structures within which host organelles are spatially separated. These data help to 

build a structural VRC model, in which intact actin filaments surround the individual 

sub-compartments of the ER within the VRC (Fig. 3_6 C,D; Fig. 3_7 B,E). Within 

VRCs, ER and actin were also colocalised in the same sub-compartments (Fig. 3_6 

E). ER/actin-free sub-domains were also identified within the VRC, as well as 

separate domains that were free of ER or free of actin (Fig. 3_6 C,E). These results 

suggest that there are other sub-compartments within PVX VRCs, probably taken up 

by other viral or host components. The Golgi membranes were found to colocalise 

with actin cables within the PVX VRC and on the exit from this viral structure 

towards the cell cortex through radiating cortical actin strands (Fig. 3_7 C,F). Such 

an organisation of recruited host organelles in the VRC is likely to have an important 

role for the compartmentation of vRNA and viral proteins synthesised during 

infection. 
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3.3.6 Potential roles of host organelles within the PVX VRC 

 

Remodeling and recruitment of host membranes and cytoskeleton elements is likely 

to be a critical event in the PVX infection process in order to sustain viral replication, 

and is also a potentially crucial step for viral spread between cells. Various reasons 

are possible for the recruitment of cellular membranes and cytoskeleton into the 

VRC (Salonen et al., 2005). One possible reason is that these viral structures are 

formed to enlarge the surface area for viral RNA synthesis and replication. This 

would lead to an increase in the local concentration of the essential RNA replication 

machinery components. In addition, recruited host membranes may help to protect 

the replicating virus from defense systems of the host plant. If the virus is wrapped in 

host membranes, it is more difficult for the plant to recognise it as its pathogen. 

Therefore, alterations in membrane structure potentially create isolated 

compartments for replication within the VRC protecting the newly synthesised 

vRNA molecules from degradation and RNA silencing (Dunoyer et al., 2002; 

Schwartz et al., 2002, 2004; Sanfaçon, 2005). To achieve this protection, and to 

successfully replicate and move to adjacent cells, it is important for the virus to have 

the required plant components in the correct amounts, at the right time, and in the 

right place within the host cell (Sanfaçon, 2005). Importantly, the virus may not only 

direct host functions, it may also coordinate its own replication and movement 

machinery to avoid irreversible damage to the host plant (Salonen et al., 2005; 

Sanfaçon, 2005). Finally, an established VRC is not just a static anchoring site for 

essential components of the replication complex (Schwartz et al., 2002, 2004; 

Sanfaçon, 2005). By recruiting plant cytoskeleton to the VRC, the virus generates a 

transport pathway for its movement to infect healthy adjacent plant cells. Therefore, 

the successful formation of PVX VRCs determines the success of viral cell-to-cell 

movement in the host plant. 

 

3.3.7 Conclusions 

 

In general, PVX infection caused a complex remodeling of the ER network, a 

redistribution of the Golgi bodies in the cell and an extensive recruitment of actin 
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microfilaments into the forming VRC. The host components within the VRC were 

found to be continuous with the cortical ER/actin network located close to the cell 

periphery. This involvement of host plant organelles in the VRC has not previously 

been reported for PVX. All of these morphological modifications to host organelles 

may generate a PVX VRC structure that facilitates successful viral replication and 

determines the success of viral movement between cells.  
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4. Analysis of PVX VRC formation in relation to viral gene products  

 

4.1 Aim  

 

The functional significance of PVX VRC and the role of viral proteins for replication 

and movement remain poorly understood. For example, TGB2 and TGB3 have not yet 

been shown to contribute to the viral replication process, although they are required for 

movement (Schepetilnikov et al., 2005). Available research data suggest that PVX uses 

cellular pathways for translocation of its genome. However, there is no clear picture of 

the early stages of viral infection events. Furthermore, there is no experimental evidence 

to show whether the TGB2/TGB3-related vesicles contain vRNA/CP/TGB1 or 

virions/STPs for PVX movement. It is also yet unclear if TGB2 and TGB3-induced 

vesicles can traffic from cell-to-cell. Mutational analysis of the PVX genome shows that 

all 3 TGBs (and viral CP) are required for cell-to-cell movement (Huisman et al., 1988; 

reviewed in Koonin and Dolja, 1993; Angell et al., 1996; Verchot-Lubicz, 2005). It is 

likely that these viral proteins interact with each other to allow intercellular transport, 

but the nature of these interactions and the precise function of the TGB proteins and 

viral CP in the movement processes of PVX has not yet been established. The 

hypothesis I suggest is that PVX transport is dependent on successful viral replication 

and the formation of the VRC. 

 

The previous chapter examined the recruitment of host organelles into the PVX VRC. 

The aim of this chapter was to pinpoint the location of the TGB proteins and the CP of 

PVX during infection. While TGBs have been studied extensively in the past (see 

Chapter 1), there is confusion as to their location and function. In this chapter, the sub-

cellular localisation of PVX TGB proteins and CP during the infection process was 

examined using both red and green fluorescent reporter constructs. PVX TGB proteins 

were investigated in relation to the formation of the PVX VRC, both in the absence and 

presence of viral infection. The structure of the PVX VRC was also explored by 

colocalisation of viral proteins with components of the host plant. Mutational analysis 
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was used to determine which viral gene products are required for the VRC formation 

and for the recruitment of host organelles into the VRC. 

 

4.2 Results 

 

4.2.1 Plasmids used in this study (Table 4.1, Fig. 4_1) 

 

To carry out in vivo plant cell imaging, PVX and a variety of reporters of cellular or 

viral components were introduced into the same epidermal plant cell using different 

approaches: PVX was inoculated onto (pTXS), agroinfiltrated into (pGR106), or 

bombarded into (pRTL2) non-transgenic plants or transgenic plants expressing ER, 

Golgi, actin and secondary PD markers. 

 

To express PVX proteins in a plant cell, constructs were used in which the proteins of 

interest were expressed either (i) transiently from a non-viral pRTL2 expression vector 

as fusions to fluorescent proteins under the control of CaMV 35S promoter or (ii) from a 

PVX-based pGR106 vector under the control of the CaMV 35S promoter. To express 

endogenous TGB1 from a virus-based vector, a PVX pGR106 endogenous TGB1-

mCherry construct was designed in which the TGB1 coding sequence was tagged with 

mCherry (mCherry fluorescent protein was fused in frame to the 3' end of the PVX 

TGB1 gene) and was expressed in the viral pGR106 construct. In this construct the 

TGB1 protein was expressed from its own subgenomic promoter within the PVX 

genome. Two endogenous TGB1 constructs were generated (Fig. 4_1 J; Fig. 4_1 K). 

The first construct (Fig. 4_1 J) was found to be infectious in the host plant. The second 

construct, which contained the GFP-2A-CP insertion (Fig. 4_1 K), was not infectious. 

Many viruses are known to be limited by the size of the insert (Neuthaus and Boevink, 

2001). It is very likely that this virus did not tolerate insertion of additional gene 

sequences (GFP-2A-CP) into its genome. 
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The biolistic bombardment assay leads to transient gene expression restricted to single 

epidermal plant cells. The sites of bombardment (small rings of tissue on the leaf) were 

normally seen after 1 day post-bombardment. The time of appearance of bombarded 

sites on the leaf was usually dependent on different factors, such as plant condition, 

pressure of bombardment and the amount of gold used for the bombardment (Neuthaus 

and Boevink, 2001). Usually two, but not more than three, bombardments were made 

per individual plant leaf in order to minimise plant tissue damage and the data were 

collected the day after bombardment. 

 

The centre of the infection events was studied in this chapter, apart of the localisation of 

the CP and the TGB1 protein experiments in which both the leading edge of infection 

site and the centre of infection were examined. 

 

Plasmids used in this results chapter can be divided into two groups which are listed in 

Table 4.1 

 

1) According to the method of plasmid delivery: 

 

i) Binary plasmids for transient plant transformation by agroinfiltration: 

pGR106 (Jones et al., 1999) 

pGWB402� (Nakagawa et al., 2007) 

ii) Bombardment plasmids for transient plant transformation by biolistic 

bombardment: 

pRTL2 (Restrepo et al., 1990) 

iii) Plasmids containing T7 polymerase promoter for synthesis of infectious PVX 

RNA transcripts for in vitro transcription, reassembly and inoculation: 
pTXS (Chapman et al., 1992) 

 

2) According to the expressed marker or gene: 

 

Plasmid name Expressed marker or gene Figure number  

Viral gene markers: 

pRTL2.TGB1-mCherry red TGB1 viral movement 

protein reporter 

Fig. 4_1 A 
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pRTL2.GFP-TGB2 green TGB2 viral movement 

protein reporter 

Fig. 4_1 B 

pRTL2.TGB3-GFP green TGB3 viral movement 

protein reporter 

Fig. 4_1 C 

Organelle markers: 

pRTL2.ER-tdTomato red ER marker Fig. 4_1 D 

pRTL2.Lifeact-tdTomato red actin marker Fig. 4_1 E 

pGWB402�.Lifeact-TagRFP red actin marker Fig. 4_1 F 

Transgenic Nicotiana plants that stably express: 

TMV MP-GFP green reporter for secondary PD 

mGFP5-ER green reporter for ER 

ST-GFP green reporter for Golgi  

FABD2-GFP green reporter for actin 

see Table 2.1 in 

Chapter 2 for more 

details 

PVX-carrying plasmids: 

pTXS.GFP-2A-CP 

‘overcoat’ virus 

PVX with green fluorescent 

protein fused to coat protein, in 

vitro transcription vector 

Fig. 4_1 G 

pRTL2.GFP-2A-CP 

‘overcoat’ virus 

PVX with green fluorescent 

protein fused to coat protein, 

bombardment vector 

Fig. 4_1 H 

pGR106.CFP PVX with cyan fluorescent 

protein, binary vector 

Fig. 4_1 I 

pGR106.TGB1-mCherry  PVX with endogenous TGB1 

fusion to red FP (mCherry); no 

FP fusion to coat protein  

Fig. 4_1 J 

pGR106.TGB1-mCherry, 

GFP-2A-CP 

‘overcoat’ virus 

PVX with endogenous TGB1 

fusion to red FP (mCherry) and 

with green fluorescent protein 

fused to coat protein 

Fig. 4_1 K 

PVX mutant constructs: 

1) PVX mutant constructs cloned during this thesis: 

pGR106.a-g.GFP 

a. �TGB1  

b. �TGB2  

c. �TGB3  

d. �TGB1-�TGB2  

e. �TGB1-�TGB3  

f. �TGB2-�TGB3  

g. �TGBs  

 

h. pGR106.mCherry.�CP 

i. pGR106.pum.mCherry.�CP 

 

pGR106.j-l.GFP-2A-CP 

PVX with mutated viral proteins 

and with green fluorescent 

protein 

 

 

 

 

 

 

PVX with deleted viral coat 

protein and with red fluorescent 

protein 

PVX with mutated viral proteins 

Fig. 4_1 L 
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j. �TGB1-�TGB2  

k. �TGB1-�TGB3  

l. �TGB2-�TGB3  

and with green fluorescent 

protein fused to coat protein 

2) PVX mutant constructs subcloned from 1) by Dr. Jens Tilsner: 

pGR106.�TGB1.GFP-2A-CP  

‘overcoat’ virus 

PVX with mutated TGB1 protein 

and with green fluorescent 

protein fused to coat protein 

Fig. 4_1 M 

pGR106.�TGB2.GFP-2A-CP 

‘overcoat’ virus 

PVX with mutated TGB2 protein 

and with green fluorescent 

protein fused to coat protein 

Fig. 4_1 N 

pGR106.�TGB3.GFP-2A-CP 

‘overcoat’ virus 

PVX with mutated TGB3 protein 

and with green fluorescent 

protein fused to coat protein 

Fig. 4_1 O 
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Figure 4_1: Schematic representation of plasmids used in this results chapter 

TGB: triple gene block, MP: movement protein; CP: coat protein. 



 112 

4.2.2 Localisation of viral TGB movement proteins individually and in combination  

 

4.2.2.1 The TGB1 protein labels PD in the absence of viral infection (Fig. 4_2)  

 

Due to the fact that the TGB1 protein is a multifunctional protein able to move cell-to-

cell (Angell et al., 1996; Lough et al., 1998, 2000; Yang et al., 2000; Howard et al., 

2004), my first interest was to find out whether TGB1 associates with PD in the absence 

of virus. To test this hypothesis, transgenic N. tabacum plants that stably expressed the 

MP of TMV fused to GFP (MP-GFP; Roberts et al., 2001), were used to locate branched 

secondary PD (Faulkner et al., 2008). These plants were then bombarded with the TGB1 

fluorescent fusion protein (Fig. 4_1 A). 

 

Transgenic, uninfected N. tabacum leaf epidermal cells were examined under the 

confocal laser scanning microscope. PD labeling of the epidermal cells was identified by 

the presence of numerous GFP-expressing dots in the cell periphery (Fig. 4_2 A,D). 

These epidermal cells were then compared with the cells bombarded with TGB1 (Fig. 

4_2 B,E). It was found that the TGB1 signal colocalised precisely with the green signal 

in the central cavities of branched PD (Fig. 4_2 C,F), indicating that TGB1 is targeted to 

PD in the absence of virus infection. The TGB1 signal was also found at the cell 

periphery in the spots, free of secondary PD marker, presumably in simple PD (Fig. 4_2 

F). 

 

It is highly unlikely that MP of TMV facilities association of TGB1 with PD due to the 

fact that in a different experiment TGB1, when this protein was expressed in the cell 

along, was able to localise to PD, traffic to adjacent cells and establish the VRCs in 

uninfected neighbouring cells in the complete absence of other viral gene products 

(unpublished data from our lab).  
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Figure 4_2: TGB1 on TMV MP-GFP N. tabacum transgenic plants  

Confocal laser scanning images of epidermal cells of uninfected TMV MP-GFP 

transgenic N. tabacum leaves bombarded with the TGB1 viral protein to show TGB1 

(red) in the cell secondary PD (green) in the absence of viral infection  

A,D: PD (green channel); B,E: TGB1 (red channel); C,F: overlay of green and red 

channel (PD + TGB1) at 1 d.p.b. 

d.p.b. – days post-bombardment of TGB1; thin arrows point to the colocalisation of 

green PD labelling with red TGB1 signal at the cell periphery; the large red structure 

presents the ‘VRC’.  

Bars, 20 µm.  
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4.2.2.2 The TGB1 protein and PVX ‘overcoat’ are present in small particles in 

PVX-infected cells (Fig. 4_3 – Fig. 4_8)  

 

To test if TGB1 within PD colocalised with ‘overcoat’ particles, the TGB1 construct 

(Fig. 4_1 A) was bombarded into plants infected with PVX ‘overcoat’ (Fig. 4_1 G). 

 

4.2.2.2.1 Sub-cellular localisation of PVX ‘overcoat’ virions and motile CP particles 

 

A genetically modified virus that expressed CP tagged to GFP (PVX ‘overcoat’; Fig. 

4_1 G) was used as a strategy to locate assembled virions in the living plant cells, and as 

a non-destructive method for visualisation of virus movement in vivo. This viral 

construct was shown previously to replicate, encapsidate and move cell-to-cell (Santa 

Cruz et al., 1996). Non-transgenic N. benthamiana plants were infected with PVX 

‘overcoat’ (Fig. 4_1 G). GFP-expressing viral lesions were detected under UV 

illumination as small fluorescent dots at 3 days post-inoculation (d.p.i.) of PVX. An 

increase in size of fluorescent rings indicated that the virus was successfully replicating 

and spreading within the inoculated leaf. Long-distance movement from a local, 

inoculated leaf into uninfected leaf tissue occurred after 5-6 days post-inoculation (data 

not shown). 

 

The leading edge and the centre of the infection sites, respectively, were monitored. The 

leading edge of an infection site represents the earliest detectable stage in which the 

virus has entered new cells. Therefore, examination of the leading edge provides 

information on where viral proteins first accumulate in the cell. The centre of the PVX 

infection is characterised as a late stage of infection in which significant levels of virus 

have already accumulated. The centre of an infection thus provides information on the 

distribution of proteins after the virus has invaded adjoining cells.  

 

At the centre of viral infection large, fibrillar aggregates of PVX virions were present in 

the perinuclear VRCs of infected cells (Fig. 4_3 A; see also Santa Cruz et al., 1996). 
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During closer examination of the VRC, PVX CP was found to form cages of fibrillar 

masses with central cores unlabeled by GFP (Fig. 4_3 B). At the leading edge of a PVX 

‘overcoat’ infection, characteristic fibrillar VRCs and small virus-like particles 

containing PVX CP were observed (Fig. 4_3 C,D). These ‘packets’ of particles were 

found to be highly mobile (Movie 4.1a,b). They were observed to move in and out of the 

PVX VRC (Movie 4.2) and they were found statically localised to PD (Fig. 4_3 E). 

From the leading edge towards the centre of infection, more fibrillar virions that 

localised to VRCs were detected and less GFP signal in motile particles was seen (Fig. 

4_3 C). 

 

4.2.2.2.2 Motile particles of PVX contain both TGB1 and CP  

 

Based on the fact that PVX requires its CP for trafficking between cells (see Chapter 1) 

and TGB1 is detected in PD, colocalision studies of TGB1 with the ‘overcoat’ virus 

were carried out. The TGB1 protein (Fig. 4_1 A) was co-expressed transiently with PVX 

‘overcoat’ (Fig. 4_1 H) (Fig. 4_4 A-F, Fig. 4_7) and, in a different experimental 

approach, the TGB1 protein (Fig. 4_1 A) was bombarded into leaves infected with PVX 

‘overcoat’ (Fig. 4_1 G) of non-transgenic N. benthamiana plants (Fig. 4_4 G-I; Fig. 4_5; 

Fig. 4_6; Fig. 4_8 C,D). Biolistic bombardment was used to visualise TGB1 and viral 

CP in the same cell and to follow movement from bombarded cells to neighbouring non-

bombarded cells. The TGB1 particles were found to be moving together with ‘overcoat’ 

particles in the cell cytoplasm (Movie 4.3a,b; arrows in the cell cytoplasm Fig. 4_4 A-

F), indicating that TGB1 and CP are present in the same motile particles. 

 

4.2.2.2.3 TGB1 and CP signals colocalise in PD  

 

TGB1-mCherry signal also localised to the cell wall of the bombarded cells (stationary 

punctate spots of red fluorescence) together with the green PVX particles (Fig. 4_4 G-I). 

Most of these populations of particles (TGB1 and CP) were targeted to numerous PD 

(Fig. 4_5). In addition, the TGB1 and CP particles were detected in pitfields of 
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plasmodesmata (arrowheads in Fig. 4_5; Fig. 4_6 A-C). Interestingly, structures in 

which the two signals (mCherry and GFP) were separated were also observed. These 

structures resembled single-tailed particles (STPs) of PVX with one end of the particle 

(TGB1) located within PD and the other end (CP) protruding into the cytoplasm (Fig. 

4_6 D-F). The TGB1 and CP particles were also found outside of the bombarded cells in 

the cell cytoplasm of neighbouring cells (Movie 4.4; motile population; Fig. 4_7 A-C) 

and in PD located at the cell periphery of adjacent cells (Fig. 4_7 D-F).  

 

4.2.2.2.4 TGB1-mCherry expression from a virus-based vector reveals circular 

‘walnut-like’ TGB1 inclusions in the PVX VRC 

 

To confirm that the observed sub-cellular localisation of bombarded TGB1 protein is a 

true biological component of the PVX infection, an infectious virus was constructed to 

express a TGB1-mCherry fusion (Fig. 4_1 J). This endogenous TGB1 construct gave 

more details of TGB1 structure in the VRC (Fig. 4_8 A,B) compared to the bombarded 

TGB1 construct (Fig. 4_4 B,E,H; Fig. 4_7 B,E). In the bombarded TGB1 construct, 

possibly due to protein overexpression, it was more difficult to obtain a clear image of 

the TGB1 protein in the VRC. At the infection centre, however, endogenous TGB1 

formed circular ‘walnut-like’ inclusions in the VRC, sometimes forming rod-like 

elongated structures in the cell cytoplasm (arrowheads in Fig. 4_8 A). This was also 

observed in earlier studies using an EM approach (Davies et al., 1993; Samuels et al., 

2007). 

 

4.2.2.2.5 Dual imaging of the PVX VRC reveals different localisation patterns of 

TGB1 and CP  

 

Although TGB1 and CP colocalised in PD, these proteins were found to be spatially 

separated from one another in the VRC. TGB1 was located at the centre of PVX VRC 

and CP was observed around the TGB1 protein, localised towards the periphery of the 

VRC, outside the TGB1-containing sub-compartments (Fig. 4_8 C,D).  
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Figure 4_3: PVX ‘overcoat’ on non-transgenic N. benthamiana plants  

Confocal laser scanning images of PVX ‘overcoat’-infected (green) epidermal cells of 

non-transgenic N. benthamiana leaves  

A: PVX-infected epidermal cells with developed perinuclear ‘overcoat’ VRCs; B: a 

higher magnification image of the PVX ‘overcoat’ VRC; C-E: a leading edge of a PVX 

‘overcoat’ infection with PVX VRCs and PVX mobile particles at 5 d.p.i. (local leaves).  

d.p.i. – days post-inoculation of PVX; thick arrows point to PVX VRCs; thin arrows 

point to PVX ‘overcoat’ mobile particles; n – nucleus.  

Bars, 10 µm (B), 20 µm (A, C-E).   
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Figure 4_4: PVX ‘overcoat’ and TGB1 on non-transgenic N. benthamiana plants  

1) Confocal laser scanning images of epidermal cells of non-transgenic N. benthamiana 

leaves cobombarded with PVX ‘overcoat’ (green) and TGB1 (red) (A-F). 

2) Confocal laser scanning images of PVX ‘overcoat’-infected (green) non-transgenic N. 

benthamiana leaves bombarded with TGB1 (red) (G-I). 

A,D,G: PVX ‘overcoat’ (green channel): PVX VRCs and PVX particles; B,E,H: TGB1 

(red channel): TGB1 in PVX VRCs and TGB1 particles; C,F,I: overlay of green and red 

channel (PVX ‘overcoat’ + TGB1). 

A-F: 2 d.p.b.; G-I: 12 d.p.i. (systemic leaves) + 1 d.p.b. 

d.p.i. – days post-inoculation of PVX; d.p.b. – days post-bombardment; thick arrows 

point to PVX VRCs; thin arrows point to the colocalisation of green and red particles in 

the cell cytoplasm (mobile population) and in PD (stationary population).  

Bars, 10 µm.  
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Figure 4_5: PVX ‘overcoat’ and TGB1 on non-transgenic N. benthamiana plants  
Confocal laser scanning images of epidermal cells of PVX ‘overcoat’-infected (green) 

non-transgenic N. benthamiana leaves bombarded with TGB1 (red)  

A,D: PVX ‘overcoat’ particles (green channel); B,E: TGB1 particles (red channel); C,F: 

overlay of green and red channel (PVX ‘overcoat’ + TGB1) at 5 d.p.i. (local leaves) + 1 

d.p.b. 

d.p.i. – days post-inoculation of PVX; d.p.b. – days post-bombardment of TGB1; 

arrowheads point to pitfields; thin arrows point to the colocalisation of green and red 

particles in PD (stationary population).  

Bars, 10 µm.  
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Figure 4_6: PVX ‘overcoat’ and TGB1 on non-transgenic N. benthamiana plants  

Confocal laser scanning images of epidermal cells of PVX ‘overcoat’-infected (green) 

non-transgenic N. benthamiana leaves bombarded with TGB1 (red)  

A: PVX ‘overcoat’ particles (green channel); B: TGB1 particles (red channel); C: 

overlay of A and B images (PVX ‘overcoat’ + TGB1 in PD pitfields); D-F: overlay of 

green and red channel (STPs of PVX ‘overcoat’ (green) attached to TGB1 (red)).  

A-E: 5 d.p.i. (local leaves) + 1 d.p.b.; F: 12 d.p.i. (systemic leaves) + 1 d.p.b. 

d.p.i. – days post-inoculation of PVX; d.p.b. – days post-bombardment of TGB1; 

arrowheads point to pitfields; thin arrows point to PVX STPs.  

Bars, 5 µm.   
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Figure 4_7: PVX ‘overcoat’ and TGB1 on non-transgenic N. benthamiana plants  

Confocal laser scanning images of epidermal cells of non-transgenic N. benthamiana 

leaves cobombarded with PVX ‘overcoat’ (green) and TGB1 (red)  

A,D: PVX ‘overcoat’ (green channel): PVX VRCs and PVX particles; B,E: the TGB1 

protein (red channel): TGB1 in PVX VRCs and TGB1 particles; C,F: overlay of green 

and red channel (PVX ‘overcoat’ + TGB1) at 2 d.p.b. 

d.p.b. – days post-bombardment; thick arrows point to PVX VRCs; thin arrows point to 

the colocalisation of green and red particles outside of the bombarded cells in the 

cytoplasm (mobile population) (A-F) and in PD (stationary population) (D-F); n – 

nucleus.  

Bars, 10 µm.  
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Figure 4_8: Endogenous TGB1 expressed from a viral construct (A,B) + PVX 

‘overcoat’ and TGB1 (C,D) on non-transgenic PVX-infected N. benthamiana plants 

1) Confocal laser scanning images of epidermal cells infected with endogenous TGB1 

(red) expressed from a viral construct (A,B). 

2) Confocal laser scanning images of epidermal cells infected with PVX ‘overcoat’ 

(green) and bombarded with TGB1 (red) (C,D).    

A: Sub-cellular localisation of endogenous TGB1 (red); B: a higher magnification image 

of TGB1 localised in the PVX VRC in image A (thin arrow); C,D: localisation of PVX 

‘overcoat’ (green) and TGB1 (red) in the cell perinuclear VRC. 

A,B: 7 d.p.i. (local leaves); C,D: 5 d.p.i. (local leaves) + 1 d.p.b. 

d.p.i. – days post-inoculation of PVX; d.p.b. – days post-bombardment of TGB1 (C-D); 

thick arrows point to PVX VRCs; thin arrows point to the sub-cellular localisation of 

TGB1 in the PVX VRC and a higher magnification image of a single VRC with TGB1 

(B); arrowheads point to the rod-like TGB1 structures in the cell cytoplasm; n – nucleus. 

Bars, 10 µm (B-D), 20 µm (A).  
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4.2.2.3 TGB2 and TGB1 localise to separate sub-compartments within the VRC 

and also accumulate in PD (Fig. 4_9 – Fig. 4_11)  

 

The expression of virus-encoded movement proteins individually cannot provide a full 

picture about the localisation of these proteins in VRCs nor about their normal 

interactions during virus replication and spread. To determine the sub-cellular 

distribution of the TGB proteins in relationship to one other, and to find out whether 

TGB2 and TGB1 have different localisations in uninfected versus infected epidermal 

cells, the TGB2 protein (Fig. 4_1 B) was cobombarded with the TGB1 protein (Fig. 4_1 

A) into uninfected (Fig. 4_9) and PVX-infected (Fig. 4_1 I) N. benthamiana plants (Fig. 

4_10-11).  

 

TGB2 in the presence of TGB1 induced abundant vesicles at the cell periphery and in 

the cell cytoplasm without (Fig. 4_9 A-C) and with viral infection (Fig. 4_10 A-B). 

Importantly, that only in the presence of TGB1 some of the TGB2-induced vesicles 

clearly localised at PD in the absence (Fig. 4_9 C) and presence of virus (Fig. 4_10 D-

F), suggesting that mutual accumulation of TGB1 and TGB2 may occur in PD. As 

always, VRCs were found to be larger in the infected cells (Fig. 4_10-11) when 

compared to the uninfected tissue (Fig. 4_9), indicating that in infected tissue VRCs 

become larger over time as a result of the accumulation of viral proteins in the VRCs. 

TGB2 and TGB1 localised to the ‘VRCs’ next to the cell nucleus in the absence of PVX 

(Fig. 4_9 A-C) and also in PVX-infected cells (Fig. 4_10). TGB1 was not found in the 

TGB2-induced vesicle both in the absence (Fig. 4_9 B) and presence of infection (data 

not shown). 

 

Optical confocal sectioning through the VRC revealed that these two proteins had a 

different localisation pattern to each other in the absence (Fig. 4_9 D-F) and in the 

presence of viral infection (Fig. 4_10 B-C): TGB1 was central in the VRC, while TGB2 

surrounded the TGB1 sub-compartment of the VRC. In addition, TGB1 expressed in the 

initial bombarded cells was found in the VRCs of surrounding non-bombarded infected 
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cells and also accumulated at the centre of established VRCs (Fig. 4_11; labelling by 

TGB1 up to 10 VRCs around the bombarded cell was identified), indicating that the 

TGB1-mCherry fusion moved extensively from cell to cell into the VRCs of 

neighbouring infected cells. Unlike TGB1, the TGB2 viral protein was not found outside 

of the bombarded cells.  
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Figure 4_9: TGB2 and TGB1 on uninfected non-transgenic N. benthamiana plants  

Confocal laser scanning images of non-transgenic N. benthamiana epidermal leaves 

cobombarded with TGB2 (green) and TGB1 (red)  

A-C: Cellular localisation of TGB2 (green) and TGB1 (red); B: TGB1 (red channel); C: 

TGB2 (green) in PD (arrowheads); D-F: TGB2 and TGB1 in the perinuclear ‘VRC’; D: 

TGB2 (green channel); E: TGB1 (red channel); F: overlay of green and red channel 

(TGB2 + TGB1) in the ‘VRC’. 

A-F: 1 d.p.b. 

d.p.b. – days post-bombardment of TGBs; thick arrows point to the ‘VRCs’; thin arrows 

point to the TGB2-induced vesicles; arrowheads point to TGB2 in PD (C); n – nucleus. 

Bars, 5 µm (D-F), 10 µm (A-C). 
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Figure 4_10: TGB2 and TGB1 on PVX-infected non-transgenic N. benthamiana 

plants  

Confocal laser scanning images of PVX-infected (PVX is unlabelled) non-transgenic N. 

benthamiana epidermal leaves cobombarded with TGB2 (green) and TGB1 (red)  

A,B: Cellular localisation of TGB2 (green) and TGB1 (red) in PVX-infected epidermal 

cells; C: TGB2 (green) and TGB1 (red) in the PVX VRC; D: TGB2 (green) in PD 

(arrowheads); E: TGB1 (red) in PD (arrowheads); F: overlay of D and E (TGB2 + 

TGB1). 

A,D-F: 2 d.p.b.; B,C: 1 d.p.b. 

d.p.b. – days post-bombardment of TGBs; thick arrows point to PVX VRCs; thin arrows 

point to the TGB2-induced vesicles; arrowheads point to TGB2 and TGB1 in PD (D-F). 

Bars, 5 µm (C), 10 µm (B,D-F), 20 µm (A). 
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Figure 4_11: TGB2 and TGB1 on PVX-infected non-transgenic N. benthamiana 

plants  

Confocal laser scanning images of PVX-infected (PVX is unlabelled) non-transgenic N. 

benthamiana epidermal leaves cobombarded with TGB2 (green) and TGB1 (red)  

A,D: Cellular localisation of TGB2 (green channel); B,E: cellular localisation of TGB1 

(red channel); C,F: overlay of green and red channel (TGB2 + TGB1). 

A-F: 2 d.p.b. 

d.p.b. – days post-bombardment of TGBs; thick arrows point to PVX VRCs; thin arrows 

point to TGB1 in the VRCs of neighbouring non-bombarded cells. 

Bars, 20 µm.  

 

 

 

 

 

 



 128 

4.2.2.4 TGB3 and TGB1 localise to distinct VRC sub-compartments (Fig. 4_12)  

 

To answer the question whether TGB3 and TGB1 have different locations in the VRC of 

uninfected and infected epidermal cells, and whether TGB3, like TGB2, also localises to 

PD in the presence of TGB1, the TGB3 protein (Fig. 4_1 C) was cobombarded in 

combination with the TGB1 protein (Fig. 4_1 A) into uninfected (Fig. 4_12 A-C) and 

infected (Fig. 4_1 I) N. benthamiana plants (Fig. 4_12 D-F).  

 

TGB3 in the presence of TGB1 also stimulated appearance of numerous characteristic 

ER-derived vesicles in the absence (Fig. 4_12 A-B) and presence of viral infection (Fig. 

4_12 D-E). In this study, TGB3-vesicles in the presence of TGB1 were not convincingly 

identified in PD. VRCs were also found to be larger in the infected cells (Fig. 4_12 F) 

when compared to the structures resembling VRCs in the uninfected tissue (Fig. 4_12 

C). TGB3 and TGB1 localised to the VRCs in the absence (Fig. 4_12 A-C) and presence 

of virus (Fig. 4_12 D-F). However, these two proteins had a different localisation pattern 

to each other in the VRC in the absence (Fig. 4_12 C) or presence of viral infection (Fig. 

4_12 F). The TGB1 protein was central in the VRC while TGB3, like TGB2, surrounded 

the TGB1 sub-compartment (Fig. 4_12 C,F). The fluorescent pattern in the VRC 

observed for TGB2- and TGB3-GFP-expressing cells was qualitatively different; TGB3 

formed grape-like clusters around the TGB1 protein (Fig. 4_12 C,F), while TGB2 was 

more uniformly dispersed throughout the VRC (Fig. 4_9 F, Fig. 4_10 C).  
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Figure 4_12: TGB3 and TGB1 on uninfected (A-C) and on PVX-infected (D-F) 

non-transgenic N. benthamiana plants 

Confocal laser scanning images of non-transgenic N. benthamiana epidermal leaves of 

uninfected (A-C) or PVX-infected (PVX is unlabelled) (D-F) plants and cobombarded 

with TGB3 (green) and TGB1 (red) (A-F) 

A,B: Cellular localisation of TGB3 (green) and TGB1 (red) in uninfected epidermal 

cells; C: a higher magnification image of TGB3 (green) and TGB1 (red) in ‘VRC’; D,E: 

cellular localisation of TGB3 (green) and TGB1 (red) in PVX-infected epidermal cells; 

F: TGB3 (green) and TGB1 (red) in the PVX VRC. 

A-F: 1 d.p.b. 

d.p.b. – days post-bombardment of TGBs; thick arrows point to perinuclear VRCs; thin 

arrows point to the TGB3-induced vesicles. 

Bars, 10 µm.  

 

 

 

 



 130 

4.2.2.5 TGB2/TGB3 and TGB1 localise to separate VRC sub-compartments (Fig. 

4_13 – Fig. 4_14)  

 

To find out how the VRC is structured in relationship to three TGB proteins, TGB2 (Fig. 

4_1 B), TGB3 (Fig. 4_1 C) and TGB1 (Fig. 4_1 A) were cobombarded into non-

transgenic, uninfected (Fig. 4_13) and PVX-infected (Fig. 4_14) N. benthamiana plants. 

Sub-cellular localisation of TGB2, TGB3 and TGB1 was compared in uninfected 

epidermal cells (Fig. 4_13) and in PVX-infected tissues (Fig. 4_1 I) (Fig. 4_14).  

 

The TGB2- and TGB3-related vesicles were observed in the presence of TGB1 at the 

cell periphery and in the cell cytoplasm in the absence (Fig. 4_13 A,B) and presence of 

viral infection (Fig. 4_14 A,D). As predicted, TGB2/TGB3 had a different localisation 

pattern to TGB1 in the VRC both in the absence (Fig. 4_13 C-E) and in the presence of 

viral infection (Fig. 4_14 E). The TGB1 protein was concentrated in the centre of the 

VRC, separately from the other two TGB proteins, while the TGB2/TGB3 sub-

compartment of the VRC was peripheral to the TGB1 protein. TGB1 was also 

discovered in the VRC of neighbouring, non-bombarded cells infected with PVX and 

also localised at the centre of the viral replication complex (Fig. 4_14 A-C).  
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Figure 4_13: TGB2 and TGB3 and TGB1 on non-transgenic N. benthamiana plants  

Confocal laser scanning images of non-transgenic N. benthamiana epidermal leaves 

cobombarded with TGB2 and TGB3 (both in green) and TGB1 (red)  

A,B: Cellular localisation of TGB2 and TGB3 (both in green) and TGB1 (red) in 

uninfected epidermal cells; C-E: a higher magnification image of TGB2/TGB3 and 

TGB1 in the perinuclar ‘VRC’; C: TGB2/TGB3 (green channel); D: TGB1 (red 

channel); E: overlay of C and D images (TGB2/TGB3 + TGB1 in the ‘VRC’). 

A-E: 1 d.p.b. 

d.p.b. – days post-bombardment of TGBs; thick arrows point to perinuclear ‘VRCs’; thin 

arrows point to the TGB2/TGB3-induced vesicles. 

Bars, 5 �m (C-E), 10 µm (A,B).  
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Figure 4_14: TGB2 and TGB3 and TGB1 on PVX-infected non-transgenic N. 

benthamiana plants  

Confocal laser scanning images of non-transgenic PVX-infected (PVX is unlabelled) N. 

benthamiana epidermal leaves cobombarded with TGB2 and TGB3 (both in green) and 

TGB1 (red)  

A-D: Cellular localisation of TGB2 and TGB3 (both in green) and TGB1 (red) in PVX-

infected epidermal cells; A: TGB2/TGB3 (green channel); B: TGB1 (red channel); C: 

overlay of A and B images (TGB2/TGB3 + TGB1); E: a higher magnification image of 

TGB2/TGB3 and TGB1 in PVX VRCs. 

A-E: 1 d.p.b. 

d.p.b. – days post-bombardment of TGBs; thick arrows point to PVX VRCs; thin arrows 

point to the TGB2/TGB3-induced vesicles; arrowheads point to TGB1 in the PVX VRC 

of neighbouring non-bombarded cell; n – nucleus. 

Bars, 10 �m (D,E), 20 µm (A-C).  
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4.2.3 Localisation of viral TGB movement proteins with host organelles  

 

4.2.3.1 The TGB1 protein alone recruits ER into the VRC in the absence of viral 

infection (Fig. 4_15 – Fig. 4_16)  

 

Due to the fact that TGB1 is a key movement protein of PVX, colocalisation 

experiments of this protein with host organelles were performed. To determine whether 

the presence of TGB1 alone was sufficient to induce host organelle association with the 

VRC, the TGB1 protein was introduced into transgenic plants stably expressing markers 

for ER, Golgi and actin. Uninfected transgenic mGFP5-ER N. benthamiana epidermal 

cells expressing TGB1 (Fig. 4_1 A) (Fig. 4_15 A-C) were compared with PVX-

inoculated plants (Fig. 4_1 I) (Fig. 4_15 D-F) or cells infected with the endogenous 

TGB1 viral construct (Fig. 4_1 J) (Fig. 4_16).  

 

It was found that the TGB1 viral protein could recruit host ER into the VRC and induce 

membrane modifications in the complete absence of viral infection (Fig. 4_15 A-C). No 

difference in the structure of the VRC was detected between uninfected (Fig. 4_15 A-C) 

and infected cells (Fig. 4_15 D-F; Fig. 4_16) in the presence of TGB1. These results 

demonstrate that the TGB1 protein, on its own, is able to induce major ER 

reorganisation in the plant cell. ER tubules were detected closely around the TGB1 

inclusions in both uninfected (Fig. 4_15 A-C) and infected (Fig. 4_15 D-F; Fig. 4_16) N. 

benthamiana epidermal cells. Rearranged ER tubules were found to be incorporated into 

the VRC and were continuous with the cortical ER network (Fig. 4_16 B). 
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Figure 4_15: TGB1 on uninfected (A-C) and PVX-infected (D-F) transgenic 

mGFP5-ER N. benthamiana plants  

Confocal laser scanning images of mGFP5-ER (green) transgenic N. benthamiana leaves 

bombarded with TGB1 (red) 

A,D: ER (green channel); B,E: TGB1 (red channel); C,F: overlay of green and red 

channel (ER + TGB1) in the VRC. 

A-C: 1 d.p.b.  

D-F: 16 d.p.i. + 1 d.p.b. 

d.p.i. – days post-inoculation of PVX; d.p.b. – days post-bombardment of TGB1; thick 

arrows point to PVX VRCs. 

Bars, 5 µm.  
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Figure 4_16: Endogenous TGB1 expressed from a viral construct on transgenic 

mGFP5-ER N. benthamiana plants  

Confocal laser scanning images of epidermal cells of mGFP5-ER (green) transgenic N. 

benthamiana leaves infected with endogenous TGB1 (red) 

A: A leading edge of PVX infection with TGB1 in the centre of PVX VRCs; B: cortical 

ER network in infected cells; C: a single epidermal cell with TGB1 in the centre of PVX 

VRCs; D: ER (green channel) in PVX VRC; E: TGB1 (red channel) in PVX VRC; F: 

overlay of green and red channel (ER + TGB1) in PVX VRC.  

A-F: 4 d.p.i. (systemic leaves) 

d.p.i. – days post-inoculation of PVX; thick arrows point to PVX VRCs; thin arrows 

point to the cortical ER network. 

Bars, 5 µm (D-F); 20 µm (A-C).  
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4.2.3.2 The TGB1 protein alone recruits Golgi bodies into the VRC (Fig. 4_17)  

 

Next, to examine whether the TGB1 protein alone induces host Golgi redistribution in 

the absence of virus infection, the TGB1 protein was introduced into transgenic plants 

stably expressing Golgi marker. Uninfected transgenic ST-GFP N. tabacum epidermal 

cells expressing TGB1 (Fig. 4_1 A) (Fig. 4_18 A) were compared with cells infected 

with the endogenous TGB1 viral construct (Fig. 4_1 J) (Fig. 4_17 B-D) or PVX-

inoculated plants (Fig. 4_1 I) (Fig. 4_17 E-I).  

 

It was found that TGB1 alone was able to recruit host Golgi into the VRC (Fig. 4_17 A). 

Uninfected ST-GFP transgenic leaf epidermal cells in the presence of TGB1 (Fig. 4_17 

A) displayed a fluorescence pattern in the VRC similar to that of infected cells (Fig. 

4_17 B-I). These results illustrate that the TGB1 protein alone is able to recruit the Golgi 

apparatus into the VRC in the absence of virus. TGB1 and Golgi were found to occupy 

separate localisations within the VRC in uninfected (Fig. 4_17 A) and infected (Fig. 

4_17 B-I) epidermal cells. At the early stages of viral infection (3 d.p.i.), individual 

Golgi bodies clustered around the TGB1 VRC inclusions (Fig. 4_17 B-D). At the later 

stages of viral infection (10 d.p.i.), Golgi bodies were incorporated into a distinct sub-

compartment of the VRC. (Fig. 4_17 E-I).  
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Figure 4_17: TGB1 on uninfected transgenic ST-GFP N. tabacum plants (A), 

endogenous TGB1 expressed from a viral construct on transgenic ST-GFP N. 

tabacum plants (B-D) and TGB1 on PVX-infected transgenic ST-GFP N. tabacum 

plants (E-I) 

Confocal laser scanning images of epidermal cells of ST-GFP (green) transgenic N. 

tabacum leaves uninfected (A) or infected with endogenous TGB1 viral construct (B-D) 

or PVX (PVX is unlabelled) (E-I) (TGB1 in red) 

A: A perinuclear ‘VRC’ with Golgi bodes accumulated around TGB1 in the absence of 

viral infection; B: epidermal cells of ST-GFP transgenic plants infected with endogenous 

TGB1 viral construct; C: a higher magnification image of a small forming VRC at early 

infection events (3 d.p.i.); D: a higher magnification image of a larger PVX VRC at an 

early infection time-point (3 d.p.i.); E: a single epidermal PVX-infected cell with 

bombarded TGB1 (10 d.p.i.); F: a higher magnification image of PVX VRC (10 d.p.i.); 

G: Golgi (green channel) in PVX VRC; H: TGB1 (red channel) in PVX VRC; I: overlay 

of green and red channel (Golgi + TGB1) in PVX VRC (10 d.p.i.). 

A: 1 d.p.b.; B-D: 3 d.p.i. (local leaves); E-I: 10 d.p.i. + 1 d.p.b.; d.p.i. – days post-

inoculation of PVX; d.p.b. – days post-bombardment of TGB1; thick arrows point to 

PVX VRCs; n – nucleus. Bars, 5 �m (A,C,F-I); 20 �m (B,D,E). 
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4.2.3.3 The TGB1 protein alone recruits host actin into the developing VRC (Fig. 

4_18)  

 

Next, to examine whether the TGB1 protein alone is capable of recruiting host actin into 

the VRC in the absence of virus infection, the TGB1 protein was introduced into 

transgenic plants stably expressing FABD2-GFP as an actin marker. Uninfected 

transgenic FABD2-GFP N. tabacum epidermal cells expressing TGB1 (Fig. 4_1 A) (Fig. 

4_18 A,B) were compared with PVX-inoculated plants (Fig. 4_1 I) (Fig. 4_18 C) or 

cells infected with the endogenous TGB1 viral construct (Fig. 4_1 J) (Fig. 4_18 D-H). 

 

The results show that the TGB1 protein was able to recruit host actin cytoskeleton into 

the VRC in the absence of infection (Fig. 4_18 A,B), as it does in a natural PVX 

infection. The structure of VRCs and the actin fluorescent pattern was nearly identical in 

uninfected (Fig. 4_18 A,B) and infected cells (Fig. 4_18 C-H). These results suggest that 

TGB1 on its own can redirect actin into the VRC in the complete absence of virus 

infection. Actin was identified inside the VRC and around the VRC structure in both 

uninfected (Fig. 4_18 A,B) and infected (Fig. 4_18 C-H) epidermal cells. As in PVX-

infected cells (Fig. 4_18 C-H), actin cables within the VRC were continuous with the 

cortical actin strands radiating out to the cell cortex (Fig. 4_18 A,B). TGB1 particles 

were also observed to be moving on actin filaments both in the VRC (Movie 4.5) and in 

the cytoplasm (Movie 4.6) of the plant cell (Fig. 4_18 D-H). 
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Figure 4_18: TGB1 on uninfected transgenic FABD2-GFP N. tabacum plants (A,B), 

TGB1 on PVX-infected transgenic FABD2-GFP N. tabacum plants (C) and 

endogenous TGB1 expressed from a viral construct on transgenic FABD2-GFP N. 

tabacum plants (D-H) 

Confocal laser scanning images of epidermal cells of FABD2-GFP (green) transgenic N. 

tabacum leaves uninfected (A,B) or infected with PVX (PVX is unlabelled) (C) or 

endogenous TGB1 viral construct (D-H) (TGB1 in red) 

A,B: a peripheral (A) and perinuclear (B) the TGB1-induced ‘VRC’ with actin recruited 

into the ‘VRC’ and around this structure in the absence of viral infection; C: a perinuclar 

PVX VRC at late infection events (19 d.p.i.); D-H: epidermal cells of FABD2-GFP 

transgenic plants infected with endogenous TGB1 viral construct showing PVX VRCs 

with ‘walnut-like’ TGB1 in the centre of VRCs; G-H: a higher magnification image of 

PVX VRC. A,B: 1 d.p.b.; C: 19 d.p.i. + 1 d.p.b.; D,E: 5 d.p.i. (local leaves); F-H: 6 d.p.i. 

(local leaves); d.p.i. – days post-inoculation of PVX; d.p.b. – days post-bombardment of 

TGB1; thick arrows point to PVX VRCs; thin arrows point to TGB1 on actin network; 

arrowheads point to ‘walnut-like’ structures of TGB1; n – nucleus.  

Bars, 10 �m (A); 20 �m (B-H). 
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4.2.3.4 The TGB2 and TGB3 proteins induce ER vesicles in the absence and 

presence of virus infection (Fig. 4_19 – Fig. 4_22)  

 

The TGB2 (Fig. 4_1 B) and the TGB3 (Fig. 4_1 C) proteins were co-expressed together 

with organelle markers for ER (Fig. 4_1 D) and actin (Fig. 4_1 E) and were found to 

induce the formation
 
of the abundant small membranous vesicles in the cell cytoplasm 

and at the cell periphery in the absence (TGB2: Fig. 4_19, TGB3: Fig. 4_21) and 

presence of PVX (TGB2: Fig. 4_20, TGB3: Fig. 4_22). TGB2 and TGB3 in the VRC 

and TGB2/TGB3-induced vesicles were found to colocalise with the ER network in the 

absence (TGB2: Fig. 4_19, TGB3: Fig. 4_21) and presence of PVX infection (TGB2: 

Fig. 4_20, TGB3: Fig. 4_22). These data indicate that these viral proteins accumulate 

either in the ER or on these aggregates of the ER. In the presence of infection, it was 

also observed that some of the ER-induced vesicles did not completely colocalise with 

TGB2-originated vesicles (Fig. 4_20 C,F) probably due to the disruption of the ER 

network as a consequence of TGB2 bombardment into the plant cell. 
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Figure 4_19: Cobombarded TGB2 and ER marker into uninfected non-transgenic 

N. benthamiana plants  

Confocal laser scanning images of non-transgenic N. benthamiana leaves cobombarded 

with TGB2 (green) and ER marker (red) 

A,D: TGB2 (green channel); B,E: ER marker (red channel); C,F: overlay of green and 

red channel (TGB2 + ER). 

A-F: 1 d.p.b.  

d.p.b. – days post-bombardment of TGB2 and ER marker; thick arrows point to ‘VRCs’; 

thin arrows point to the TGB2-induced vesicles.  

Bars, 10 µm.  
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Figure 4_20: Cobombarded TGB2 and ER marker into PVX-infected non- 

transgenic N. benthamiana plants  

Confocal laser scanning images of non-transgenic PVX-infected (PVX is unlabelled) N. 

benthamiana leaves cobombarded with TGB2 (green) and ER marker (red) 

A,D: TGB2 (green channel); B,E: ER marker (red channel); C,F: overlay of green and 

red channel (TGB2 + ER); A-C: a single epidermal cell; D-F: a higher magnification 

image of the cell periphery. 

A-F: 1 d.p.b.  

d.p.b. – days post-bombardment of TGB2 and ER marker; thick arrows point to PVX 

VRCs; thin arrows point to the TGB2-induced vesicles; n – nucleus. 

Bars, 10 µm.  
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Figure 4_21: Cobombarded TGB3 and ER marker into uninfected non-transgenic 

N. benthamiana plants  

Confocal laser scanning images of non-transgenic N. benthamiana leaves cobombarded 

with TGB3 (green) and ER marker (red) 

A,D,G: TGB3 (green channel); B,E,H: ER marker (red channel); C,F,I: overlay of green 

and red channel (TGB3 + ER). 

A-I: 1 d.p.b.  

d.p.b. – days post-bombardment of TGB3 and ER marker; thick arrows point to ‘VRCs’; 

thin arrows point to the TGB3-induced vesicles.  

Bars, 20 µm.  
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Figure 4_22: Cobombarded TGB3 and ER marker into PVX-infected non- 

transgenic N. benthamiana plants  

Confocal laser scanning images of non-transgenic PVX-infected (PVX is unlabelled) N. 

benthamiana leaves cobombarded with TGB3 (green) and ER marker (red) 

A,D,G: TGB3 (green channel); B,E,H: ER marker (red channel); C,F,I: overlay of green 

and red channel (TGB3 + ER); A-F: a single epidermal cell; G-I: a higher magnification 

image of PVX VRC. 

A-I: 1 d.p.b.  

d.p.b. – days post-bombardment of TGB3 and ER marker; thick arrows point to PVX 

VRCs; thin arrows point to the TGB3-induced vesicles; n – nucleus. 

Bars, 10 µm.  
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4.2.3.5 TGB2- and TGB3-derived vesicles move on actin cables (Fig. 4_23 – Fig. 

4_26)  

 

Next, uninfected and infected plants were cobombarded with either TGB2 (Fig. 4_1 B) 

or TGB3 (Fig. 4_1 C) together with the actin marker (Fig. 4_1 E). As before, uninfected 

control plants were compared with infected plants. TGB2 and TGB3 were also shown to 

induce numerous green fluorescent vesicles in the cell cytoplasm and at the cell 

periphery in the absence (TGB2: Fig. 4_23, TGB3: Fig. 4_25) and presence of PVX 

(TGB2: Fig. 4_24, TGB3: Fig. 4_26). The TGB2- and TGB3-derived vesicles were 

found to be moving on actin filaments (TGB2: Movie 4.7-4.8, TGB3: Movie 4.9) (also 

thin arrows in Fig. 4_23, 4_24 C; Fig. 4_25 C, 4_26 F). These results confirm earlier 

findings that TGB2-induced vesicles move on actin (Ju et al., 2005; reviewed in 

Verchot-Lubicz et al., 2007). Actin was also detected around vesicle aggregates of 

TGB2, and especially of TGB3, in the absence (TGB2: Fig. 4_23 B, TGB3: Fig. 4_25 

H) and presence of infection (TGB2: Fig. 4_24 B, TGB3: arrowheads in Fig. 4_26 B).  
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Figure 4_23: Cobombarded TGB2 and actin marker into uninfected non- 

transgenic N. benthamiana plants  

Confocal laser scanning images of non-transgenic N. benthamiana leaves cobombarded 

with TGB2 (green) and actin marker (red) 

A: TGB2 (green channel); B: actin marker (red channel); C-E: overlay of green and red 

channel (TGB2 + actin). 

A-E: 1 d.p.b.  

d.p.b. – days post-bombardment of TGB2 and actin marker; thick arrows point to 

‘VRCs’; thin arrows point to the TGB2-induced vesicles moving on actin cables.  

Bars, 10 µm.  
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Figure 4_24: Cobombarded TGB2 and actin marker into PVX-infected non- 

transgenic N. benthamiana plants  

Confocal laser scanning images of non-transgenic PVX-infected (PVX is unlabelled) N. 

benthamiana leaves cobombarded with TGB2 (green) and actin marker (red) 

A,D: TGB2 (green channel); B,E: actin marker (red channel); C,F: overlay of green and 

red channel (TGB2 + actin); A-C: a single epidermal cell; D-F: a higher magnification 

image of PVX VRC. 

A-F: 1 d.p.b.  

d.p.b. – days post-bombardment of TGB2 and actin marker; thick arrows point to PVX 

VRCs; thin arrows point to the TGB2-induced vesicles moving on actin cables. 

Bars, 10 µm.  
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Figure 4_25: Cobombarded TGB3 and actin marker into uninfected non- 

transgenic N. benthamiana plants  

Confocal laser scanning images of non-transgenic N. benthamiana leaves cobombarded 

with TGB3 (green) and actin marker (red) 

A,D,G: TGB3 (green channel); B,E,H: actin marker (red channel); C,F,I: overlay of 

green and red channel (TGB3 + actin). 

A-I: 1 d.p.b.  

d.p.b. – days post-bombardment of TGB3 and actin marker; thick arrows point to 

‘VRCs’; thin arrows point to the TGB3-induced vesicles moving on actin cables; 

arrowheads point to the TGB3-induced vesicles and colocalised actin clusters around 

these vesicles.  

Bars, 20 µm.  
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Figure 4_26: Cobombarded TGB3 and actin marker into PVX-infected non- 

transgenic N. benthamiana plants  

Confocal laser scanning images of non-transgenic PVX-infected (PVX is unlabelled) N. 

benthamiana leaves cobombarded with TGB3 (green) and actin marker (red) 

A,D: TGB3 (green channel); B,E: actin marker (red channel); C,F: overlay of green and 

red channel (TGB3 + actin). 

A-F: 1 d.p.b.  

d.p.b. – days post-bombardment of TGB3 and actin marker; thick arrows point to PVX 

VRCs; thin arrows point to the TGB3-induced vesicles moving on actin cables; 

arrowheads point to the TGB3-induced vesicles and colocalised actin clusters around 

these vesicles; n – nucleus.  

Bars, 20 µm.  
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4.2.4 Mutational analysis of PVX constructs  

 

To answer the question which viral gene products are required to construct a VRC, and 

to find out which viral proteins are essential for the attachment of the transport complex 

to PD, PVX mutant constructs were generated using a reverse genetics approach. 

Frameshift mutations in the individual TGB genes and deletions of the CP gene were 

constructed. Mutant constructs lacking a combination of two and/or all three TGB 

proteins were generated (Fig. 4_1 L). In this approach the mutated gene of interest 

becomes non-functional leading to an altered infection phenotype (Dietrich, 2000). 

However, due to time constraints, some of the mutational analyses were done by Dr. 

Jens Tilsner.  

 

The biogenesis and structure of the PVX VRC was investigated in the absence of 

specific viral gene products (�TGB1, Fig. 4_27 A,B; �TGB2, Fig. 4_27 C; �TGB3, 

Fig. 4_27 D,E). To answer the question which of TGB1, TGB2 and/or TGB3 are 

required for VRC formation, non-transgenic plants were agroinfiltrated with PVX 

‘overcoat’ mutant constructs lacking TGB1 (Fig. 4_1 M), TGB2 (Fig. 4_1 N) and TGB3 

(Fig. 4_1 O) genes, respectively. Single infected plant cells were examined under the 

confocal laser scanning microscope due to the fact that the deletion of TGB movement 

proteins leads to a loss of PVX transport function.  

 

4.2.4.1 Mutation of the TGB1 gene affects VRC formation (Fig. 4_27) 

 

�TGB1 mutation abolished PVX VRC formation, and only weak cytosolic and nuclear 

GFP signals were detected in the single infected cells (Fig. 4_27 A). However, brighter 

spots of GFP fluorescence were also found in some cells (arrowheads in Fig. 4_27 B) 

which were likely to be small aggregates of PVX ‘overcoat’ particles.  
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4.2.4.2 Mutation of the TGB2 and TGB3 genes does not influence VRC formation 

(Fig. 4_27) 

  

�TGB2 and �TGB3 mutations failed to abolish VRC formation, and normal VRCs 

(�TGB2, Fig. 4_27 C; �TGB3, Fig. 4_27 D,E) developed in the cell cytoplasm for up to 

5 days post-inoculation. The VRCs resembled the ‘native’ VRCs observed previously 

(see Fig. 4_3 A,B). However, ‘overcoat’ virus particles were detected only in �TGB2-

infected plant cells (Fig. 4_27 C), not in �TGB3-infected cells, indicating that mutation 

in the TGB2 protein does not completely inhibit the formation of PVX ‘overcoat’ 

particles.  

 

4.2.4.3 TGB1, but not TGB2/TGB3, is essential for actin recruitment into the VRC 

(Fig. 4_27) 

 

To verify which TGB proteins are required for actin recruitment into the VRC, Dr. Jens 

Tilsner coinfiltrated non-transgenic N. benthamiana plants with mutated viral constructs 

lacking the TGB1 protein (Fig. 4_1 M), the TGB2 protein (Fig. 4_1 N) and the TGB3 

protein (Fig. 4_1 O) together with an actin marker (Fig. 4_1 F).  

 

The results show that mutation of the TGB1 gene (Fig. 4_1 M) leads to abolishment of 

actin association with the VRC as only very weak GFP nuclear signal was detected in 

PVX-infected cells (Fig. 4_27 F). These results verified that PVX TGB1 plays a central 

function in the rearrangement of host actin into the VRC. In contrast, agroinfiltrated 

�TGB2 (Fig. 4_1 N) and �TGB3 (Fig. 4_1 O) viruses did not influence actin 

organisation, and actin recruitment into the VRC was detected (data not shown), 

suggesting that these two viral proteins are unlikely to play a significant role in actin 

recruitment into the VRC.   

 

The summary of the results of the studied mutations described above is represented in 

Table 4.2. 
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Table 4.2: Summary of the outcome of the mutations studied 

 

Viral CP localisation 

 

Mutation PVX VRC 

formation 

in the perinuclear 

VRC 

in the cell 

cytoplasm  

Actin 

association 

with the VRC 

�TGB1  Abolished None Some 

aggregates of 

PVX 

‘overcoat’ 

virus-like 

particles  

None 

�TGB2  Normal VRCs Large, fibrillar 

aggregates of PVX 

virions  

Small PVX 

‘overcoat’ 

virus-like 

particles  

Present 

�TGB3  Normal VRCs Large, fibrillar 

aggregates of PVX 

virions 

None Present 
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Figure 4_27: �TGB1 (A,B), �TGB2 (C), �TGB3 (D,E) PVX ‘overcoat’ mutant 

constructs, �TGB1 PVX ‘overcoat’ mutant construct + actin marker (F) on non-

transgenic N. benthamiana plants  

Confocal laser scanning images of non-transgenic N. benthamiana leaves infected with 

PVX ‘overcoat’ mutant constructs (green) (A-F) and coinfiltrated with an actin marker 

(red) (F) 

A,B: �TGB1 PVX ‘overcoat’ mutant construct (CP in green); C: �TGB2 PVX 

‘overcoat’ mutant construct (CP in green); D,E: �TGB3 PVX ‘overcoat’ mutant 

construct (CP in green); D: overview of the infected cells: �TGB3 PVX CP (green), 

chloroplasts (blue); E: a higher magnification image of the �TGB3 PVX ‘overcoat’ 

VRC; F: �TGB1 PVX ‘overcoat’ mutant construct (CP in green) + actin marker (actin 

in red). 

A-E: 5 d.p.i., F: 4 d.p.i. + 1 d.p.a.  

d.p.i. – days post-inoculation of PVX; d.p.a. – days post-agroinfiltration of actin marker; 

thick arrows point to PVX VRCs; thin arrows point to the PVX ‘overcoat’ particles; 

arrowheads point to the pockets of virions; n – nucleus. 

Bars, 20 µm. 

All images represented in Fig. 4_27 were adapted from Dr. Jens Tilsner.  
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4.3 Discussion 

 

4.3.1 The TGB1 protein associates with PD in the absence of virus infection 

 

The results of this thesis identified that PVX TGB1 accumulated in PD in the absence of 

virus infection (Fig. 4_2). Importantly, PVX TGB1 protein has not previously been 

reported in PD in the absence of infection (Samuels et al., 2007). It has been shown that 

the TGB1 MP of beet necrotic yellow vein virus (BNYVV) localises to PD of virus-

infected plant cells by means of immunogold studies (Erhardt et al., 2000; 2005). 

However, the TGB1 protein of BNYVV was not identified in PD in the absence of virus 

infection (Erhardt et al., 2005).  

 

The mechanism of targeting of PVX TGB1 protein to PD is speculative. Samuels et al. 

hypothesised that the CP is the most important candidate for TGB1 targeting to PD 

(Samuels et al., 2007) due to the fact that PVX CP is known to associate with PD of 

infected cells (Oparka et al., 1996). They hypothesised that a TGB1-PD association may 

happen independently of other TGB MPs (Samuels et al., 2007). My results and results 

from our lab indicate that TGB1 does not require other viral gene products to 

accumulate in PD (Fig. 4_2 C,F). 

 

4.3.2 Colocalisation studies of PVX TGB MPs and CP in PD 

 

4.3.2.1 Colocalisation of TGB1 and CP signals in PD  

 

An indication of the presence of virions during vRNA transport through PD is the 

detection of fibrillar material in PD infected with green ‘overcoat’ PVX (Santa-Cruz et 

al., 1996). In the experiments here, localisation of PVX CP in infected plant cells was 

confirmed by detection of characteristic large, fibrillar aggregates of PVX virions in the 

perinuclear VRCs (Fig. 4_3 A,B). In addition, a highly mobile population of small virus-

like particles containing PVX CP was detected, and CP was found in numerous PD (Fig. 
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4_3 C,E; arrowheads in Fig. 4_5; Fig. 4_6 A-C). Significantly, the TGB1 protein was 

found in the same motile particles as viral CP (Fig. 4_4; Fig. 4_5; Fig. 4_6 A-C). The 

TGB1 and CP particles were also observed to be moving together in the cytoplasm of 

bombarded cells (Fig. 4_4 A-F), and were detected outside the bombarded area in the 

cytoplasm of the neighbouring cells (Fig. 4_7). These results provide evidence that the 

TGB1 and CP may be part of the movement complex that traffics the viral genome from 

the VRC through PD. These results also support the proposed model of PVX cell-to-cell 

movement, in which the PVX genome can move in a the form of a virion-like 

ribonucleoprotein complex consisting of vRNA, CP and TGB1 (Oparka et al., 1996; 

Lough et al., 1998; Santa Cruz et al., 1998; Solovyev et al., 2000; Rodionova et al., 

2003; Karpova et al., 2006; reviewed in Verchot-Lubicz et al., 2007).  

 

Early in vitro experiments on PVX viral particle assembly discovered STPs consisting of 

vRNA, CP and TGB1 (Lough et al., 1998, 2000; Atabekov et al., 2000, 2001; 

Rodionova et al., 2003; Karpova et al., 2006). In these experiments STPs assemble by 

CP interaction with the 5' region of the vRNA. Once TGB1 binds to this assembled CP-

vRNA complex, the vRNA is converted into a translatable form (Karpova et al., 2006). 

The data of this thesis also identified structures at the cell periphery of PVX-infected 

cells resembling partially coated STPs with one end attached to the TGB1 protein (Fig. 

4_6 D-F). However, STPs of TGB1 associated with PVX ‘overcoat’ particles were not 

found outside of cells bombarded with TGB1.  

 

In a different experiment, it was shown that TGB1 alone can traffic from uninfected to 

surrounding, non-bombarded cells. However, TGB1 moves more extensively when 

coexpressed during a PVX infection, and accumulates in the centre of VRCs in adjacent 

cells (Fig. 4_11; Fig. 4_14 A-C), suggesting that the TGB1 protein is non-cell 

autonomous. These results also indicate that interaction of TGB1 with viral CP or/and 

vRNA of PVX may be necessary to facilitate expansive cell-to-cell movement of TGB1. 

In addition, these data are in agreement with prior reports in which the PVX TGB1 

protein, like the TGB1 protein of white clover mosaic virus (Wong et al., 1998), induced 
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PD gating by increasing the SEL of plasmodesmata to enable the transfer of virus and 

other molecules between plant cells. This intercellular movement of TGB1, 

independently of other PVX-encoded MPs (TGB2, TGB3 and CP), was also recorded in 

earlier reports (Angell et al., 1996; Lough et al., 1998, 2000; Yang et al., 2000; 

Howard et al., 2004). The data on TGB1 trafficking from infected into uninfected tissue 

is also consistent with the role of this protein in suppressing host viral RNA silencing 

(Voinnet et al., 2000; Carrington et al., 2001; Baulcombe, 2002; reviewed in Scholthof, 

2005). The TGB1 protein may be sequestered away from PD when the role of this 

protein in PD gating is no longer necessary for the virus (Yang et al., 2000). In 

addition, despite the negative results of the two yeast hybrid screen (Samuels et al., 

2007), the results of this thesis indicate that there is an interaction between the TGB1 

and TGB2 protein as the TGB2 association with PD was only detected in the presence of 

TGB1 (see the following section for more details).  

 

4.3.2.2 Colocalisation of TGB2, TGB3 and CP signals in PD 

 

Very recently our lab has shown that the TGB2 protein also localises in the motile 

packets of ’overcoat’ particles at the leading edge of infection, and that TGB2 and 

‘overcoat’ particles also colocalise in PD (unpublished data from Dr. Jens Tilsner). 

These results are also consistent with reports in which PVX TGB2 was shown to 

increase PD SEL, allowing the passage of a free GFP between PVX-infected cells 

(Tamai and Meshi, 2001). In addition, it was found that PVX TGB2 could associate with 

TIP, a host factor that interacts with �-1,3-glucanase, resulting in increased callose 

degradation (Fridborg et al., 2003). This could be a possible mechanism of regulating 

the size exclusion limit of PD during PVX infection (reviewed in Boevink and Oparka, 

2005). However, TGB2 PD targeting is probably achieved through association with the 

TGB1 viral protein, as accumulation of TGB2 in PD was only observed when TGB1 

was present. It is likely that TGB1 interacts with components in the cytoplasmic sleeve 

or/and the desmotubule of PD. The association of TGB2 with host factors in the 

membrane or lumen of the cortical ER strand in PD is also possible. Also, due to the fact 
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that no or limited non-cell autonomous movement of TGB2 has been reported (this 

study, see also Lough et al., 2000, Krishnamurthy et al., 2002, 2003, Mitra et al., 2003), 

TGB2 may act as the main PD gating protein for PVX genome translocation from one 

cell to another (Tamai and Meshi, 2001).  

 

In contrast, the TGB3-induced vesicles were not convincingly identified in PD either in 

the absence (Fig. 4_12 A-B) or presence of virus infection (Fig. 4_12 D-E). However, 

like TGB2, an attempt to colocalise TGB3 with the CP-expressing particles has now 

been successful. The TGB3 protein was found in the same motile particles together with 

the viral CP in the cell cytoplasm (motile population) and TGB3 was also colocalised 

with the virus-like particles in the cell PD (stationary population of TGB3 and virus-like 

particles) (unpublished data from Dr. Jens Tilsner). Our failed efforts to detect TGB3 in 

PD may be the result of the very low expression of TGB3 in natural PVX infections 

(Yang et al., 2000). The amounts of TGB2 and TGB3 are regulated in the cell relative to 

the other viral proteins, and the TGB2 and TGB3 proteins are found at much lower 

amounts in the infected cells compared to other viral proteins (Yang et al., 2000). The 

TGB3 protein is particularly expressed in very low amounts, probably due to a leaky 

ribosome scanning translation mechanism (Guilford and Forster, 1986; Dolja et al., 

1987; Zhou and Jackson, 1996; Morozov and Solovyev, 2003). For example, the 

transcript ratio of TGB1/TGB2/TGB3 for the potexvirus barley strip mosaic virus is 

100/10/1, respectively (Lim et al., 2008). Based on our knowledge of barley stripe 

mosaic virus and other TGB-containing viruses with similar expression strategies to 

PVX, the TGB2/TGB3 ratio for PVX is expected to be about 10/1. Therefore, if the 

TGB2 protein was barely detected in PD using immuno-transmission electron 

microscopy approach, TGB3 would be very likely to be undetectable using confocal 

scanning methods. This idea is consistent with other experiments in which PVX TGB3 

could not be detected in infected cells (Gorshkova et al., 2003). In addition, is has been 

also noted in earlier studies (Ju et al., 2008), and confirmed in our laboratory 

(unpublished data from Dr. Jens Tilsner), that PVX infection initiates the degradation of 

the TGB3 viral protein, explaining the fact the TGB3 particles were found to be 
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dispersed at the periphery of PVX ‘overcoat’-infected cells (unpublished data from Dr. 

Jens Tilsner). Unlike TGB3, viral CP, TGB1 and TGB2 proteins were all detected in the 

PD of infected cells. 

  

4.3.3 PVX TGBs and CP occupy different locations within the VRC 

 

4.3.3.1 Different localisation patterns of TGB1 and ‘overcoat’ virions in the PVX 

VRC 

 

The TGB1 and PVX ‘overcoat’ signals were spatially separated from one another in the 

VRC (Fig. 4_8 C,D). Similar to PVX, the TGB1 protein inclusions of foxtail mosaic 

potexvirus (FMV) were also described in close proximity to virion ‘packets’ in the study 

of Rouleau et al. (1994). However, the morphology of FMV TGB1 inclusions was found 

to be different to that of PVX TGB1. FMV TGB1 forms elaborate potexvirus crystals, 

possibly associated with particle processing before viral movement (Rouleau et al., 

1994). 

 

The data on TGB1 and PVX ‘overcoat’ colocalisation studies is consistent with EM data 

that show viral replication complexes containing PVX CP particles in a regularly 

stacked form at the outer edges of the PVX VRC or sometimes distributed randomly 

throughout the VRC (Kozar and Sheludko, 1969; Shalla and Shepard, 1972; Tilsner et 

al., 2009).  

 

When the CP is synthesised, the coating of newly produced (+)RNA is initiated, 

resulting in the generation of fully-coated viral particles (Hillman, 1998; Ring and Blair, 

2001) that are probably sequestered towards the outer edges of the VRC. This would 

explain the arrangement of PVX virions on the periphery of the VRC. The location of 

viral CP at the outer edges of the VRC also indicates that the formation of a transport 

complex with vRNA, TGB1 and CP may take place at the outside edge of the VRC, 
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after vRNA and TGB1 have been through a ‘production line’ consisting of a series of 

spatially defined PVX VRC sub-compartments.   

 

4.3.3.2 Circular ‘walnut-like’ TGB1 inclusions in the PVX VRC are the ‘beaded 

sheets’ shown in EM studies 

 

It was found that at the infection centre, endogenous mCherry-tagged TGB1 protein 

expressed from a virus-based vector (Fig. 4_1 J) formed circular ‘walnut-like’ inclusions 

in the VRC (Fig. 4_8 A,B). This observation is consistent with the early literature in 

which rounded ‘beaded sheets’ of PVX TGB1 protein were found in the perinuclear X-

bodies (Kozar and Sheludko, 1969; Stols et al., 1970; Shalla and Shepard, 1972; Allison 

and Shalla 1974; Davies et al., 1993; see Fig. 1_13-15 in Chapter 1). Moreover, the 

‘beaded sheet-like’ structures of the TGB1 protein disappear in the absence of TGB1 

(unpublished data from our lab), proving an additional support that TGB1 is the main 

component of this viral structure.  

 

The TGB1-induced rod-shaped elongated inclusions in the cytoplasm of infected cells 

were first identified in early EM studies (Davies et al., 1993; Rouleau et al., 1994) and 

were also reported in Samuels et al. work (Samuels et al., 2007). These structures were 

also seen in my study and are probably the same TGB1 inclusions in the VRC (Fig. 4_8 

A,B) when viewed in a confocal laser scanning microscope. It is possible that this 

‘needle-like’ arrangement of the TGB1 protein is due to the protein aligning along actin 

microfilaments.  

 

4.3.4 Compartmentation of PVX TGBs in the VRC  

 

In all combinations of TGB proteins, TGB1, TGB2 and TGB3 were found to localise in 

separate, spatially distinct sub-compartments within the VRC both in the absence (Fig. 

4_9 D-F; Fig. 4_12 C; Fig. 4_13 E) and presence of viral infection (Fig. 4_11 B-C; Fig. 

4_12 F; Fig. 4_14 D,E). The TGB1 protein was central in the VRC, while TGB2/3 
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compartments surrounded the TGB1 sub-compartment. The spatial separation of 

TGB2/3 from TGB1 is consistent with the fact that TGB1 was not shown to interact with 

TGB2 and TGB3 (Samuels et al., 2007).  

 

However, the fluorescent pattern in the VRC observed for TGB2 and TGB3 was found 

to be different: TGB3 formed ‘grape-like’ clusters around the TGB1 protein (Fig. 4_12 

C,F) while TGB2 was observed to be more dispersed in the VRC (Fig. 4_9 F, Fig. 4_10 

C), suggesting that TGB2 and TGB3 may not be completely colocalised in the VRC. 

These data are also consistent with earlier findings showing that in infected tissues 

TGB2 labels the ER more generally and is dispersed in the reticular network in the form 

of vesicles, while TGB3 is concentrated in discrete round cytoplasmic aggregates that 

when concentrated together form ‘grape-like’ structures in the VRC (Ju et al., 2005, 

2007). In addition, it has been suggested that in early infection TGB2 and TGB3 

proteins are likely to target separate sub-domains of the endomembrane system and at 

the later stages of viral infection become colocalised in the same sub-compartments of 

the VRC (Samuels et al., 2007).  

 

Mutational analysis of PVX constructs showed that TGB1 (Fig. 4_27 A,B), but not 

TGB2 (Fig. 4_27 C) or TGB3 (Fig. 4_27 D,E), is required for VRC formation. �TGB2 

and �TGB3 mutations failed to abolish PVX VRC formation. The results also indicate 

that the TGB1 protein is a main player in encapsidation of viral RNA due to the fact that 

mutation of  the TGB1 gene led to the reduction of the ‘overcoat’ virion accumulation in 

infected cells (Fig. 4_27 B). It is likely that TGB1 RNA helicase activity may be 

involved in the process of assembly of virions at the outer edges of the VRC. 
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4.3.5 Colocalisation studies of PVX TGB MPs with host organelles 

 

4.3.5.1 TGB1 recruits host endomembranes and actin to the VRC in the absence of 

virus infection 

 

TGB1 alone was also found to redirect the host ER, Golgi and actin filaments into the 

VRC. The mutational analysis verified that TGB1 is essential for actin recruitment into 

the PVX VRC due to the fact that the deletion in the TGB1 gene led to abolishment of 

actin association with the VRC. All this suggests that TGB1 is the main PVX protein 

required for rearrangement and recruitment of host organelles into the developing VRC.  

 

TGB1 was surrounded by endomembranes and cortical actin, providing further evidence 

for strong compartmentation of the PVX VRC. TGB1 was also found to move along 

actin microfilaments in the cell cytoplasm (Fig. 4_18 D-H). Like the PVX TGB1, the 

TMV replicase, a 126-kDa protein, is also a central component of the TMV VRC. 

Significantly, this protein also traffics on actin filaments (dos Figueira et al., 2002; Liu 

et al., 2005). In agreement with these data, very recently, it has been shown that actin is 

required for both PVX and TMV movement (Harries et al., 2009b). Nevertheless, it is 

still unknown how the virus is transported on actin to PD. My data suggest that the 

TGB1 protein, by arranging the VRC structure, may establish a functional pathway for 

genome targeting from the VRC to PD. However, the mechanism of actin recruitment to 

the VRC by the TGB1 protein has not yet established. It is likely that binding of actin to 

TGB1 occurs at the N-terminal part of TGB1 due to the fact that this viral protein 

contains an NTPase/helicase domain and possesses ATP/GTPase and RNA-binding 

activities in vitro (see Chapter 1). It could be hypothesised that actin reorganisation 

could be achieved by an interaction of TGB1 with actin nucleation factors (for example, 

the Arp2/3 complex and/or the formin family of proteins), or by a deformation of bound 

actin filaments through self-oligomerisation of the TGB1 protein (Leshchiner et al., 

2008). 
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The mechanism of ER and Golgi recruitment to the VRC is also unclear since the TGB1 

protein of PVX, unlike the MP of TMV (Fujiki et al., 2006), has no transmembrane 

domains. Therefore, the link from TGB1 to the ER is more likely to be indirect through 

the close structural association of the ER with the actin cytoskeleton (Quader et al., 

1987; Boevink et al., 1998). Cortical ER and actin filaments are also known to be 

components of PD. In PD, the ER forms the desmotubule, a strand of cortical ER that 

passes through PD and interconnects the ER of neighbouring cells (Robards and Lucas, 

1990; Ding et al., 1992; Lucas and Wolf, 1993; Boevink et al., 1998; Botha and Cross, 

2000). Actin microfilaments are also associated with the plasmodesmal pore and extend 

through PD (White et al., 1994). Therefore, the recruitment of host organelles into the 

VRC by TGB1 may provide the first direct connection to the actin cytoskeleton. To 

verify if ER redirection by TGB1 is actin-dependent, application of actin-

depolymerising drugs, such as latrunculin B and cytochalasin D needs to be tested.  

 

4.3.5.2 Association of TGB2- and TGB3-related vesicles with the ER membrane  

 

The two smaller viral-encoded proteins, TGB2 and TGB3, are ER membrane-associated 

proteins that have been studied extensively (see Chapter 1). These PVX proteins have 

hydrophobic region (transmembrane domains) for insertion into cellular membranes 

(Morozov et al., 1987, 1989). PVX TGB2 and TGB3 proteins induced formation of 

numerous vesicle clusters in the absence and presence of virus infection, resembling the 

effects of brefeldin A in plant cells (Ritzenthaler et al., 2002). Like the TGB2/TGB3 

proteins of PVX, a 6-kDa protein of the tobacco etch virus also associates with the ER 

by its central 19-a.a. hydrophobic sequence. This virus also forms numerous ER 

membrane-derived vesicles in the cell (Schaad et al., 1997). 

 

Both fusion proteins (TGB2 and TGB3) localise to the ER network in the form of motile 

vesicles. The precise nature and the mechanism of the formation of the numerous motile 

vesicles are unclear. It has been suggested that these vesicles can be formed by 

invaginations of the ER network (Ju et al., 2005). During replication, other viruses have 
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also been reported to induce spherular invaginations of intracellular membranes 

(Salonen et al., 2005). For example, replication of brome mosaic virus is associated with 

membrane vesiculation (Schwartz et al., 2004) and some tombusviruses (for example, 

carnation italian ringspot virus and cymbidium ringspot virus) establish
 

vesicular 

structures derived from mitochondria or peroxisomes
 
(Burgyan et al, 1996; Rubino and 

Russo, 1998; Rubino et al., 2001; Weber-Lotfi et al., 2002). The TGB2-originated 

vesicles are either targeted to the ER, or TGB2 triggers reorganisation of the ER. It is 

also likely that TGB2 is unstable and is redirected for degradation by the 26S 

proteosome (Ju et al., 2005; 2007). In addition, the TGB3-contaning granular aggregates 

have been suggested to be the replication sites of the virus since TGB3-related vesicles 

immuno-colocalise with the viral 165-kDa protein, a viral replicase (Bamunusinghe et 

al., 2009).  

 

4.3.5.3 Movement of TGB2- and TGB3-originated vesicles on actin cytoskeleton 

and detection of actin around these vesicles  

 

TGB2- (Fig. 4_23; Fig. 4_24) and TGB3-originated vesicles (Fig. 4_25; Fig. 4_26) were 

found moving on actin filaments in the absence and presence of viral infection, 

providing more evidence in support of the hypothesis that these two proteins are very 

likely to be part of the viral movement complex. Among TGB proteins, only TGB2-

derived vesicles were previously reported to be moving along the actin cytoskeleton (Ju 

et al., 2005; reviewed in Verchot-Lubicz et al., 2007). Actin was also detected in smaller 

and larger green fluorescent vesicle aggregates of the TGB2 protein and especially of the 

TGB3 protein. A diverse number of proteins of plant viruses have been found to 

associate with actin microfilaments. Among these viral proteins are TMV 126-kDa 

protein, the Hsp70h homolog of cellular heat shock proteins of beet yellows virus, PVX 

TGB2, TGB2/TGB3 proteins of potato mop-top virus, and the P6 of cauliflower mosaic 

virus (Haupt et al., 2005; Ju et al., 2005; Prokhnevsky et al., 2005; Harries et al., 

2009b). However, disruption of actin with the formation of small aggregates in the cell 

cytoplasm was recorded in PVX-infected cells (Fig. 4_25 B). In addition, an actin 
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marker (Fig. 4_1 E) used in this work was found to form some aggregates in the cell 

when bombarded into uninfected control non-transgenic plants (unpublished data from 

Dr. Jens Tilsner). Therefore, there is a possibility of experimental artifacts that have to be 

taken into consideration when dealing with proteins expressed at higher levels due to 

biolistic bombardment (Brandizzi et al., 2002). However, despite the possibilities of an 

overexpression artifact of the marker protein fusion with a risk if its mistargeting and 

misfolding, localisation of actin around the TGB2- and particularly TGB3-induced 

vesicles implies a functional relevance of host actin in PVX infection processes. To 

further prove this relevance more experimental data are needed.   

 

The discovery that both TGB2 and TGB3 locate to PD (this thesis; unpublished data of 

Dr. Jens Tilsner) suggests that TGB2 and TGB3 are very likely to be a part of the 

movement complex that traffics from the VRC to PD. These two proteins probably 

provide a link to the cortical ER/actin network for attachment of the vRNA/CP/TGB1 

complex. My data also imply that TGB2 and TGB3 interact with the transport complex 

at the outside edges of the VRC due to the fact that these two proteins were found to the 

exterior of the TGB1 sub-compartment.  

 

4.3.6 Conclusions 

 

The current data suggest that PVX VRCs are not only the centres of viral replication, but 

also centres for preparing the virus to move between cells. It is hypothesised that 

movement functions belonging to the single MP of TMV are possibly distributed over 

three TGB proteins in the TGB-carrying viruses (Morozov and Solovyev, 2003), 

including PVX. TGB1 plays the most important role in establishing the structure of the 

VRC by recruiting the host organelles required for cell-to-cell transport of PVX. The 

TGB2 and TGB3 proteins localise to the endomembrane sub-compartment of the VRC 

and are likely also to be part of the viral movement complex, possibly by providing a 

direct link onto the cortical ER/actin network for intracellular trafficking of the viral 

genome to PD. 
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5. Analysis of PVX VRC formation in relation to viral RNA 

 

5.1 Aim  

 

The growing number of sub-cellularly localised RNA molecules identified over recent 

years (reviewed in Neilson and Sharp, 2008) has created a high demand for development 

of methods that are suitable for visualising RNA dynamics in single infected cells. 

Therefore, a wide number of RNA imaging strategies have been designed (reviewed in 

Rodriguez et al., 2007); however, the majority of these techniques for viral RNA 

tracking are based on fluorescence in situ hybridisation (Mas and Beachy, 1999; Carette 

et al., 2000) and immunogold EM methods (Dunoyer et al., 2002; Taliansky et al., 

2003). These RNA localisation approaches are destructive and do not allow in vivo 

studies of viral RNA dynamics (Tilsner et al., 2009). In this thesis chapter RNA-binding 

dyes and a novel RNA imaging Pumilio reporter system adopted in our lab for plant 

virus RNA imaging in living cells were successfully used. This chapter will cover the 

advantages and disadvantages of these RNA imaging methods.  

 

Despite intense research on PVX, there are still many unanswered questions and 

uncertainties in terms of viral RNA localisation, distribution and movement in infected 

cells. The exact mechanism of PVX RNA transport to and via PD is poorly understood. 

My hypothesis is that the success of PVX RNA movement from a VRC to PD, and 

through PD from one cell to another, is dependent on the successful formation and 

establishment of the viral replication complex. Therefore, the aim of this chapter is to 

uncover where the viral RNA is located in PVX-infected cells and to establish the link 

between VRC formation and trafficking of the viral genome to PD. Thus, sub-cellular 

localisation and distribution of vRNA was investigated and a model of PVX RNA 

movement to and through PD is proposed. 
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5.2 Results 

 

5.2.1 Plasmids used in this study (Table 5.1, Fig. 5_1) 

 

Plasmids used in this results chapter can be divided into two groups which are listed in 

Table 5.1 

 

1) According to the method of plasmid delivery: 

 

i) Binary plasmids for transient plant transformation by agroinfiltration: 

pGR106 (Jones et al., 1999) 

ii) Bombardment plasmids for transient plant transformation by biolistic 

bombardment: 

pRTL2 (Restrepo et al., 1990) 

pUGW0 (Nakagawa et al., 2007) 

pRPS5A (promoter, Weijers et al., 2001)  

pUGW0.pRPS5A (plasmid, Tilsner et al., 2009) 

iii) Plasmids containing T7 polymerase promoter for synthesis of infectious PVX 

RNA transcripts for in vitro transcription, reassembly and inoculation: 

pTXS (Chapman et al., 1992) 

 

2) According to the expressed marker or gene: 

 

Plasmid name Expressed marker or gene Figure number  

Viral gene markers: 

pRTL2.TGB1-mCherry red TGB1 viral movement 

protein reporter 

Fig. 5_1 A 

Organelle markers: 

pRTL2.ER-tdTomato red ER marker Fig. 5_1 B 

pRTL2.Lifeact-tdTomato red actin marker Fig. 5_1 C 

Pumilio constructs: 

pRTL2.PUMHD3809-

PUMHD3794-GFPc3 

green ‘double Pumilio’ reporter Fig. 5_1 D 

pRTL2.CitN-PUMHD3794  

+ 

pRTL2.PUMHD3809-CitC  

Pumilio BiFC-based reporter 

system based on pRTL2 

plasmids (PUMHD-split FP 

fusions)  

Fig. 5_1 E 
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pUGW0.pRPS5A.CitN-

PUMHD3794 +  

pUGW0.PUMHD3809-CitC 

optimised PUMHD-split FP 

fusions   

Fig. 5_1 F 

PVX-carrying plasmids: 

pTXS  PVX without a FP marker Fig. 5_1 G 

pTXS.pum PVX with Pumilio-binding 

sequence 

Fig. 5_1 H 

pTXS.pum.FP PVX with Pumilio-binding 

sequence and fluorescent protein 

Fig. 5_1 I 

pTXS.pum.mCherry-2A-CP PVX with Pumilio-binding 

sequence and red fluorescent 

protein (mCherry) fused to coat 

protein 

Fig. 5_1 J 

pTXS.pum.CFP-2A-CP PVX with Pumilio-binding 

sequence and cyan fluorescent 

protein fused to coat protein 

Fig. 5_1 K 

pGR106.pum.CFP PVX with Pumilio-binding 

sequence and cyan fluorescent 

protein 

Fig. 5_1 L 

pTXS.GFP-2A-CP green 

‘overcoat’ virus 

PVX with green fluorescent 

protein fused to coat protein 

Fig. 5_1 M 

 

 



 168 

 
 

Figure 5_1: Schematic representation of plasmids used in this results chapter 

TGB: triple gene block, MP: movement protein; CP: coat protein; FP: fluorescent 

protein; PUMHD: Pumilio Homology Domain. 
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5.2.2 Pumilio as a BiFC-based reporter system to image the genomes of RNA viruses 

in living plant cells  

 

Recently we modified Pumilio as a BiFC-based reporter system for imaging of plant 

viral RNAs in living plant cells (Tilsner et al., 2009). This publication is attached in the 

appendix to this thesis. 

 

5.2.2.1 Pumilio RNA-binding protein reporter as a novel approach for imaging 

viral RNA in living plant cells (Fig. 5_2) 

 

The difficulties of traditional methods for viral RNA localisation in living plant cells 

have been a significant drawback in understanding of virus replication and movement in 

plants. To circumvent this limitation Dr. Jens Tilsner in our lab adapted the Pumilio 

method (Ozawa et al., 2007) to study plant viral RNAs (Tilsner et al. 2009). An RNA-

binding protein with distinctive RNA-binding Pumilio Homology Domain (PUMHD; 

Wickens et al., 2002) of the human protein Pumilio1 (HsPUM1) (Spassov and Jurecic, 

2002) (for more detailed explanation of the unique features of the Pumilio RNA-binding 

protein see Chapter 1) was engineered to interact with the vRNA of tobacco mosaic 

virus in virus-infected living plant cells (Tilsner et al., 2009). The unique characteristics 

of the PUMHD allowed this protein to be modified (Cheong and Hall, 2006) to 

recognise and bind to two adjoining 8-nt RNA sequences of choice in the TMV genome 

(Tilsner et al., 2009).  

 

Two native 8-nt sequences were selected in the TMV genome, thus the TMV RNA was 

not modified. The first sequence was named 3794 (nucleotides from 3794 to 3801 in the 

RNA molecule: UGUAGAUA). The second sequence was termed 3809 (nucleotides 

from 3809 to 3816 were selected: UGAUAGUU) (in green in Fig. 5_2 A). PUMHD 

polypeptides were engineered to bind to these two sequences on the viral RNA. Each 

modified PUMHD protein was fused to N- or C-terminal half of a split mCitrine 

(Griesbeck et al., 2001), monomeric yellow fluorescent protein (PUMHD-split FP 
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fusions) (Fig. 5_2 B). Split mCitrine fragments are referred to as CitN and CitC 

hereafter. The C-terminal part of CitN was fused to PUMHD3794 peptide (CitN-

PUMHD3794). The N-terminal part of CitC was fused to PUMHD3809 (PUMHD3809-

CitC). A flexible 5 amino acids (Gly4Ser) linker was inserted between each half of a FP 

and a PUMHD peptide. Therefore, when two modified PUMHD fusion proteins are 

bound to the 8-nt target sites on the vRNA, the C-terminus of PUMHD3809 and the N-

terminus of PUMHD3794 are positioned towards each other, leading to close contact 

between the split FP parts fused to these PUMHD polypeptides, resulting in restoration 

of the complete FP and initiation of bimolecular fluorescence complementation (BiFC; 

Hu et al., 2002) and vRNA visualisation in living infected plant cells (Fig. 5_2 C) 

(Tilsner et al., 2009).  

 

The Pumilio RNA imaging reporter system was first successfully applied to target the 

RNA of tobacco mosaic virus (Fig. 5_2 D). To image vRNA of PVX with the Pumilio 

reporter system, the TMV-derived sequence recognised by the engineered PUMHD 

variants was transferred and inserted into PVX RNA as a tag (PVX.pum: Fig. 5_1 H) 

downstream of the subgenomic CP promoter in order to incorporate the PUMHD tag 

into both genomic and subgenomic RNAs (Fig. 5_2 E). However, this Pumilio BiFC-

based reporter system was found to have background fluorescence and a nucleoplasmic 

and cytosolic fluorescent signal was detected in uninfected control plant cells (Tilsner et 

al., 2009).  
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Figure 5_2: Pumilio BiFC-based reporter system as a novel approach to image the 

genomes of RNA viruses in living plant cells   

A: Construction of Pumilio BiFC-based reporter system for imaging of TMV RNA  

MP: movement protein; CP: coat protein; PUMHD: Pumilio Homology Domain.  

Two 8-nt sequences on TMV RNA (green) (A) are recognised by the engineered 

PUMHD-split fluorescent protein (FP) constructs (B).  

B: Split FP Pumilio constructs used in bimolecular fluorescence complementation 

(BiFC) assay for detection of viral RNA in living plant cells.   

C: Schematic representation of restoration of complete FP, leading to BiFC. 

D: Engineered PUMHD-split FP constructs bombarded into DsRed-expressing TMV 

(TMV.DsRed)-infected Nicotiana epidermal cells. Pumilio labels TMV RNA (green) in 

a perinuclear VRC (thick arrow) and in viral RNA particles at the cell periphery (thin 

arrows). 

Data adapted from Tilsner et al., 2009.  

E: Construction of Pumilio BiFC-based reporter system for imaging of PVX RNA  

TGB: Triple Gene Block. 

Two 8-nt sequences on PVX RNA (green) (E) are recognised by the engineered 

PUMHD-split FP constructs (B).   
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5.2.2.2 Generation of ‘double-Pumilio’ constructs (Fig. 5_3)  

 

In a different experimental strategy of using the Pumilio-RNA binding protein for vRNA 

localisation in the infected cell, I tested the feasibility of using a ‘double Pumilio’ 

approach. Pumilio split FP-based pRTL2 plasmids (Fig. 5_1 E) use a BiFC assay for 

detection of viral RNA when these plasmids are cobombarded into PVX-infected tissue 

with a virus carrying a Pumilio-recognition sequence and a FP as an infection marker 

(Fig. 5_1 H-L). Each Pumilio BiFC-based construct contains one Pumilio domain fused 

to a split mCitrine half (Fig. 5_1 E): mCitN-PUMHD3794 + PUMHD3809-mCitC (Fig. 

5_3 A). The ‘double Pumilio’ technique was also designed for delivery into PVX-

infected tissue with a virus carrying a Pumilio-recognition sequence (Fig. 5_1 H). 

However, unlike the BiFC approach, ‘double Pumilio’ expressing pRTL2 plasmid 

contains two Pumilio domains in the same bombardment construct fused to a complete 

FP (Fig. 5_1 D): pRTL2.PUMHD3809-PUMHD3794-GFPc3 (Fig. 5_3 B).   

 

The ‘double Pumilio’ fusion approach was thought to be advantageous due to the fact 

that the position of the Pumilio domains was fixed in the plasmid and a BiFC assay was 

not required. However, when this ‘double Pumilio’ construct (Fig. 5_1 D) was expressed 

in the plant cell, an aggregation of a ‘double Pumilio’ protein was found. My data 

showed that the ‘double Pumilio’ construct forms many aggregates in the cell (Fig. 5_3 

C,D). This protein fusion to GFP was observed to aggregate even very early after 

biolistic bombardment (after 2 hours post-bombardment of this construct) with the 

formation of a large green aggregate and a number of smaller green aggregates in the 

plant cell (Fig. 5_3 C). After 4 hours, the number of fluorescent masses increased and 

the fluorescent aggregates were found to be distributed throughout the cytoplasm (Fig. 

5_3 D). Due to this aggregation problem, a further viral RNA analysis was carried out 

by using Pumilio BiFC-based imaging of PVX RNA (Fig. 5_3 A).  

 

In order to solve the unspecific fluorescence background problem of Pumilio BiFC, a 

number of transient expression plasmids with different strength of promoters were tested 
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(this thesis work and also in Tilsner et al., 2009). pRTL2 with a duplicated CaMV 35S 

promoter (Restrepo et al., 1990) was found to be the strongest. pUGW0 with a single 

35S promoter (Nakagawa et al., 2007) resulted in some background signal. 

pUGW0.pRPS5A, a plasmid engineered by Dr. Tilsner which originated from the 

pUGW0 vector by replacing the single 35S promoter in pUGW0 (Nakagawa et al., 

2007) with the promoter of the Arabidopsis ribosomal RPS5A gene (Weijers et al., 

2001), had the lowest unspecific fluorescence background. An optimal signal-to-noise 

ratio in bimolecular fluorescence complementation assay of PUMHD-split FP fusions in 

viral RNA imaging was achieved when combinations of plasmids with lower strength 

promoters (pUGW0.pRPS5A.CitN-PUMHD3794 and pUGW0.PUMHD3809-CitC: Fig. 

5_1 F) were co-expressed in the same PVX-infected plant cell (Tilsner et al., 2009). 
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Figure 5_3: ‘Double Pumilio’ approach to targeting PVX RNA 

A: A schematic representation of Pumilio BiFC-based imaging of PVX RNA in 

comparison to B: ‘Double Pumilio’ imaging of PVX RNA.  

C-D: ‘Double Pumilio’-GFP on non-transgenic N. benthamiana plants  

Confocal laser scanning images of epidermal cells of uninfected non-transgenic N. 

benthamiana leaves cobombarded with ‘double Pumilio’-GFP (green)  

C: 2 h.p.b.; D: 6 h.p.b. 

h.p.b. – hours post-bombardment. 

Bars, 20 µm.  
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5.2.3 Imaging vRNA and replication sites in PVX-infected cells  

 

5.2.3.1 Pumilio BiFC allows simultaneous visualisation of vRNA and the TGB1 

viral movement protein in PVX-infected plant cells (Fig. 5_4) 

 

To find out where the viral RNA is located in infected plant cells, an optimised Pumilio 

BiFC-based reporter approach (Fig. 5_1 F) was used. Due to the fact that the TGB1 

protein is a multifunctional protein and has already been shown to recruit plant host 

organelles to the viral replication complex in the complete absence of viral infection and 

to target several distinct localisations in the infected cell (see Chapter 4), I examined 

whether the vRNA and TGB1 colocalised in the infected cell. Colocalisation of vRNA 

with TGB1 was achieved by cobombarding PVX-infected (Fig. 5_1 L) non-transgenic 

N. benthamiana plants with the TGB1 fluorescent fusion protein (Fig. 5_1 A) along with 

the optimised Pumilio BiFC-based reporter system (Fig. 5_1 F). PVX-infected leaf 

epidermal cells were examined under the confocal laser scanning microscope.  

 

5.2.3.1.1 PVX RNA localises around the TGB1 inclusions in the VRC and 

colocalises with the TGB1 particles in PD 

 

In addition to the TGB1 protein in the infected cell, two populations of the vRNA were 

recognised by the Pumilio system. The first pool of vRNA was found in the VRC. 

Unencapsidated vRNA of PVX was visualised in discrete circular ‘whorls’ within the 

VRC (Fig. 5_4 A,D; see also Tilsner et al., 2009). These data revealed that circularly 

arranged RNA ‘whorls’ contained amorphous regions unlabelled by the Pumilio BiFC 

signal in the central cavity of these ‘whorls’ (Fig. 5_4 A,D). The TGB1 protein was 

found in the centre of the VRC, in the central cores of the PVX RNA unlabeled by the 

Pumilio BiFC (Fig. 5_4 B,E). PVX RNA was localised around the TGB1 sub-

compartments of the VRC (Fig. 5_4 C,F), indicating spatial separation of viral RNA and 

TGB1 within the VRC. A second population of vRNA was localised in small particles at 

the cell periphery presumably associated with PD (thin arrows in Fig. 5_4 A,D).  
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Significantly, introduction of PVX constructs without the Pumilio-recognition sequence 

(Fig. 5_1 G) did not lead to labelling of viral RNA in PVX VRCs (Tilsner et al., 2009), 

indicating that only viral constructs tagged with an engineered Pumilio-binding 

sequence are recognised by the modified Pumilio BiFC-based reporter system (Fig. 5_1 

F). In addition, combinations of unfused CitN and PUMHD-CitC did not result in 

labelling of TMV RNA (Tilsner et al., 2009), suggesting that both fusions of Pumilio 

domains to split FP halves (Fig. 5_1 F) are required for BiFC and successful viral RNA 

imaging. Unexpectedly, application of the native, unmodified PUMHD sequence into 

plant cells infected with PVX.pum constructs (Fig. 5_1 H) resulted in the same labelling 

of PVX VRCs described above (Fig. 5_4). When the PVX genome was searched for 

potential Pumilio-binding sites, a site that had only 1 nucleotide difference between the 

‘native’ PUMHD and PVX sequence was identified. This suggests that native, 

unmodified PUMHD sequence carries an adequate affinity for detection of PVX RNA 

molecules in the infected plant cell (Tilsner et al., 2009). 
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Figure 5_4: vRNA and TGB1 on PVX-infected non-transgenic N. benthamiana 

plants  

Confocal laser scanning images of epidermal cells of PVX-infected (PVX is unlabelled) 

non-transgenic N. benthamiana leaves cobombarded with Pumilio BiFC reporter (vRNA 

in green) and TGB1 (red).  

A,D: vRNA (green channel); B,E: TGB1 (red channel); C,F: overlay of green and red 

channel (vRNA + TGB1 in PVX-infected cell); A-C: a lower magnification image of 

PVX-infected epidermal cell; D-F: a higher magnification image of the PVX VRC and a 

part of the cell periphery.  

A-F: 1 d.p.b. 

d.p.b. – days post-bombardment; thick arrows point to PVX VRCs; thin arrows point to 

the TGB1 particles and vRNA at the cell periphery (A,B,D,E); arrowhead points to 

colocalisation of TGB1 and vRNA (F).  

Bars, 10 µm. 

 

 



 178 

5.2.3.2 The Pumilio BiFC-based reporter system allows visualisation of vRNA 

localisation with host organelles (ER and actin) in PVX-infected plant cells (Fig. 

5_5) 

 

Due to the fact that host organelles were found to be involved in PVX VRC formation 

(see Chapter 3), I examined the relationship between vRNA and recruited plant 

organelles within the VRC. PVX-infected (Fig. 5_1 L) non-transgenic N. benthamiana 

plants were cobombarded with an ER marker (Fig. 5_1 B) or an actin marker (Fig. 5_1 

C) together with the optimised Pumilio BiFC-based reporter constructs (Fig. 5_1 F). 

PVX-infected leaf epidermal cells were examined under the confocal laser scanning 

microscope.  

 

5.2.3.2.1 PVX RNA colocalises with the endoplasmic reticulum and is surrounded 

by actin microfilaments in the VRC 

 

The vRNA was found to colocalise with the ER sub-compartments of the viral 

replication complex, with small vRNA fractions located independently of the ER (Fig. 

5_5 A-C). In addition, vRNA was scattered in ER fluorescent aggregates within the 

VRC (Fig. 5_5 C). These data are in agreement with published results showing that PVX 

RNA synthesis and replication takes place in close association with cellular membranes 

and the ER membranes are likely sites of viral replication (Doronin and Hemenway, 

1996). Moreover, the vRNA was found to be closely associated with actin filaments that 

were recruited into the VRC during PVX infection (Fig. 5_5 D-F). Actin strands were 

observed to surround the VRC, and also were found around the circular vRNA ‘whorls’ 

within the VRC (Fig. 5_5 F). These data indicate that PVX RNA transport to and via PD 

may take place on actin elements of the infected cell.  
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Figure 5_5: vRNA and ER (A-C) or actin (D-F) on PVX-infected non-transgenic N. 

benthamiana plants  

Confocal laser scanning images of epidermal cells of PVX-infected (PVX is unlabelled) 

non-transgenic N. benthamiana leaves cobombarded with Pumilio BiFC reporter (vRNA 

in green) and ER (red) (A-C) or actin (red) (D-F)  

A,D: vRNA (green channel); B: ER (red channel); E: actin (red channel); C,F: overlay 

of green and red channel (vRNA + ER or vRNA + actin in PVX-infected cell).  

A-F: 1 d.p.b. 

d.p.b. – days post-bombardment; thick arrows point to PVX VRCs; n – nucleus.  

Bars, 10 µm.    
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5.2.3.3 Application of RNA-binding dyes to image vRNA in PVX-infected plant 

cells (Fig. 5_6) 

 

The Pumilio-BiFC assay is limited to the detection of single-stranded RNA forms 

(ssRNA) in the infected tissue. However, during viral replication double-stranded RNA 

molecules (dsRNA) are generated as replication intermediates. Therefore, to build up a 

more comprehensive picture of viral RNA distribution and the site of replication within 

the PVX VRC, RNA-binding dyes were tested in addition to the Pumilio BiFC-based 

reporter system. Two different RNA-binding stains were used in this study, acridine 

orange (AO) and Syto82. PVX-infected (Fig. 5_1 M) non-transgenic N. benthamiana 

tissue was fixed and stained with AO (Fig. 5_6 A-C) known to preferentially label 

ssRNA molecules (Mayor and Diwan, 1961; Mayor and Hill, 1961). The second stain, 

Syto82, was infiltrated into PVX-infected plants (Fig. 5_1 M) by Dr. Nynne Christensen 

in our lab (Fig. 5_6 D,E). Syto82 RNA dye was shown previously to preferentially label 

dsRNA forms (Brandenburg et al., 2007).  

 

5.2.3.3.1 PVX RNA localises in the centre of the VRC (AO staining) and in smaller 

punctate pattern (Syto82 staining) 

 

AO stained the vRNA of PVX in the central regions of the VRCs (Fig. 5_6 A), the same 

region detected using Pumilio BiFC-based reporter (Fig. 5_1 F). Unencapsidated vRNA 

of PVX is surrounded by the viral CP (Fig. 5_6 A; see also Tilsner et al., 2009). DAPI, a 

double-stranded nucleic acids-specific dye know to form a blue fluorescent complex 

when bound to double-stranded nucleic acids (reviewed in Kapuscinski, 1995), was used 

to stain the infected tissue segments (Fig. 5_6 B) in order to distinguish vRNA within 

the VRCs from DNA in the cell nucleus. However, some blue staining in the VRC was 

also detected due to the fact that the double-stranded RNA forms are produced as a 

result of viral replication in the infected cell. Therefore, DAPI stained these double-

stranded nucleic acids within the VRC. A closer examination of PVX VRCs revealed 

discrete circular ‘whorls’ of vRNA stained by AO within the VRC (thick arrows in Fig. 
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5_6 C), similar to the labelling of PVX RNA found using Pumilio BiFC. A second 

population of vRNA stained by AO was also identified in small particles at the cell 

periphery associated with PD (thin arrows in Fig. 5_6 C). Syto82 staining gave a smaller 

punctate pattern in the VRC (thick arrows in Fig. 5_6 D,E; see also Tilsner et al., 2009), 

and also detected a second RNA pool targeted to PD (thin arrows in Fig. 5_6 E). These 

data indicate that PVX VRC contains ‘hot spots’ of RNA localisation as well as RNA-

free sub-compartments.  
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Figure 5_6: PVX ‘overcoat’ and AO (A-C) or Syto82 (D-E) on non-transgenic N. 

benthamiana plants  

Confocal laser scanning images of epidermal cells of PVX ‘overcoat’-infected (PVX in 

green) non-transgenic N. benthamiana leaves fixed and stained with 0.06 % AO (red) 

(A-C) or infiltrated with 1.25 �m Syto82 (red) (D-E) 

A: Overview of several PVX ‘overcoat’-infected (CP in green) epidermal cells with AO 

staining vRNA (red) in the central regions of PVX VRCs; B: a higher magnification 

image of the PVX VRC double stained with AO (red, RNA) and DAPI (blue, DNA); C: 

AO staining vRNA (red) in PVX VRCs and in PD; D: vRNA in the PVX VRC stained 

with Syto82; E: a single epidermal cell in which Syto82 labels dsRNA in the PVX VRC 

(thick arrows) and at the cell periphery in PD (thin arrows).  

Thick arrows point to PVX VRCs; thin arrows point to vRNA in PD stained with AO 

(C) and Syto82 (E); n – nucleus.  

Bars, 20 µm. 
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5.3 Discussion  

 

5.3.1 Pumilio protein as a novel approach for viral RNA imaging in living plant cells 

 

The Pumilio BiFC-based reporter system was successfully used in two different ways in 

our lab. The first approach involved the engineering of the PUMHD variants to target an 

RNA sequence of choice in an unmodified viral genome of TMV. The second strategy 

involved modification of the genomic RNA of a plant virus by inserting a TMV-derived 

tag for PUMHD peptides to recognise and bind to this sequence on the viral RNA of 

PVX (Tilsner et al., 2009). 

 

5.3.1.1 Advantages of the Pumilio vRNA labelling system 

 

The Pumilio BiFC-mediated viral RNA labelling was found to have advantages among 

the limited number of in vivo RNA imaging systems reported to date. Pumilio BiFC-

based RNA imaging is less disruptive to the RNA secondary structure than other 

available non-invasive RNA imaging systems, like phage MS2 CP-mediated RNA 

labelling (Bertrand et al., 1998; Hamada et al., 2003; Zhang and Simon, 2003; Zimyanin 

et al., 2008) and the � N22 peptide-based RNA imaging system (Daigle and Ellenberg, 

2007). Also, both these methods require permanent fluorescent reporters due to the fact 

that they do not utilise BiFC. In addition, MS2 CP, like the � N22 peptide, depends on 

the CP binding to stem-loop structures. Therefore, the secondary structure introduced 

into the RNA molecule can have a potential effect on RNA function (Dreher and Miller, 

2006, Miller and White, 2006) and sub-cellular localisation (Lange et al., 2008). 

Moreover, to enable efficient recognition and reasonable detection levels, both MS2 and 

� N22 peptide are used in several tandem repeats. Up to 96 RNA binding motifs for 

MS2 peptide (Bertrand et al., 1998; Fusco et al., 2003; Zhang and Simon, 2003) and up 

to 12 repeats for � N22 (Daigle and Ellenberg, 2007; Lange et al., 2008, reviewed in 

Schifferer and Griesbeck, 2009) have been used for optimal signal-to-noise ratio, adding 

up to >2 kb of additional sequence. Therefore, this particularly long tag is not only a 
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potential cloning problem, but also has a high possibility to influence the dynamics of 

RNA, and therefore interfere with RNA functions. This may be especially problematic 

for viral RNA tracking also as large insertions of non-viral fragments are likely to result 

in alteration of viral function. In contrast, Pumilio has an advantage over these two RNA 

labeling systems due to the fact that the vRNA can either be left unmodified or, if 

tagged, the tag with the Pumilio-recognision sites on the viral RNA is very small (two 8-

nt sequences and a 4-7-a.a. linker between them; Ozawa et al., 2007; Tilsner et al., 

2009) and is potentially easy to engineer and subclone. In addition, the likelihood of 

disturbing the RNA function with such a small tag is significantly lower than for long 

tandem repeats of RNA hairpins. Moreover, the Pumilio approach allows real-time RNA 

imaging and can be used to study early events at the leading edge of infection when 

Pumilio BiFC is bombarded or agroinfiltrated into the viral infection site.   

 

5.3.1.2 Disadvantages of the Pumilio vRNA labelling system 

 

There are a number of potential reasons for nonspecific Pumilio BiFC signal. When 

working with fluorescent protein fusions, different problems can occur, such as weak, 

hardly detectible fluorescent signals, incorrect sub-cellular localisation of the protein 

fusion, cytoplasmic aggregation and loss of protein function (Dixit et al., 2006; Millar et 

al., 2009). The ‘double Pumilio’ protein was found to cause aggregation artifacts that 

possibly lead to mistargeting and loss of function of the Pumilio fusion and made it 

unfeasible. This protein aggregation may have occurred as a result of self-aggregation of 

the protein or as a result of overexpression during biolistic bombardment. Therefore, all 

PVX RNA localisation was carried out using the modified Pumilio BiFC approach with 

optimised promoters. However, the main drawback of Pumilio BiFC is an unspecific 

BiFC signal in uninfected cells that could not be completely eliminated regardless of 

optimisation strategies and efforts. The fact that co-expression of unfused CitN and CitC 

did not result in any fluorescence suggests that Pumilio fusions to split FP halves can 

potentially alter the stability or folding of the fluorescent protein fragments (reviewed in 

Lalonde et al., 2008; Tilsner et al., 2009).  
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The nonspecific background fluorescence detected with unmodified PUMHD BiFC 

fusions could be due to a number of reasons. The first is potential ‘looping’ of the RNA 

as a result of long-distance interactions between RNA molecules during transcription 

and translation (Gallie, 1996; Dreher and Miller, 2006; Miller and White, 2006). The 

second possible reason is a ‘tandem’ interaction between closely adjoining strands of 

viral RNA. Finally, BiFC may have occurred on RNA molecules that are ‘stacked’ and 

therefore brought into close proximity within the viral replication complex (see Fig. 3i in 

Tilsner et al., 2009). In addition, Gupta et al. (2008) have shown very recently that the 

HsPUM1 RNA-binding protein has a potential to bind to noncognate RNAs as not all 

Pumilio RNA-binding protein repeats are absolutely base-specific and binding of a 9-nt 

RNA target is also possible (Gupta et al., 2008). These findings may explain the fact that 

the unmodified PUMHD peptides were able to induce unspecific fluorescence in control 

experiments (Tilsner et al., 2009). One more possible drawback of using split FP-based 

imaging of vRNA is FP reconstitution which can take up to several hours to occur 

(reviewed in Schifferer and Griesbeck, 2009). 

 

Despite the fact that Pumilio BiFC is not an entirely background-free system (Tilsner et 

al., 2009), it has proven to be a valuable tool for tracking RNA in live cells since it 

allows successful viral RNA localisation and distribution studies in vivo. As the 

structural knowledge of the Pumilio RNA-binding protein and its interactions with the 

RNA molecules gradually expands, further optimisations to restrict unspecific 

background fluorescence signal will become possible (Tilsner et al., 2009). To increase 

sensitivity of the RNA labelling methods, choosing the brightest (but non-toxic and 

photo-stable) available FP variants will be essential (Shaner et al., 2005). Successful 

RNA labelling based on optimal protein-to-RNA ratio is also dependent on the balance 

between a fluorescent protein fusion and an RNA-binding protein and its target 

endogenous RNA level in the cell (reviewed in Schifferer and Griesbeck, 2009). 

Additional optimisations are necessary for any viral RNA under study and for further 

improvement of the Pumilio method. For instance, the sequence of every RNA under 
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study has to be searched for possible natural binding sites of the Pumilio BiFC-based 

reporter system.  

 

5.3.2 Pumilio BiFC-based reporter system for imaging vRNA localisation and 

distribution in PVX-infected cells 

   

In this study the Pumilio system has been successfully applied for localisation studies of 

PVX RNA in the infected cell and colocalisation of vRNA with the TGB1 viral MP, 

viral CP and also with the host organelles of the infected cell.   

 

5.3.2.1 PVX RNA is localised around the TGB1 inclusions in the VRC and also 

localised in PD of PVX-infected cells 

 

Pumilio BiFC reporter detected discrete circular vRNA ‘whorls’ within the PVX VRC 

(Fig. 5_4 A,D). The TGB1 protein was located in the centre of these RNA ‘whorls’ (Fig. 

5_4 B,E) and PVX unencapsidated ‘naked’ RNA surrounded the central TGB1 sub-

compartment of the viral replication complex (Fig. 5_4 C,F). This localisation of vRNA 

and TGB1 in the VRC provides additional support for a model of the PVX VRC in 

which the TGB1 viral protein takes a central localisation in this complex and acts as key 

viral protein for PVX replication and movement. The distribution of viral RNA and 

PVX TGB1 in the VRC also suggests that the
 
synthesis of RNA and the accumulation of 

the TGB1 viral protein take place in closely located sites within the VRC. In comparison 

to TMV, PVX RNA was found to have a different localisation pattern at its replication 

site, since TMV RNA was detected in punctate spots, rather than circular ‘whorls’ 

within the TMV VRC (Tilsner et al., 2009).  

 

Additionally, application of AO allowed detection of PVX RNA (thin arrows in Fig. 5_6 

C) in PD of PVX-infected cells. TGB1 and viral CP were also found in PD (see Chapter 

4). These data are consistent with in vitro experiments on PVX viral particle assembly 

that discovered that CP is most likely associated with the 5' region of vRNA (Atabekov 
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et al., 2000; Rodionova et al., 2003; Karpova et al., 2006). TGB1 binding to this 

assembled CP-vRNA complex results in the destabilisation of PVX virions and 

conversion of vRNA into a translatable form (Atabekov et al., 2000). However, in 

contrast to TMV, the stability of this binding of PVX TGB1 to vRNA in vitro is found to 

be lower than in the 30K MP of TMV (Kalinina et al., 1996, 1998; Lough et al., 1998). 

 

I suggest that the first population of PVX ‘naked’ RNA detected in the VRC does not 

traffic from one cell to another. Rather, it is a later progeny pool of encapsidated RNA 

that moves from the VRC during the development of the infection site. Detection of 

PVX RNA in PD suggests that newly synthesised RNA molecules may move to and 

through PD to infect the whole plant. However, visualisation of vRNA in PD by the 

Pumilio system was less common and could be associated with the very low amounts of 

vRNA in these intracellular channels. In addition, the detection of vRNA in PD is almost 

beyond the sensitivity of the Pumilio BiFC-baser reporter system due to the fact that 

Pumilio approach is designed to visualise unencapsidated vRNA. During infection, the 

Pumilio target sites on the genomic PVX RNA may be covered by CP subunits and 

therefore inaccessible to Pumilio BiFC once the vRNA is fully coated (Tilsner et al., 

2009). However, detection of PVX RNA in PD by the Pumilio system suggests that the 

virus may replicate at PD. Additionally, these data implies that partially coated transport 

particles containing vRNA and TGB1 may be present in PD of infected plant cells. This 

is consistent with the view that PVX transport complex may contain single-tailed 

particles in which there are large regions of unencapsidated vRNA (Atabekov et al., 

2000, 2001; Rodionova et al., 2003; Karpova et al., 2006).  

 

The data on detection of PVX CP around the unencapsidated vRNA (Fig. 5_6 A; see 

also Tilsner et al., 2009) suggest that vRNA assembly occurs at the centre of the VRC 

while encapsidation occurs at the periphery for formation of transport 

particles/complexes to spread the infection to neighboring cells. Separate localisations of 

TGB1 and CP in the VRC also indicate that these viral proteins are synthesised in 

distinct compartments within the viral complex or are quickly transported to these 
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separate destinations. In addition, due to the fact that TGB1 was found to destabilise 

PVX virions in vitro (Atabekov et al., 2000), this explains a distinct accumulation of the 

viral CP away from the TGB1 protein in the VRC in vivo.  

 

5.3.2.2 PVX RNA colocalises with the endoplasmic reticulum and actin 

microfilaments in the VRC 

 

The data of this chapter demonstrate that vRNA colocalises with the ER by associating 

with scattered ER bodies within the VRC (Fig. 5_5 C). In this study, PVX RNA was 

found in close association with not only ER membranes (Fig. 5_5 A-C), but also with 

the actin cytoskeleton in the VRC (Fig. 5_5 D-F), suggesting that PVX RNA synthesis 

and replication may take place on the ER and the viral RNA transport from infected cells 

to adjacent healthy cells may occur on actin microfilaments. Similar to PVX, TMV MP 

and TMV RNA are also closely associated with the host cytoskeleton: with 

mictrotubules (Heinlein et al., 1995) and microfilaments (McLean et al., 1995). 

Therefore, the host cytoskeleton may provide the ‘tracks’ required for moving viral 

transport complexes to PD (Carrington et al., 1996; Lazarowitz and Beachy, 1999; 

Tzfira et al., 2000; Heinlein, 2002). Very recently it has been shown that intercellular 

spread of TMV and also PVX is influenced by disruption of actin microfilaments, 

suggesting that the intercellular trafficking of these viruses is dependent on the host actin 

cytoskeleton (Harries et al., 2009b).  

 

5.3.3 Application of RNA-binding dyes for tracking vRNA localisation in PVX-

infected cells 

 

Fluorescent nucleic acid dyes provide a different approach for labelling viral genomes. 

In this thesis, application of RNA-binding dyes, AO and Syto82, confirmed the 

existence of two populations of PVX RNA detected by Pumilio BiFC reporter in 

infected cells. These experiments have shown that the first pool of unencapsidated 

‘naked’ PVX RNA is concentrated in discrete central compartments within the VRC 
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(Fig. 5_4 A,D; Fig. 5_6 A,C). The second pool of PVX RNA was detected in PD using 

the three different RNA detection approaches, suggesting that there are several 

populations of viral RNAs in infected cells. One pool is localised in the VRC and does 

not traffic between cells. The second pool may be part of the viral transport complex to 

PD, perhaps responsible for initiating virus cell-to-cell movement. 

   

Both Pumilio BiFC and AO RNA detection were limited to single-stranded RNA forms 

and these methods labelled PVX RNA in a discrete circular pattern (‘whorls’ of vRNA) 

within the VRC. As in other experiments using AO for studying viral RNAs of single-

stranded RNA viruses (Hirai and Wildman, 1953; Mayor and Diwan, 1961; Cho and 

McDonald, 1980), AO staining of PVX RNA required fixation of tissue as due to the 

high toxicity of this RNA dye it can cause cell death. Therefore, it was unsuitable for 

live-cell imaging of viral RNA. The Syto82 stain was found to have a lower toxicity 

effect on plant cells and therefore could be infiltrated into live plant tissue. In contrast to 

AO and Pumilio BiFC reporter, Syto82 dye was suitable for detecting the double-

stranded RNA forms that are generated during viral replication. Application of this dye 

led to the appearance of a punctate staining pattern in PVX VRCs (thick arrows in Fig. 

5_6 D,E; also in Tilsner et al., 2009), indicating that the PVX VRC may contains ‘hot 

spots’ of dsRNA localisation. It is conceivable that PVX replication takes place in these 

distinct regions within the ssRNA ‘whorls’ of the VRC. 

 

5.3.4 Conclusions 

 

Despite unspecific background fluorescence, Pumilio BiFC was found to be a powerful 

novel tool for localising RNA of plant viruses in living cells. The Pumilio BiFC reporter 

enabled localisation of unencapsidated vRNA and TGB1 in the VRC and colocalisation 

of vRNA with the TGB1 particles in PD of infected cells, as well as colocalisation of 

vRNA with CP in the PVX VRC. PVX RNA was also found in close association with 

the ER membranes and actin cytoskeleton elements of the host cell. Application of 

RNA-binding dyes confirmed the existence of two populations of viral RNA detected by 
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the Pumilio BiFC-based method in infected cells. Finally, Pumilio BiFC demonstrated a 

central function of the PVX VRC in harbouring unencapsidated viral RNA during 

infection.  
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6. General discussion, future work and final conclusions 

 

6.1 Current model of PVX vRNA replication and movement  
 

An experimental model of the VRC as a viral replication and movement complex was 

gradually built up during this thesis. Based on the findings of tagged PVX protein 

studies and the ability to image viral RNA with the Pumilio BiFC-based assay and 

RNA-binding dyes, it is possible to establish a model of PVX infection, replication 

and movement. The experimental data of this thesis support the model proposed in 

Fig. 6_1 (Fig. 6_1). 

 

 

Figure 6_1: Schematic illustration of PVX viral RNA replication and movement 

 

Once the virus enters a plant cell, it forms VRCs. Minute PVX VRCs are first 

detected about 3 days post viral infection throughout of the cytoplasm of the infected 

cell. As the viral infection progresses, VRCs become larger (up to twice the size of 

the cell nucleus) and usually are located near the cell nuclear envelope. The increase 

in the size of the VRCs could be a result of the fusion of small VRCs or the result of 

extensive viral protein synthesis and recruitment of the host components into the 
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developing VRC during the viral infection cycle. First, the viral RNA has to be 

translated and the viral genome to be replicated. The genomic and subgenomic RNAs 

have to be produced, which are then translated into the TGB proteins and CP and 

possibly remain associated with the replication site. In this proposed model the TGB1 

protein plays a key role in viral infection by its capacity to recruit host 

endomembranes and actin into the forming VRC. TGB1 can perform this function in 

the complete absence of viral infection in the cell (Fig. 4_15 A-C; Fig. 4_17 A; Fig. 

4_18 A,B). The recruitment of host organelles into the VRC is believed to be an 

essential process in establishing the VRC for replication and for virus movement to 

PD.  

 

The TGB1 viral protein is capable of movement ahead of infection (unpublished data 

from our lab), gates PD and localises in the centre of VRCs in neighboring cells (Fig. 

4_11 B,E; Fig. 4_14 B; see also Angell et al., 1996; Lough et al., 1998, 2000; Yang 

et al., 2000; Howard et al., 2004). The TGB1 viral protein interacts with the viral 

RNA and upon its binding activates viral RNA translation in neighboring cells 

(Karpova et al., 2006). PVX TGB1 occupies a central localisation in the VRC (Fig. 

5_4 B,E). The circular structure of the TGB1 inclusions, in the form of ‘beaded 

sheets’, is surrounded by discrete circular vRNA ‘whorls’ within the VRC (Fig. 5_4 

C,F; see also Tilsner et al. 2009). This special arrangement of the viral RNA and the 

TGB1 protein in close proximity indicates that PVX RNA replication may take place 

in the central region of the VRC. Unencapsidated (‘naked’) vRNA of PVX is 

surrounded by actin microfilaments (Fig. 5_5 F) and host endomembranes (Fig. 5_5 

D) to which are attached the TGB2 and TGB3 viral movement proteins (Fig. 4_19-

4_26). TGB2 and TGB3 exit these host endomembrane compartments in the form of 

motile granules and may play a regulatory function in coordinating PVX replication 

due to their association with the host cellular membranes. The CP is added to this 

complex at the periphery of this viral structure (Fig. 5_6 A,D; see also Tilsner et al. 

2009) in order to pack the viral genome into transport particles by encapsidating the 

‘naked’ vRNA pool into progeny virions. The transport particles first become visible 

as motile ‘packets’ detected at the leading edge of a PVX ‘overcoat’ infection (Fig. 

4_3 C-E).  
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Presumably, the VRC also recruits host molecular motors to traffic the movement 

complex along the cortical actin cytoskeleton. Recently, such molecular motors, 

(myosins) were shown to be involved in PVX movement between cells (Harries et al., 

2009b). The transport complex then becomes anchored at PD, in which the first 

partially or fully encapsidated progeny RNA molecules are ‘inserted’ into the PD pore 

(detection of vRNA in PD: Fig. 5_6 C,E). In the model, these RNA molecules 

represent a secondary, progeny population of vRNA.   

 

Importantly, viral movement from infected to neighbouring cells does not simply 

involve translocation of virus particles through the PD. The hypothesis is that the 

PVX VRC is not only the site of virus replication, but also the origin of the viral 

movement complex as it contains virus-encoded movement proteins and the coat 

protein needed for the viral spread. Moreover, it is suggested that viral RNA will not 

traffic from one cell to another until a complete viral replication cycle has occurred. 

This idea was experimentally proven in our lab for TMV during microinjection 

studies. These experiments showed that injected TMV RNA did not move through PD 

until a cycle of replication had happened (Christensen et al., 2009). Therefore, once 

the complex is ready for the movement, vRNA is transported from the site of 

synthesis to PD.  

 

The model presented in this thesis for PVX infection opposes the model based on 

TGB2/TGB3-derived vesicles as the transport form of the virus (Ju et al., 2007). This 

vesicle-based transport model implies that PVX TGB1 is not needed for vRNA 

movement towards PD, but suggests that TGB1 plays a role in trafficking vRNA 

through PD once vRNA is released from the transport vesicles (Verchot-Lubicz et al., 

2007). According to a different hypothesis, vRNA, CP and TGB1 complex, either 

through an interaction with TGB2 and TGB3, or alone, is targeted to PD (Oparka et 

al., 1996; Lough et al., 1998; Santa Cruz et al., 1998; Solovyev et al., 2000; 

Rodionova et al., 2003; Karpova et al., 2006). This thesis does not completely support 

any of the available proposed models, but offers an integrated model that shows that 

the transport complex contains all three TGB proteins, viral CP and the vRNA. The 

viral CP has been shown to accumulate in PD but does not gate PD (Oparka et al., 

1996) and was detected together with TGB1 in PD in this work (Fig. 4_4 F,I; Fig. 

4_5; Fig. 4_6). The TGB1 and TGB2 viral proteins have been found to gate PD (see 
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Chapter 1). TGB2 and TGB3 have also been shown to interact with each other 

(Samuels et al., 2007) and TGB2 has been found to associate with PD in the presence 

of TGB1 (Fig. 4_9 C; Fig. 4_10 F).  The vRNA was also detected in PD during these 

studies (Fig. 5_6 C,E). This indicates that these viral proteins act together to transport 

the viral genome through PD, and that TGB2 and TGB3 are likely to be involved in 

attachment of the transport complex to the ER network through their putative 

transmembrane domains for insertion of these proteins into cellular membranes 

(Morozov et al., 1987, 1989). 

 

6.2 Compartmentation of PVX VRC 
 

PVX VRCs are highly organised replication ‘factories’ with a series of spatially 

arranged and defined units working in a close coordination to ‘prepare’ the virus for 

transport to and through PD. In the proposed model, the vRNA has to go through an 

ordered series of compartments, acting as a viral ‘factory’ in which all required host 

and viral components are sequentially added to the vRNA. In the model, there is no 

difference in the structure of small and large VRCs of PVX, and their functional 

significance for viral replication and movement remains the same during infection. 

The large VRCs formed in older infected cells carry out the same roles as smaller 

VRCs in earlier infected tissue, resulting in continuous synthesis of vRNA and 

accumulation of viral proteins and a massive reorganisation of the host 

endomembrane system (Fig. 3_2-3_3) and actin cytoskeleton (Fig. 3_4). By 

incorporating ER and Golgi membranes and actin microfilaments into the VRC, the 

virus not only replicates on host membranes and protects its genome, but also 

establishes a transport pathway for movement of its vRNA to and through PD. 

Collectively, formation of the PVX VRC includes: compartmentation of vRNA 

synthesis and replication, synthesis of viral proteins, and establishment of the viral 

transport complex destined for PD. In the future, additional experiments will be
 

necessary to better define the nature of the host organelle recruitment during PVX 

infection, to further determine the role of the viral gene products in the VRC 

formation and to establish the origin of replication sites in the VRC. Additional data is 

also needed to connect the TGB2/TGB3-induced vesicles to the viral transport 

complex that targets PD. 
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6.3 Future work 
 

6.3.1 Cellular inhibitor studies of PVX VRCs 

 

To find out if the VRC formation is dependent on the host cell organelles, and to test 

which host factors contribute to virus replication and movement, an inhibitor study is 

required. If host endomembranes are the sites of PVX replication and the plant 

cytoskeleton provides the bridge between the VRC and PD then their integrity will be 

affected by the following inhibitors: brefeldin A (inhibiting protein transport from the 

ER to the Golgi apparatus), cerulenin (influence on de novo phospholipid 

biosynthesis), latrunculin B and cytochalasin D (actin-depolymerising drugs), oryzalin 

and nocodazole (mictrotubule-depolymerising agents) and taxol (a microtubule-

stabilising drug). For example, if brefeldin A has no effect on a VRC structure then 

COPII vesicles that transport proteins from the ER to Golgi are unlikely to play a 

significant role in VRC formation. If treatment with cerulenin does not alter VRC 

structure, this will suggests that de novo lipid
 
biosynthesis is not required for VRC 

formation and viral replication. Cytochalasin D and latrunculin B might inhibit actin 

microfilament recruitment into the VRC. These actin depolymerising drugs should 

also have an effect on the ER/Golgi remodelling and redistribution within the VRC as 

it is known that ER, Golgi and actin are structurally connected in plants (Quader et 

al., 1987; Boevink et al., 1998; Neumann et al., 2003), and an actinomyosin system is 

involved in the dynamics of these organelles (Liebe and Quader, 1994). To verify 

whether actin determines the pattern of the TGB1 inclusions in the VRC, actin 

inhibitors could be co-introduced with TGB1 into the same epidermal cell. Oryzalin 

and nocodazole are predicted to have no effect on PVX VRC structure due to the fact 

that intact microtubules were not found to be present in VRCs (this thesis) and the 

fact that PVX cell-to-cell movement occurs in the absence of microtubules (Harries et 

al., 2009b). 

 

6.3.2 Mutational analysis of the PVX TGB proteins and viral CP 

 

In order to answer fully which viral gene products are required to establish a VRC, 

PVX genomes lacking individual TGBs, or a combination of two or all three TGB 

proteins, require to be analysed. Such deletion mutants were constructed during this 
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thesis (Fig. 4_1 L) and are ready to be used for a complete analysis of PVX 

replication and movement. It has been shown that the deletion in the TGB1 viral gene 

has a significant effect on host actin recruitment into the VRC (Fig. 4_27 A,B). This 

thesis has also shown that TGB1 alone can redirect host organelles into the 

developing VRC (Fig. 4_15 A-C; Fig. 4_17 A; Fig. 4_18 A,B). However, other viral 

genes may also contribute to this recruitment of host factors into the VRC. Moreover, 

the precise role of the viral CP in PVX infection has yet to be established. 

Additionally, to identify the precise role of the TGB proteins in vRNA sub-cellular 

localisation and distribution in the infected cell, vRNA localisation in the complete 

absence of TGB proteins should also be investigated. Finally, due to the fact that 

TGB1 is a key viral protein, it would be interesting to test if this viral protein 

determines the localisation of other TGB proteins to the VRC.  

 

6.3.3 Replication sites studies 

 

To date, no experimental proof exists to show which cellular membrane 

compartments serve as the centre for PVX replication. In particular, experiments are 

required to determine if the replicase is associated with the endomembranes recruited 

into the VRC.  

 

6.3.4 Reconstruction of the components of the PD transport pathway 

 

Our group has shown that PVX TGB proteins, together with the viral RNA and CP, 

accumulate in PD of PVX-infected plant epidermal cells. These data imply that all of 

these viral proteins may be components of the PVX movement complex. However, 

there is no experimental evidence as yet to show whether the putative movement 

complex is located on the TGB2/TGB3-induced vesicles. To determine if 

TGB2/TGB3-related vesicles are connected to the viral transport complex, co-

localisation experiments of green ‘overcoat’ PVX with red TGB2 and TGB3 proteins 

should be carried out. In order to distinguish between possible overexpression 

artefacts and true biological infection events, a close study of the timing of the 

appearance of TGB2- and TGB3-related vesicles is needed. For instance, if these 

vesicles appear immediately after the bombardment of these two viral proteins, this 

would indicate that TGB2/3 vesicles are real. If the vesicles are detected a few days 
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after bombardment, this result implies that overexpression artefacts may contribute to 

their appearance. Further experiments will also be necessary to verify that TGB2 and 

TGB3 associate with the viral RNA, a feature not yet tested. Colocalisation studies of 

TGB2/TGB3 with Syto82 labelling of dsRNA at the leading edge of infection events 

may verify this.   

 

6.4 Final conclusions 

 

This research project studied the relationship between potato virus X and its host 

plants, Nicotiana benthamiana and Nicotiana tabacum. PVX was found to be a 

beneficial research tool. Its TGB proteins together with its CP could be tagged with 

fluorescent proteins for studies of viral infection without affecting the ability of the 

virus to move and replicate in infected host plants. This project focused on an 

exploration of the structural and functional significance of the PVX VRC. During the 

work the aims laid out at the beginning of this project were gradually, but not 

completely, fulfilled. The thesis analysed the biogenesis of the VRC a largely ignored 

structure in the literature, explored the distribution of viral proteins during 

infection, and pinpointed the location of the vRNA for the first time. A direct link 

between VRC formation and trafficking of the viral genome to cell PD was suggested, 

and an integrative model of PVX vRNA replication and movement proposed. In this 

model, the VRC is presented as a highly compartmentalised structure in which TGB1 

functions as a key component for the recruitment of host organelles into the VRC to 

enable successful viral replication and spread.   
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