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Het is aannemelijk dat voor het transport van CPMV van eel naar eel nieuwe 
intercellulaire kanalen worden aangelegd en dat er geen gebruik wordt gemaakt 
van bestaande plasmodesmata. 

De initiatie van buisvorming en de verdere verlenging van de buizen voor 
virustransport zijn twee van elkaar te onderscheiden processen. 

dit proefschrift 

Het RNA-bindende domein van het transporteiwit van het 
bloemkoolmozaYekvirus lijkt niet essentieel te zijn voor het transport van dit 
virus van eel naar eel. 

De conclusie van Huang et al. (2000) dat brefeldine A interfereert bij de 
vorming van buizen die nodig zijn voor het transport van het 
bloemkoolmozaTekvirus, is gebaseerd op een te laag aantal getelde protoplasten 
en daarom niet overtuigend. 

Huang et al. (2000). Virology 271, 58-64 

Het is niet goed om de oorsprong van plantenvirussen die in Nederland niet van 
nature voorkomen te verhullen door ze perse een volledig Nederlandse naam te 
willen geven. De naam 'cowpea mozaTekvirus' verdient verre de voorkeur 
boven 'koebonenmoza'i'ekvirus'. 

Lijst van officiele namen van Nederlandse planten­
virussen : http://www.minlnv.nllpdl 

Men moet erop bedacht zijn dat insectenvirussen als Flock House Virus (FHV) 
zich kunnen verspreiden in transgene planten die transporteiwitten van 
plantenvirussen tot expressie brengen, hetgeen aanleiding kan geven tot het 
ontstaan van nieuwe virusvarieteiten. 

American Society of Virology Meeting 2000, 
abstract P9-4, pp. 152 

Het gebruik van pesticide-resistente landbouwgewassen leidt niet tot een afname 
maar juist tot een toename van het aantal weidevogels. 

Watkinson et al. (2000). Science 289, 1554-1557 

http://www.minlnv.nllpdl


Het stimuleren van het biotechnologisch onderzoek en van het starten van 
biotechnologische ondernemingen met speciale fondsen als het Actieplan Life 
Sciences zal alleen vruchten afwerpen als ook het algemene bedrijfsklimaat voor 
biotechnologische bedrijven wordt verbeterd. 

Carpoolen kan worden gestimuleerd door auto's met 3 of meer inzittenden vrij 
te stellen van toekomstige spitstoeslagen en vrij toegang te geven tot 
betaalstroken. 

Het aantal door vogelende biologen bezochte congressen is evenredig met het 
aantal door hem of haar gespotte vogels. 
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OUTLINE OF THIS THESIS 

Plants are susceptible to many infectious diseases caused by a diversity of pathogens 

like nematodes, fungi, bacteria and viruses. Among these different pathogens plant 

viruses are unique as they are not cellular organisms, but consist of small nucleoprotein 

particles that use cellular machineries of the host cell for their replication. A most 

important step in the life cycle of plant viruses is the spread of the virus from an infected 

cell to neighbouring, uninfected cells, a process known as cell-to-cell movement. Plants 

have in their thick rigid cell walls small channels connecting neighbouring cells, so-

called plasmodesmata, which serve as gates for plant viruses to move from cell-to-cell. 

The diameter of plasmodesmata normally is too small to allow free passage of the rather 

large virus particles or viral nucleic acids, but plant viruses code for specific movement 

proteins (MP) that are involved in modification of the plasmodesmal structure and 

enable cell-to-cell movement of viruses. The research described in this thesis was part of 

a programme entitled "The role of plasmodesmata in virus transport and cell-cell 

communication", financed by a grant of the Council for Earth and Life Sciences (ALW) 

of the Netherlands Organisation for Scientific Research (NWO) in 1995. The subsidy 

provided financial support of three PhD research projects which were executed 

simultaneously. The programme was coordinated by Prof. dr. R.W. Goldbach, 

Laboratory of Virology, Wageningen University. One project, executed at the Institute 

of Molecular Plant Sciences, Leiden University (PhD student L. Jongejan, supervisor 

Prof. dr. J.F. Bol) aimed at the identification of host plant (Nicotiana benthamiana) 

proteins, which interact with the movement and coat proteins of two distinct viruses, 

alfalfa mosaic virus (AMV) and cowpea mosaic virus (CPMV) by a two-hybrid analysis. 

The second project (PhD student N.N. van der Wei, Laboratory of Virology, 

Wageningen University, supervisor Prof. dr. R.W. Goldbach) dealt with the in situ 

analysis of the movement proteins of AMV and CPMV in their interactions with host 

proteins and plasmodesmata. The third project, of which the results are described in this 

thesis, aimed at the identification and characterisation of functional domains of the 

CPMV movement protein. 



In chapter 1 we present a review of the different forms of movement proteins of plant 

viruses and the mechanisms used for virus spread in the plant. The viral MPs have been 

categorised in different classes and the properties of one MP of each class wil l be 

described in detail. 

The goal of the research described in this thesis has been to gain insight into the 

mechanism of cell-to-cell movement of cowpea mosaic virus (CPMV). CPMV is a small 

plant virus consisting of icosahedral particles with a diameter of 28 nm (Figure 1). The 

genome of the virus consists of two single-stranded RNA molecules of positive polarity, 

RNA1 and RNA2, each encapsidated in a separate particle. The two RNA molecules 

both contain a small protein (VPg) at their 5' end and have a poly(A) tail at their 3' end. 

Both RNAs are translated into large polyproteins, which are subsequently cleaved by an 

RNA1-encoded proteinase into 15 intermediate and final cleavage products (Figure 1). 

For an infection of plants, both RNA1 and RNA2 are required. Genetic analysis of the 

CPMV genome has revealed that proteins coded by RNA1 are involved in viral RNA 

replication. RNA2 codes for four mature proteins: two capsid proteins (LCP and SCP) 

and two C-terminally overlapping 58K and 48K proteins (Figure 1). Mutational analysis 

has indicated that the 58K protein is essential for replication of RNA2 and that the 48K 

protein is the viral MP, which together with the capsid proteins (CPs), is required for 

cell-to-cell spread of the virus. In tissue of CPMV-infected plants, tubular structures that 

penetrate the cell wall through modified plasmodesmata can be observed. The tubules 

contain virus particles, suggesting that virus particles move from cell-to-cell through 

these tubules (Figure 2). The 48K protein is the main structural component of the 

tubule. 

Similar structures were observed in protoplasts inoculated with CPMV and in 

protoplasts transiently expressing the MP alone, where they extend into the incubation 

medium and are enveloped by the plasma membrane. 

In chapter 2 efforts are described to identify different functional domains of the MP by 

alanine-scanning mutagenesis. The results of that analysis support previous notions that 

the MP can be broadly divided in two areas. The N-terminal and central regions of the 

MP are necessary for tubule formation, while the C-terminus has a different role in cell-

to-cell movement. 

This role is further analysed in chapter 3. First, the C-terminal border of the tubule-

forming domain was determined more precisely by the analysis of several deletion 

mutants and of hybrid viruses that coded for a MP in which the tubule forming domain 

was exchanged for the corresponding domain of a MP from a related virus. In addition, 

evidence was obtained that support the idea that the C-terminus of the MP is located 

inside the tubular structure, and is involved in an interaction with virus particles. 
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Figure 1: Genomic organisation and expression of the CPMV RNAs. CPMV has icosahedral particles with 
a diameter of 28 nm. Three different types of particles exist that differ in content. Bottom (B) and middle 
(M) particles each contain a segment of the single-stranded RNA genome (RNA1 and RNA2, respectively). 
Top (T) particles are empty. Both RNA1 and RNA2 are necessary for infections of plants. 
RNA1 and RNA2 both possess a small protein, VPg, at their 5' ends and a poly(A) tail at their 3' ends. 
Open reading frames of RNA1 and RNA2 are shown as a bar. Nucleotide positions of start and stop 
codons are indicated. The synthesized proteins are indicated by black lines. QG, QM and QS cleavage 
sites are indicated in the 200K, 105K and 95K polyproteins. Abbreviations: MP, movement protein; LCP, 
large coat protein; SCP, small coat protein. 



The development of reporter genes, like GFP, has been of great importance for the 

study of virus movement as this has made it possible to study the localisation and 

translocation of GFP-tagged viruses and of viral proteins fused to GFP in time. 

Chapter 4 describes studies on the intracellular localisation and cell-to-cell spread of 

CPMV-derivatives coding for MP:GFP fusion proteins in plants and in protoplasts. 

Mutations in different parts of the MP indicated domains involved in targeting the MP to 

the cell membrane and plasmodesmata and the initiation and elongation of tubule 

formation. 

Finally, in chapter 5, we discuss how the results have increased our insight in the 

movement of CPMV. 

,* \ 

Figure 2: Electron micrograph of a tubular structure induced by CPMV in infected tissue. Arrows indicate 

the position of virus particles. CW, cell wall. 
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Chapter 1 

PLANT VIRUS MOVEMENT PROTEINS 

Abstract 

One of the crucial steps in a viral infection of plants is the spread of the virus from an 

infected cell to a neighbouring, uninfected cell. Intensive research over the past decades 

has shown that this process, known as cell-to-cell movement, is controlled by a class of 

specialised viral proteins called movement proteins (MPs), that facilitate the transport of 

viral genomes through plasmodesmata, small channels that interconnect adjacent plant 

cells. In this review, we wi l l give an overview of plant virus cell-to-cell movement and 

focus on the roles of the viral MPs in this process. MPs have been classified according 

to their mechanism of action and each mechanism wil l be illustrated by describing the 

properties of one MP in detail. The review wil l end with a short description of the 

phenomenon of trans-complementation and some remarks on the idea that plant viruses 

use a host mechanism for macromolecular transport through plasmodesmata for their 

own purposes. 

Peter Bertens, Joan Wellink and Ab van Kammen 

Submitted for publication 
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Chapter 1 

Introduction 

Viruses are among the smallest of the pathogens known to infect plants, but their effects 

can be tremendous. Currently, more than 900 different plant viruses have been 

characterised and are classified in approximately 67 genera (Pringle, 1999). All these 

viruses greatly vary in shape and genome properties. 

For successful infection of a plant by a virus, it is necessary that the virus first enters the 

host cells and replicates, and subsequently spreads throughout the entire plant to 

establish systemic infection. Plant viruses enter their hosts through wounds inflicted by 

an animal or fungal vector, or by mechanical damage of the epidermis. This results in 

an initial infection of one or a few cells of the host plant in which the virus replicates. 

The subsequent process of spreading through the plant can be divided into two phases. 

In first instance the virus moves to neighbouring, uninfected cells, a process known as 

short-distance transport or cell-to-cell transport. In that way, the infection can reach the 

vascular system and, if the phloem sap then takes up the virus, it will be transported to 

roots and higher leaves (long-distance transport). In these tissues, the virus may 

penetrate from the phloem into mesophyll cells and spread again further via cell-to-cell 

transport. Whereas this infection pathway applies to many plant viruses, several groups 

of plant viruses only infect a limited number of tissues or do not produce a systemic 

infection. For example, infection by certain gemini- and luteoviruses remains restricted 

to the phloem (e.g. Horns and Jeschke, 1991; Mayo and Ziegler-Graff, 1996). 

Plant cells are surrounded by a rigid cell wall, that functions as a physical supporting 

structure and as a barrier against abiotic and biotic stress like pathogens. Viruses cannot 

simply pass the cell wall, but use different strategies to overcome this barrier. They 

exploit the plasmodesmata, natural connections between neighbouring plant cells, to 

move from cell-to-cell. Although this has already been postulated more than 50 years 

ago, clues about the mechanisms used by viruses to move from cell-to-cell have only 

emerged in the last 10-15 years. 

In this review, we wil l present an overview of the role of a special class of viral proteins, 

referred to as movement proteins (MPs), in plant virus cell-to-cell movement (for other 

reviews on this subject see Carrington et al., 1996; Lazarowitz, 1999; Lazarowitz and 

Beachy, 1999; Lucas and Wolf, 1999 and McLean et al., 1997). We shall discuss the 

viruses that seem to spread as virus particles through tubular structures and the viruses 

that move as nucleoprotein complexes differing from virions. Given these two ways of 

virus movement, the MPs can be classified in several groups. These groups will be 

described in detail. At the end of the review, the remarkable phenomenon of trans-

complementation of viral cell-to-cell movement is described and the idea that viruses 
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Plant virus movement proteins 

exploit a system for the transport of macromolecules through plasmodesmata developed 

by plants is elucidated. In the next section, first the structure and function of 

plasmodesmata is described, as this information is needed to fully understand the 

complexity of virus movement. 

Structure of plasmodesmata 

Although the occurrence of plasmodesmata in plants has been studied since several 

decades, little is still known about the molecular organisation of plasmodesmata and 

only recently some proteins have been described that seem to be characteristic for 

plasmodesmata (e.g. Blackman et a!., 1999). Ultrastructural analysis of plant tissues has 

shown that there are several forms of plasmodesmata: primary plasmodesmata, which 

are formed during cytokinesis (reviewed in Lucas et al., 1993; Ding, 1997; Crawford 

and Zambryski, 1999), and secondary plasmodesmata that are formed later during 

development through existing cell walls and are involved in the expansion of the 

cytoplasmic continuum (Van der Schoot and Rinne, 1999). The cytoplasmic continuum 

refers to the combined cytoplasm of all cells interconnected by plasmodesmata, which 

enables communication through the plant. Not every cell in the mature plant is part of 

this cytoplasmic continuum. Down-regulation of the number of plasmodesmata during 

development leads to the formation of temporally or continuously isolated groups of 

cells. The stomata in the epidermis are examples of cells that have no connections 

through plasmodesmata with their neighbouring cells (Wille and Lucas, 1984). 

In general, plasmodesmata are narrow, plasma membrane-lined channels, 20-30 nm in 

diameter, which cross the plant cell wall (Figure 1). Some plasmodesmata consist of 

only one channel (linear or simple plasmodesmata) whereas others consist of a network 

of channels (branched plasmodesmata) (Itaya et al., 1998). Both linear and branched 

plasmodesmata have a similar structure. The centre of the channel is composed of a 

stretch of appressed endoplasmic reticulum (ER), the desmotubule. The desmotubule 

and the plasma membrane are probably connected by protein molecules, in a way that 

the cytoplasmic sleeve, i.e. the space between plasma membrane and desmotubule, is 

subdivided into smaller microchannels, each with a diameter of 1.5-2.0 nm. Actin 

(White et al., 1994) and myosin (Reichelt et al., 1999; Redford and White, 1998) might 

be structural components of these microchannels. Small metabolites, like 

phytohormones, lipids and other small molecules, can diffuse from cell-to-cell via these 

microchannels, but larger molecules like proteins and RNA molecules can not pass 

plasmodesmata freely. In order to allow translocation of these proteins across 

plasmodesmata, the molecular size exclusion limit (SEL) has to increase. Originally, it 

was thought that plasmodesmata are quite static structures with a SEL of 0.8-1.0 kDa 

(Terry and Robards, 1987). However, recent studies show that the SEL of 
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Chapter 1 

plasmodesmata is very dynamic and can be influenced by environmental (Cleland et al., 

1994; Schulz, 1995) and developmental signals (Duckett et al., 1994; Oparka et al., 

1999). Furthermore, plasmodesmata may have tissue-specific features (Waigmann and 

Zambryski, 1995; Kempers and Van Bel, 1997). During development and maturation, 

leaves undergo a transition from 'sink tissue' (nutrients importing region) to 'source 

tissue' (nutrients exporting region) (Turgeon, 1989). In sink tissues of tobacco plants, the 

SEL of plasmodesmata is at least 50 kDa (Oparka et al., 1999), much larger than initially 

thought. In leaves undergoing the sink-to-source transition, the SEL is gradually 

decreasing to a value around 1 kDa. This decrease seems to be correlated with a 

structural change from linear to branched plasmodesmata (Oparka et al., 1999). 

Figure 1: Schematic representation of the structure of a linear plasmodesma, several plant viruses and 
naked viral RNA. Abbreviations: CS, cytoplasmic sleeve; DT, desmotubule; ER, endoplasmic reticulum; 
OEP, outer ER proteins; PM, plasma membrane; PMP, plasma membrane proteins; SP, spike proteins; 
vRNP, viral nucleoprotein complex. The diameter of the transport channel, 2 nm, is indicated as a short 
bar. The diameter of the naked viral RNA is according to Citovsky et al. (1992). 

Viruses and plasmodesmata 

Both viral particles and naked viral RNA are too large to spread through plasmodesmata 

by diffusion (Figure 1). Virus particles considerably differ in size and shape (Matthews, 

1991). Small plant viruses, like the isometric nano- and comoviruses, have a diameter 

between 17 and 30 nm. Larger viruses can have rod-shaped particles (length between 

65-350 nm, width between 15-25 nm), bacilliform particles (30-500 nm in length, 18-

35 nm in width), or rhabdo-shaped particles (95-1350 nm in length, width of 3-8 nm). 

The largest plant viruses known have filamentous particles, with lengths of up to 2000 

nm and a width between 3-20 nm. Naked viral RNA, that has a coiled structure, still has 
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a diameter of around 10 nm (Citovsky et al., 1992). Even in 'sink' tissue, which has 

plasmodesmata with a SEL of over 50 kDa, viruses cannot simply diffuse to 

neighbouring cells (Oparka et al., 1999). So, how do plant viruses overcome this 

problem? 

In the 1960's, ultrastructural investigations of infected plant tissues revealed the 

presence of tubular structures filled with virus particles which were located inside 

plasmodesmata (e.g. Walkey and Webb, 1968, Davison, 1969). It was suggested that 

these tubular structures, found in plasmodesmata of infected cells, could be a way of 

intercellular viral transport (Kitajima and Lauritis, 1969). At that time, functional studies 

on these tubular structures were not conducted. Progress in understanding viral 

movement was made by the use of genetic and molecular biological techniques since 

the end of the 1970's. Analysis of temperature-sensitive (ts) isolates of tobacco mosaic 

virus (TMV) identified a protein that specifically is involved in cell-to-cell movement of 

TMV (Leonard and Zaitlin, 1982; Meshi et al., 1987; Deom et al., 1987). This was the 

first example of a viral MP, which was later found to act by unfolding the viral RNA into 

a linear molecule that is small enough to pass plasmodesmata. Since then, MPs have 

been identified in plant viruses of most genera and more details of their mechanism of 

action are being elucidated. 

A further important development for the study of virus movement was the introduction 

of marker proteins. Initially Escherichia co//-derived B-glucuronidase (GUS) was widely 

used as a marker gene, but nowadays the jellyfish green fluorescent protein (GFP) has 

taken over the role of most popular marker gene to study the localisation of viruses and 

viral proteins in tissues and cells. Without fixation of the infected tissue GFP 

fluorescence can be located in individual cells using high resolution confocal laser 

scanning microscopy (Oparka et al., 1997b). 

Classification of MPs 

As mentioned before, plant viruses show a large variation in genome composition, 

number of genome segments and particles and particle morphology (Matthews, 1991). 

This diversity cannot be found for their cell-to-cell movement, since plant viruses seem 

to use only two basic mechanisms. However, MPs of viruses belonging to different 

families show surprisingly little homology in amino acid sequence. There appears to be 

no correlation between the form of the viral particle, and the encoded MP and neither 

between the type of viral genome and the encoded MP. Based on the amino acid 

sequence homology detectable between viral MPs and the mechanism of action of the 

MPs, one can divide viral MPs into eight classes. Class I consists of MPs that form 

tubular structures within plasmodesmata. These tubular structures contain virus-like 
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Chapter 1 

particles that spread in this way to neighbouring cells. As a typical example of this 

group, we wil l describe the characteristics of the cowpea mosaic virus (CPMV) MP in 

more detail. A second class consists of viruses that spread cell-to-cell as a 

ribonucleoprotein (RNP) complex through plasmodesmata that show no obvious 

morphological modifications. The TMV MP will be described as an example of this 

class of viral MPs. The third class of MPs is comprised of several virus groups that have 

not one MP, but a cluster of three MPs, encoded by the so-called triple gene block 

(TGB). A fourth class is formed by MPs that have characteristics of both classes I and II 

MPs (we wil l summarise alfalfa mosaic virus (AMV) cell-to-cell movement). Cell-to-cell 

movement of potyviruses (class V), carmo- and necroviruses (class VI), closteroviruses 

(VII) and poleroviruses (class VIII) are described shortly. At the end of this review, we 

wil l make some remarks concerning the homologies that have been found between 

viral MPs and between MPs and plant proteins. Furthermore, we wil l describe the 

phenomenon that a spread of a movement-defective virus can be complemented by the 

actions of a different MP and discuss the possibility that plant viruses use a host-derived 

system for plasmodesmal trafficking. 

Tubule-guided movement 

Viruses of various groups use tubular structures formed in extensively modified 

plasmodesmata to move from cell-to-cell. These structures were first noted more than 

25 years ago, in plant tissues infected with como- (Van der Scheer and Groenewegen, 

1971; Kim and Fulton, 1971), nepo- (Walkey and Webb, 1968; Davison, 1969), faba-

(Hull and Plaskitt, 1974), fiji- (Gerola and Bassi, 1966; Jones and Roberts, 1977), sequi-

(Murant et al., 1975) and caulimoviruses (Kitajima and Lauritis, 1969; Kitajima et al., 

1969) (see Table 1). As this type of cell-to-cell movement has been studied most 

extensively for CPMV, we wil l discuss the model of tubule-guided movement of CPMV 

in detail. 

Involvement of 48K in cell-to-cell movement 

CPMV is the type member of the comoviruses, a group of plant viruses that have 

icosahedral particles with a diameter of 28 nm. There are three kinds of viral particles; 

two of which each contain a single stranded RNA molecule of positive polarity and the 

third type of particle is empty. Both RNA1 and RNA2 are translated into large 

polyproteins, which are cleaved by a virally encoded proteinase (for a review see 
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Plant virus movement proteins 

Goldbach and Wellink, 1996). RNA1 codes for the proteins involved in replication of 

the viral RNAs. RNA2 codes for two coat proteins (CPs), and C-coterminal 48K and 58K 

proteins. Genetic evidence for the presence of a MP was obtained by Wellink and Van 

Kammen (1987), who showed that both the CPs and the 58K/48K proteins are involved 

in cell-to-cell movement. Since the 48K but not the 58K product was detected in the 

membrane fraction of infected leaves, the 48K protein is referred to as the CPMV MP 

(Rezelman et al., 1989). Interestingly, 48K and the CPs do not need to be expressed in 

cis, since a tripartite virus that contained 48K and CP genes on different RNA 

molecules, was fully infectious (Verver et al., 1998). In cells of plant tissue infected with 

CPMV, plasmodesmata contain long tubular structures that extend from the entry of the 

plasmodesmata in one cell into the cytoplasm of the neighbouring cell (Van Lent et al., 

1990). These tubular structures have a diameter of —30 nm and contain single rows of 

virus particles. The tubule-containing plasmodesmata have a diameter around 34 nm, 

which is much larger than the diameter of 2 nm of unmodified plasmodesmata. A 

desmotubule is not apparent in the tubule-containing plasmodesmata that seem to be 

drastically modified. Using antibodies against the 48K protein it was shown by 

immunogold labelling that these tubules contain 48K protein, suggesting that the role of 

the 48K protein in virus movement might be the formation of the tubular structure (Van 

Lent et al., 1990). A typical feature is that tubular structures filled with virus-like 

particles, similar to those found in infected tissue, can also be formed on protoplasts 

inoculated with CPMV (Van Lent et al., 1991). In protoplasts, these tubular structures 

originate close to the plasma membrane and can protrude up to 20 u,m into the 

incubation medium while being surrounded by plasma membrane. It gives the 

impression that the tubules in protoplasts push themselves outwards of the cell. 

Mutational analysis of the CPMV genome has shown that the 48K protein is the only 

viral protein required for tubule formation in protoplasts and that the viral capsid 

proteins or viral particles are not needed (Kasteel et al., 1993; Wellink et al., 1993). The 

protoplast studies further indicate that intact plasmodesmata are not essential for the 

assembly of tubular structures. In this context it is interesting that tubular structures are 

also formed in protoplasts from nonhost plants of CPMV upon inoculation with CPMV 

RNAs. Apparently tubule formation by the MP does not require a very specific host 

determinant (Wellink et al., 1993). Even more remarkable is that tubular structures can 

also be formed upon expression of the MP in insect cells, in which the tubules also 

protrude outwards into the culture medium. Therefore, if host proteins are involved in 

tubule formation, these should be of a conserved nature among animals and plants 

(Kasteel et al., 1996). In tubule-enriched fractions isolated by differential centrifugation 

of CPMV-infected protoplasts, the 48K protein and the two CPs are the major specific 

proteins present, as analysed by SDS-PAGE (Kasteel et al., 1997). So far, it remains to be 
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Chapter 1 

established whether, and if so which, host components are involved in the process of 

targeting of MP to the outer membrane where tubule formation occurs, or in other steps 

in the cell-to-cell transport of CPMV. 

Mutational analysis has indicated that the CPMV MP has various functional domains. 

The C-terminus is probably involved in an interaction between MP and virus particles 

(Lekkerkerker et al., 1996) and has a role in proteolytic cleavage of the MP from a 

polyprotein precursor (Gopinath et al., 2000). Tubular structures composed of 48K 

containing an 18 amino-acid deletion in its C-terminus do not contain virus particles, 

although these are present in the cytoplasm of inoculated cells. This mutant virus is not 

infectious, showing that CPMV exclusively moves in a virion form from cell-to-cell 

through tubular structures. The remaining part of the MP is essential for tubule 

formation (Lekkerkerker et al., 1996). Within this tubule-forming domain different 

regions have been identified that are involved in the targeting of 48K to the cell 

membrane (Bertens et al., 2000). 

A model for tubule-guided cell-to-cell movement 

The experimental data described above can be summarised in a model (Figure 2A). 

CPMV replication and translation occurs on membranous vesicles (Goldbach and 

Wellink, 1996, Carette et al., 2000). MP and/or 58K was found to be associated with 

these structures. After translation, 48K protein is targeted to plasmodesmata by an yet 

unknown mechanism. The tubular structures are composed mainly or even entirely of 

48K molecules, suggesting that 48K has the ability to self-aggregate. The aggregation 

process probably occurs near plasmodesmata and may be initiated by an earlier 

interaction between 48K and a membrane protein. Since tubular structures can be 

formed in cells lacking plasmodesmata (protoplasts and insect cells), plasmodesmal 

components do not seem to be vital for tubule formation per se. However, 

plasmodesmal proteins may have a function in confining tubule formation to 

plasmodesmata. The formation of tubules wil l require interactions between 48K and 

plasmodesmal components, as the result of tubule formation is a drastic modification of 

the plasmodesmatal structure that includes the removal of the desmotubule. The energy 

required for such a process might be generated by interactions of 48K with host 

components or, alternatively, may be released during the assembly of 48K into tubular 

structures. It is still obscure how viral particles are translocated across the modified 

plasmodesmata. Most likely is a model in which the tubule containing virus particles 

passes through a plasmodesma and deposits virus particles in a neighbouring cell. In the 

neighbouring cell the tubular structure is degraded, releasing the viral particles. This 

degradation might be an active process, whether or not requiring a host factor. 
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Figure 2. Models of the cell-to-cell movement mechanisms of CPMV (A), TMV (B), PVX (C) and AMV (D). 
In all figures, MP is shown as a black circle. In A, C, and D virus particles are shown. Single CPs are 
indicated with an open circle, and viral RNA with a short bar. In (C), TGBp2 (closed cross) and TGBp3 
(star) are also indicated. The triangle in (C) represents a putative host complex. Abbreviations: C, 
cytoskeleton; ER, endoplasmic reticulum; MF, microfilaments; MT, microtubules; PM, plasma membrane; 
V, vesicles. 
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An alternative view is that the tubule is a rigid structure embedded in the modified 

plasmodesma through which the viral particles flow. Since in CPMV-infected plants 

tubular structures devoid of virus particles have not been detected, a model in which 

virus particles are incorporated into the tubular structure during tubule formation is 

favourable over a model in which the virus particles enter a mature tubule. 

Other viruses moving cell-to-cell through tubular structures 

Tubular structures containing virus-like particles have also been found in plants infected 

with other comoviruses (Kim and Fulton, 1971; Shanks et al., 1989), nepo-, faba-, fiji-, 

sequi- and caulimoviruses, and in addition more recently in plants infected with tospo-

(Kormelink et al., 1994) and badnaviruses (Cheng et al., 1998). This is a diverse group 

of plant viruses. Most of these viruses have nonenveloped icosahedral nucleoprotein 

particles, but tomato spotted wilt virus (TSVVV), the type member of the tospoviruses, 

has enveloped spherical particles with a diameter of 80 nm and badnaviruses have 

bacilliform particles with a length up to 400 nm. Several types of viral genomes can be 

found among these viruses. Most have single stranded RNA genomes of positive 

polarity or ambisense polarity (tospoviruses), but badna- and caulimoviruses contain a 

double stranded DNA genome and fijiviruses a double stranded RNA genome. 

Nepoviruses have isometric particles of up to 33 nm in diameter. They are closely 

related to comoviruses with regard to particle morphology, genome organisation and 

expression strategy (Mayo and Robinson, 1996), although their MPs seem not to be 

closely related (Mushegian, 1994). Cells infected with nepoviruses contain numerous 

tubular structures, many of which can be found in the cytoplasm (Roberts and Harrison, 

1970; Walkey and Webb, 1970). By immunogold labelling, a protein encoded by the 

central region of RNA2 was found to be a component of the tubular structures and thus 

identified this protein as the nepoviral MP (Wieczorek and Sanfacon, 1993; Ritzenthaler 

et al., 1995). Analysis of chimeric RNA2 molecules consisting of part of either the 

RNA2 molecules of arabis mosaic virus (ArMV) and grapevine fanleaf virus (GFLV) 

suggested that the C-terminus of the GFLV MP is likely to be involved in an interaction 

with virus particles (Belin et al., 1999), similar to what has been proposed for CPMV. 

The MPs of faba-, sequi- and fijiviruses are less well characterised. These three groups 

have isometric virus particles, with a diameter of 25 nm, 31 nm and 80 nm, 

respectively. The sole evidence available that these viruses spread in a comoviral 

fashion, is that tubular structures containing virus-like particles have been detected in 

plants infected with such viruses (Gerola and Bassi, 1966; Hull and Plaskit, 1974; 

Murant et al., 1975). Furthermore, the putative MP of fabaviruses has limited sequence 

homology to other tubule-forming MPs (Ikegami et al, 1998). 
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Caulimo- and badnaviruses are the two genera of plant viruses that contain a double 

stranded DNA genome (Franck et al., 1980; Medberry et al., 1990)). In tissues infected 

with cauliflower mosaic virus (CaMV), the type member of the caulimoviruses, tubular 

structures similar in appearance to those seen in CPMV-infected tissues have been 

observed (Conti et al., 1972). These tubules contained isometric virus particles (with a 

diameter of 50 nm) and can be immunolabeled with antisera raised against the product 

of the PI gene (Linstead et al., 1989). This, and the observation that deletions in P1 

have an effect on intercellular spread of CaMV (Thomas et al., 1993), identifies P1 as 

the CaMV MP. Several forms of P1 are detectable by Western blot analysis of infected 

tissue (Harker et al., 1987), but only one form, a 46 kDa protein, is found in tubular 

structures (Perbal et al., 1993). The structure of the CaMV tubules is unknown, although 

results of a mutational analysis suggested that the conserved central region of the MP 

has a structural role, and that the N- and C-terminal regions are exposed on the outer 

and inner faces of the tubule respectively (Thomas and Maule, 1995a). This suggestion 

is supported by recent studies that show that deletions in the C-terminal region of P1 do 

not affect tubule formation. However, deletions in the N-terminal region block tubule 

formation (Thomas and Maule, 1999). Co-expression studies with wild type and mutant 

MP indicated that two regions of the CaMV MP (amino acids 127-141 and 248-277) are 

involved in self-association (Thomas and Maule, 1999). Furthermore, it has been 

reported that the P1 protein has RNA-binding activity, a characteristic of MPs classified 

in other groups (Thomas and Maule, 1995b). This binding is rather weak compared to 

the RNA-binding characteristics of the MPs of TMV and red clover necrotic mosaic virus 

(RCNMV) (Citovsky et al., 1991). P1 binds RNA with a 10-fold greater affinity than 

ssDNA, again different from the TMV MP, which binds RNA and ssDNA with a similar 

affinity (Citovsky et al., 1990, 1991). Attempts to further specify this domain have so far 

been unsuccessful (Thomas and Maule, 1995b). It is still unclear whether the RNA-

binding properties of PI have any function in viral movement or that this property is an 

evolutionary remnant, functional in an ancestor of P1. It remains also possible that the 

RNA-binding properties have a role specifically in the 38 kDa translation product and 

not in the 46 kDa product. 

Badnaviruses code for three proteins, the largest of which is a polyprotein that codes for 

several viral proteins including a proteinase and the CP (Medberry et al., 1990). The 

tubular structures found in badnavirus-infected cells contain bacilliform-shaped particles 

(Cheng et al., 1998). The badnaviral MP was identified by its sequence similarity to 

known MPs and found to be located in the N-terminal part of the polyprotein (Bouhida 

et al., 1993). Furthermore, mutations in this area have an effect on cell-to-cell 

movement but not on replication of the virus (Tzafrir et al., 1997). Antisera raised 

against the putative MP labelled the tubular structures observed in infected plant tissue 
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(Cheng et al., 1998), confirming that this region of the polyprotein indeed acts as the 

viral MP. 

The spherical particles of TSWV have a diameter of 80-110 nm. In plasmodesmata of 

infected cells, tubular structures can be found with a diameter of 40-45 nm that contain 

non-enveloped, viral nucleocapsids (Storms et al., 1995; Kikkert et al., 1999). Tubular 

structures formed after infection of protoplasts with TSWV show a clear filamentous 

substructure (Storms et al., 1995). The tubules can be labelled with antisera raised 

against NSM, the TSWV MP. Tubules are detected early and only transiently during viral 

infection, coinciding with the expression pattern of NSM (Kormelink et al., 1994; Storms 

et al., 1995). NSM also associates with viral nucleocapsids in the cytoplasm, suggesting 

that NSM plays a role in targeting of nucleocapsids to the tubular structures. Recent 

results described by Soellick et al. (2000) suggest that the NSM protein can interact with 

TSWV N protein, the main component of the nucleocapsid, in vitro, and can bind 

single-stranded RNA in a sequence-nonspecific manner. Several other groups of plant 

viruses are also thought to spread from cell-to-cell as virus particles through tubular 

structures, but have been less fully investigated, and therefore these groups are 

indicated in italics in Table 1.Although the MPs of these various viruses all form tubular 

structures for cell-to-cell movement of virus particles, these proteins show little 

similarity to each other. A comparison of the amino acid sequences of the MPs involved 

in tubule-guided transport revealed the presence of only short stretches of conserved 

amino acids, concentrated in the central regions of these MPs (e.g. Thomas et al., 1995; 

Mushegian and Koonin, 1993). Surprisingly, there is no homology between the primary 

sequences of como- and nepoviral MPs and very little between nepoviral MPs 

(Mushegian, 1994). Different functional domains of caulimo- and comovirus MPs, and 

possibly also nepoviral MPs might be arranged in a similar way (Thomas et al., 1995; 

Belin et al., 1999). For these MPs it is thought that the central region has a structural 

role (tubule formation), while the C- and/or N-termini are exposed to the outside or 

inside of the tubule. There are indications that the C-termini of these MPs are involved 

in an interaction between MP and virus particles (Lekkerkerker et al. 1996; Belin et al., 

1999). So, in conclusion one can remark that there is no high sequence identity 

between tubule-forming MPs at the amino acid level, but all these MPs may have a 

common tertiary structure. 
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Table 1: Overview of viruses coding for group I MPs 

genus" 

Comovirus 
Nepovirus 
Fabavirus 
Sequivirus 

Tospovirus 
Fijivirus 
Badnavirus 
Caulimovirus 
SoyCMV-like 
CVMV-like 
PVCV-like 
RTBV-like 

virusb 

CPMV 
GFLV 
PaMMV 
PYFV 

TSWV 
FDV 
CoYMV 
CaMV 
SoyCMV 
CVMV 
PVCV 
RTBV 

genome 
type 

ssRNA 
ssRNA 
ssRNA 
ssRNA 

ssRNA 
dsRNA 
dsDNA 
dsDNA 
dsDNA 
dsDNA 
dsDNA 
dsDNA 

segments 

2 
2 
2 
J 

3 
10 

particle 
morphology 
isometric 
isometric 
isometric 
isometric 

spherical 
isometric 
bacilliform 
isometric 
isometric 
isometric 
isometric 
isometric 

CP 
requirement 

+ 
+ ? 
+ ? 
+ ? 

+ ? 
+ ? 
+ ? 
+ 
? 
? 

? 

? 

MP 

48K' 
P382 

52K3 

N-terminus 
polyprotein?4 

NSM5 

P7-16 

ORFIII7 

P18 

ORFIb9 

part of ORF-I'o 
ORF1" 
N-terminus of 
P3'2 

" Viruses that spread as virions or nucleocapsids (tospoviruses) through tubular structures formed by 
their MP in modified plasmodesmata. Groups shown in /ta//c are putatively classified in this group 
due to the amino acid homology found between their MPs and other group I MPs or because 
tubular structures enclosing virus-like particles have been detected in modified plasmodesmata. 

b CPMV, cowpea mosaic virus; GLFV, grapevine fanleaf virus; PaMMV, patchouldi mild mosaic 
virus; PYFV, parsnip yellow fleck virus; TSWV, tomato spotted wilt virus; CoYMV, Commelina 
yellow mottle virus; FDV, Fiji disease virus; CaMV, cauliflower mosaic virus; SoyCMV, soybean 
chlorotic mottle virus; CVMV, cassava vein mosaic virus; PVCV, petunia vein-clearing virus; RTBV, 
rice tungro bacilliform virus 

c Involvement of the CP in cell-to-cell movement. Key: +, genetic evidence provided for a CP 
requirement; +?, no genetic evidence provided that CP is involved, but morphological data 
supporting a role for the CP in movement; ?, not known 

Key references: 1, Van Lent et al. (1990); 2, Ritzenthaler et al. (1995); 3, Ikegami et al. (1998); 4, 
Turnbull-Ross et al. (1993); 5, Kormelink et al. (1994); 6, Isogai et al. (1998); 7, Tzafrir et al. (1997); 8, 
Perbal et al. (1993); 9, Hasegawa et al. (1989); 10, Calvert etal. (1995); 11, Richert-Poggeler et al. (1997); 
12, Hay etal. (1991) 

Movement as ribonucleoprotein complexes - TMV-like 

TMV serves as a model for viruses that use a mechanism for cell-to-cell movement quite 

different from that of the tubule-forming viruses described before. Plasmodesmata of 

cells infected with TMV are not visibly modified (Shalla et al., 1982) and no structure 

can be observed that might be connected with virus movement. Almost 40 years ago, 

mutants of TMV were found which did not form mature virus particles, but still could 

move from cell-to-cell (Siegel et al., 1962). A few years later, TMV mutants were 

characterised that were temperature-sensitive (ts) in cell-to-cell movement whereas these 

mutants normally accumulated in protoplasts at non-permissive temperatures (Jokusch 

et al., 1968). Further characterisation of the cell-to-cell mechanism of TMV started 15-20 
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years ago with the molecular analysis of the genome of ts mutants and the conclusion 

that TMV contains a gene that mediates its cell-to-cell movement (Bosch and Jokusch, 

1972; Nishiguchietal., 1978). 

Involvement of P30 in cell-to-cell movement 

Comparison of the genome sequence of ts mutants with that of the wild-type strain of 

TMV showed differences within the P30 protein ORF (Leonard and Zaitlin, 1982; 

Zimmern and Hunter, 1983). Subsequently, these differences were shown to be 

associated with the ts cell-to-cell movement (Meshi et al., 1987) and shortly after that it 

was proven that the 30K (or P30) protein is the MP of TMV, when it was shown that 

transgenically expressed P30 is able to complement the ts phenotype of the movement 

mutants (Deom et al., 1987). By immunogold labelling of infected tissue, Tomenius et 

al. (1987) showed that P30 can be detected in plasmodesmata from 16 hours post 

inoculation (h.p.i.) onwards. Maximum amounts of P30 were found 24 h.p.i. after 

which there was a decrease in the amount of plasmodesmata labelled and the intensity 

of the label. 

Since the plasmodesmata in TMV-infected tissue and in transgenic plants expressing the 

P30 are much too small to allow passage of TMV particles and do not have gross 

structural modifications, how then does P30 enable cell-to-cell movement of TMV? 

Wolf et al. (1989) showed, using micro-injection techniques, that the molecular size 

exclusion limit (SEL) of plasmodesmata was increased in P30-transgenic tobacco plants: 

in normal plants, plasmodesmata allow passage of molecules with a mass of up to 0.8 

kDa, but the SEL in transgenic plants is increased to over 9.4 kDa. In TMV-infected 

plants this increase in SEL is a transient process and only occurs at the leading edge of 

infection (Oparka et al., 1997a). The transient increase in SEL corresponds with the 

expression pattern of P30 in infected plants Qoshi et al., 1983; Ooshika et al., 1984). 

The enlargement of the plasmodesmal SEL leads to an expansion of the diameter of the 

plasmodesmal channel from 0.73 nm in non-transgenic plants to 2.4-3.1 nm in 

transgenic plants expressing P30 (Wolf et al., 1989; Waigmann et al., 1994). This 

enlargement is insufficient to allow cell-to-cell movement of TMV virions (which have a 

diameter of 18 nm) or naked RNA (that has a diameter of approximately 10 nm). The 

problem is overcome by the formation of complexes between viral RNA and P30. 

Citovsky et al. (1990) showed that P30 is able to bind and unfold both single-stranded 

RNA and DNA in vitro. This binding is strong, cooperative and sequence non-specific 

(Citovsky et al., 1990). Each MP molecule can bind a stretch of 4-7 nucleotides on the 

RNA molecule (Citovsky et al., 1990). The diameter of extended RNA-MP complexes is 

in the order of 2 nm, allowing transport through the enlarged plasmodesmata. 
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The intracellular movement of the TMV MP from its site of synthesis to plasmodesmata 

was unravelled using a TMV derivative coding for a fusion protein of P30 and GFP able 

to infect whole plants (Heinlein et al., 1995). The P30-GFP fusion product was 

associated with elements of the cytoskeleton and endoplasmic reticulum (reviewed in 

Reichel et al., 1999). In all infected cells, P30-GFP fluorescence was detectable as 

punctate spots in the cell wall, associated with plasmodesmata (Oparka et al., 1997a). 

Micro-injection experiments of P30 and fluorescently labeled dextrans demonstrated 

that P30 is capable of moving itself from cell-to-cell rather rapidly and makes likely that 

P30 uses a host pathway for plasmodesmatal transport of macromolecules (Waigmann 

et al., 1994). Fusion proteins consisting of P30 and GUS were also able to traffic from 

cell-to-cell, whereas GUS alone did not move (Waigmann and Zambryski, 1995). This 

could be explained by assuming that P30 contains a specific sequence responsible for 

plasmodesmatal targeting (a plasmodesmata targeting signal, PTS) (reviewed in Lucas et 

al., 1993; Wolf and Lucas, 1994; Ding et al. 1997). The putative targeting signal has not 

yet been characterised, however. 

In protoplasts inoculated with recombinant TMV encoding GFP-tagged P30, early 

during viral infection, P30-GFP fluorescence accumulated in small punctate bodies 

around the nucleus interconnected by a network of fluorescent filaments (Heinlein et 

al., 1998; Mas and Beachy, 1998; Reichel and Beachy, 1998). These bodies were 

formed out of cortical ER and grew in size until they reached their maximum size 20 

hpi (Heinlein et al., 1998). Near the periphery of the cell, small fluorescent punctae 

were observed that closely aligned to microtubuli and might be related to cell wall 

adhesion sites, sites where microtubules attach to the cell wall (Heinlein et al., 1998). In 

a later stage of the infection fluorescence is detectable in plasma membrane protrusions, 

reminiscent of the tubular structures that are formed during infection with comoviruses 

(Heinlein et al., 1998). The exact composition or function of these protrusions is 

unknown. Also, during these late stages of protoplast infections, P30-GFP fluorescence 

was colocalised with microtubules close to the plasma membrane (Heinlein et al., 

1995, 1998; Mas and Beachy, 1998). P30 also colocalised to some extent with actin 

and has been shown to directly bind to actin in vitro (McLean et al., 1995). 

The increase in plasmodesmal permeability following TMV infection directly affects 

communication between plant cells and may have large effects on the physiology of the 

host plant. To minimise these effects, TMV may have developed mechanisms to 

regulate P30 activity, including the precise timing of P30 expression and its rapid 

inactivation after translocation of TMV genomes. P30 may be inactivated via 

phosphorylation and/or proteolytic processing. Citovksy et al. (1993) showed that P30 is 

phosporylated in tobacco plants by a developmentally regulated protein kinase that is 

associated with the cell wall. Mutagenesis of the phosphorylated amino acids affects 
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P30's ability to increase plasmodesmal permeability, suggesting that phosphorylation 

acts in the down-regulation of this protein (Citovsky, 1999, Chen etal., 2000). However 

a different mechanism may be used to inactivate P30 in Arabidopsis thaliana, where 

P30 is not phosphorylated, but proteolytically cleaved at its N-terminus (Hughes et al., 

1995). The inability to complement the movement of a TMV P30 frameshift mutant in 

transgenic A. thaliana expressing P30 suggests that the processed P30 was 

nonfunctional in supporting virus movement. 

By an extended mutational analysis of the P30 MP, separate functional domains for 

RNA binding, cell wall/piasmodesmata targeting, increasing of plasmodesmatal SEL, and 

phosphorylation were found. Alignment of the amino acid sequences of tobamoviral 

MPs resulted in the identification of two conserved regions, denoted regions I (aa 56-96) 

and II (aa 125-165) (Saito et al., 1988). Mutations in region I affect the stability of P30 

(Citovsky et al., 1992), binding of P30 to microtubules and targeting to plasmodesmata 

(Kahn et al. 1998). Region II is part of the domain required for enlargement of 

plasmodesmal SEL (aa 126-224; Waigmann et al., 1994) and overlaps with one of two 

stretches involved in RNA-binding (aa 112-185 and 185-268 (Citovsky et al., 1992)). 

The tobamoviral MPs contain many charged amino acids, most of which are localised in 

the C-terminal third. This region can be subdivided into three regions: a large region 

rich in basic amino acids (called region B) that is flanked by two smaller regions rich in 

acidic amino acids (regions A and C) (Saito et al., 1988). Mutational analysis has 

demonstrated that region C and most of region B are not important for cell-to-cell 

movement (Berna et al., 1991, Gafny et al., 1992). The functional importance of this 

part of the P30 protein remains unknown, but threonine-262 and serines 258 and 265 

might be phosphorylated during infection (Citovsky et al., 1993, 1999). In addition, the 

MP sequence contains more serine residues between amino acids 61-114 and 212-231 

that can be phosphorylated (Haley et al., 1995). Two other functional domains, one in 

the N-terminal region and the other comprising residues 185-224, have been implicated 

in the interaction with cellular pectin methylesterase (PME) (Citovsky, 1999, Chen et al., 

2000). This protein may have a role in targeting of P30 to the cell wall or may function 

as a receptor molecule, regulating binding of P30-RNA complexes to plasmodesmata. 

The N-terminal PME-binding domain of P30 is essential for cell-to-cell movement, while 

deletion of the C-terminal phosphorylation domain results in virus slightly more 

infectious in Nicotiana tabacum than wild-type TMV (Gafny et al., 1992). 
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A model for P30-mediated cell-to-cell movement 

In order to spread to neighbouring cells, TMV genomes must be transported from the 

sites of replication to plasmodesmata (Figure 2B). TMV RNA replication takes place at 

membraneous structures in the cytoplasm, which are referred to as viroplasms (Mas and 

Beachy, 1999). These structures are derived from the endoplasmic reticulum and 

contain replicase but also MP as part of the replication complex (Heinlein et al., 1998, 

Mas and Beachy, 1999). Possibly, binding between P30 and genomic RNA occurs 

directly after translation (Heinlein et al., 1998, Mas and Beachy, 1999). Complexes 

consisting of MP, replicase and viral RNA are transported intracellularly along the ER 

and/or microtubules (Reichel et al., 1999; Mas and Beachy, 1999, Boyko et al., 2000). It 

has been suggested that the viral RNA-MP complexes carries a plasmodesmata 

localisation signal for reaching their destiny. This putative signal might be located in 

domain of P30 that is required for increasing plasmodesmal SEL. Alternatively, 

unprocessed PME is transported to the cell wall via the ER (Gaffe et al., 1997) and may 

subsequently bind the MP complex and guide it to the plasmodesmata (Chen et al., 

2000). Actin or specific docking proteins might be involved in docking of the viral RNA-

MP complex to a plasmodesmal receptor (Kragler et al., 1998). This binding could 

initiate modification of plasmodesmal SEL, after which the viral RNA-MP complexes 

passes through the cell wall attached to the desmotubule (Mas and Beachy, 1999). The 

actual translocation process across the plasmodesmata might be regulated by 

interactions between vRNP complex and components of a plasmodesmal trafficking 

apparatus, which is involved in cell-to-cell trafficking of host components. Individual 

components of this mechanism have not yet been isolated, but may include 

chaperonins, escort proteins, motor proteins and kinases that supply the necessary 

energy. Moreover, it appears likely that after translocation of viral RNA-MP complexes, 

there is a mechanism to control the activity of P30, that might involve phosphorylation 

of P30 (Citovsky, et al., 1993). 

Other viruses moving as a nucleoprotein complex 

The typical features postulated for the P30 MP of TMV, like (1) binding of single-

stranded nucleic acids, (2) interaction with cellular components as the cytoskeleton and 

endoplasmic reticulum, (3) localisation to plasmodesmata, (4) ability to enlarge the 

plasmodesmal SEL, and (5) movement of the bound nucleic acids through 

plasmodesmata, have also been attributed to the MPs of several other groups of plant 

viruses, which are thought to move from cell-to-cell in a similar way. This group 

includes rod-shaped viruses as tobra- and furoviruses, isometric viruses like 

dianthoviruses and the class of geminate viruses (see Table 2). 
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Table 2: Overview of group II MPs 

genus3 

Tobamovirus 
Tobravirus 
Dianthovirus 
Furovirus 
Begomovirus 
Curtovirus 
Mastrevirus 

virusb 

TMV 
TRV 
RCNMV 
SbWMV 
SqLCV 
BCTV 
MSV 

genome 
type 
ssRNA 
ssRNA 
ssRNA 
ssRNA 
ssDNA 
ssDNA 
ssDNA 

segments 

1 
2 
2 
2 
2 
2 
1 

particle 
morhology 
rod-shaped 
rod-shaped 
isometric 
rod-shaped 
geminate 
geminate 
geminate 

CPC 

-
-
-
? 

-
-
+ 

MP 

30K1 

1a2 

35K3 

p374 

NSP, MBT5 

R36 

V17 

a Viruses that spread from cell-to-cell as a nucleoprotein complex through plasmodesmata with an 
increased SEL. These complexes are transported to plasmodesmata through interactions with the 
cytoskeleton and/or ER. Furoviruses are putatively classified in this group due to the homology of 
their MPs to other group II MPs and the mechanisms of intercellular spread employed by curto-
and mastreviruses are thought to resemble that of begomoviruses. 

b TMV, tobacco mosaic virus; TRV, tobacco rattle virus; RCNMV, red clover necrotic mosaic virus; 
SbWMV, soil-borne wheat mosaic virus; SqLCV, squash leaf curl virus; BCTV, beet curly top virus; 
MSV, maize streak virus 

c Involvement of the CP in cell-to-cell movement. Key, +, genetic evidence provided for a CP 
requirement; -, genetic evidence that the CP is not involved; ?, not known 

Key references: 1, Deom et al. (1987); 2, Hamilton et al. (1987); 3, Osman et al. (1991); 4, Shirako and 
Wilson (1994); 5, Sanderfoot and Lazarowitz (1995); 6, Hormuzdi and Bisaro (1993); 7, Boulton et al. 
(1993); 

The SEL of plasmodesmata increases during tobravirus infection (Derrick et al., 1992). 

Mutational analysis of the tobacco rattle virus (TRV) genome identified the 29 kDa la 

protein as the viral MP (Hamilton and Baulcome, 1989). Unfortunately, further details 

on TRV cell-to-cell movement are scarce. 

Like tobamoviruses, the isometric dianthoviruses, as RCNMV, do not require their CP 

for cell-to-cell spread (Xiong et al., 1993). By mutagenesis, a 35 kDa protein expressed 

by RCNMV RNA-2 has been identified as a MP (Osman et al., 1991). This protein can 

bind nucleic acids in vitro (Osman et al., 1992), an activity that was mapped to amino 

acids 181-225 (Osman et al., 1993). The results of co-injection studies with wild-type 

and mutant RCNMV MP suggested that the MP and viral MP-RNA complexes moved 

via plasmodesmata, similarly as proposed for TMV (Fujiwara et al., 1993). 

The viruses belonging to the geminiviridae are subdivided on the basis of their genome 

organisation, insect vector and host range into three genera. Curto- and mastreviruses 

need both their MP and CP for cell-to-cell movement (Boulton et al., 1989; Briddon et 

al., 1989), while the begomoviruses do not require their CP for cell-to-cell movement 

(Ingham et al., 1995; Sudarshana et al., 1998). All geminiviruses replicate in the nucleus 

and therefore first need to cross an additional barrier: the nuclear envelope. Nuclear 

export of the genomes of the bipartite begomoviruses is regulated by the NSP protein 
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(formerly known as BR1; Lazarowitz and Beachy, 1999). NSP has a nuclear localisation 

and DNA-binding properties (Pascal et al., 1994; Sanderfoot and Lazarowitz, 1995), and 

binds to the newly formed genomes and exports them from the nucleus. In the 

cytoplasm, the ssDNA-NSP complexes interact with a second viral protein, MPB (also 

known as BL1 and BC1). This complex is targeted to the plasmodesmata by association 

with elements of the cortical ER (Ingham et al., 1995; Sanderfoot and Lazarowitz, 1995; 

Lazarowitz and Beachy, 1999). Movement of the ssDNA-NSP complex to neighbouring 

cells occurs via tubular structures. MPB is a structural component of these tubular 

structures, which are derived from the ER (Ward et al., 1997). The tubular structures 

could represent desmotubules that have been modified upon action of MPB or could be 

formed during cell wall formation (since geminiviruses like squash leaf curl virus 

(SqLCV) replicate in dividing phloem cells) (Lazarowitz and Beachy, 1999). Viral 

particles associated with these tubules have not been detected, emphasizing that the 

tubular structures are different from the ones found during comovirus infections. In the 

neighbouring cell, the MPB-ssDNA-NSP complex dissociates and the NSP subsequently 

transports the ssDNA into the nucleus, where a new round of genome amplification will 

start. The mechanisms used by the other two geminiviral genera, the curto- and 

mastreviruses, are not well understood. No sequence homology has been detected 

between the MPs of begomoviruses and the V1 protein of maize streak virus (MSV), 

which likely acts as its MP (Boulton et al., 1993; Dickinson et al., 1996). In addition, the 

beet curly top virus (BCTV; a curtovirus) R3 protein has some sequence homology to 

the MSV V1 protein and may act as a MP (Hormuzdi and Bisaro, 1993). The possibility 

that the MSV CP and V1 proteins act in a mechanism similar to the two begomoviral 

proteins needs to be investigated. 

The triple gene block: not one but three MPs 

Viruses of disparate genera use a set of three MPs coded by a so-called triple gene block 

(TGB) for cell-to-cell movement. TGB genes are found in the genomes of potex- (Beck et 

al., 1991), hordei- (Petty and Jackson, 1990), carla- (Zavriev et al., 1991), beny-

(Bouzoubaa et al., 1986; originally classified as furoviruses (see also Torrance and 

Mayo, 1997)), porno- (Scott et al., 1994) and pecluviruses (Herzog et al., 1994; 

Torrance and Mayo, 1997). The proteins encoded by the TGB vary somewhat in size 

among different viruses. The largest variation is found with TGBpVs, for which the 

molecular masses vary between 24 and 62 kDa. The other two TGB proteins are 

smaller, TGBp2's have molecular masses between 12 and 14 kDa and the molecular 
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weights of TGBp3's vary between 7-22 kDa. In addition to the three proteins of the 

TGB, some viruses also need their CP for cell-to-cell movement. Among the TGB-

containing viruses (Table 3), the best studied viruses are the potexviruses potato virus X 

(PVX) and white clover mosaic virus (VVCIMV) and the hordeivirus barley stripe mosaic 

virus (BSMV). 

Table 3: Overview of viruses that code for class III MPs 

genus3 

Potexvirus 
Carlavirus 
Benyvirus 
Hordeivirus 
Pecluvirus 
Pomovirus 
Allexivirus 
Foveavirus 

virusb 

PVX 
PVM 
BNYVV 
BSMV 
PCV 
PMTV 
ShVX 
ASPV 

genome 
type 
ssRNA 
ssRNA 
ssRNA 
ssRNA 
ssRNA 
ssRNA 
ssRNA 
ssRNA 

Segments 

1 
1 
5 
3 
5 
3 
1 
; 

particle 
morhology 
filamentous 
filamentous 
rod-shaped 
rod-shaped 
rod-shaped 
rod-shaped 
rod-shaped 
filamentous 

CPC 

+ 
+ 
-
-
-
-
? 

? 

MPs 

TCBp1,TGBp2/TGBp31 

TGBp1,TGBp2,TGBp32 

P42, P13, P153 

Bb, Be, pd4 

TGBp1,TGBp2, TGBp35 

P51, P13, P216 

ORF2, ORF3, ORF47 

TCBpl, TCBp2, TGBp3a 

a Viruses that code for a triple gene block, a set of three MPs. For groups shown in italics only 
sequence information is available 

b PVX, potato virus X; PVM, potato virus M; BSMV, barley stripe mosaic virus; PCV, peanut clump 
virus; PMTV, potato mop-top virus; ShVX, shallot virus X; BNVYY, beet necrotic yellow vein virus; 
ASPV, apple stem pitting virus 

c Involvement of the CP in cell-to-cell movement. Key, +, genetic evidence provided for a CP 
requirement; -, genetic evidence that the CP is not involved; ?, unknown 

Key references: 1, Beck et al. (1991); 2, Zavriev et al. (1991); 3, Bouzoubaa et al. (1986) 4, Petty and 
Jackson (1990); 5, Herzog et al. (1994); 6, Scott et al. (1994); 7, Kanyuka et al. (1992); 8, Jelkmann (1994) 

Involvement of the TGB proteins in cell-to-cell movement 

The three TGB proteins are expressed from two subgenomic RNAs; the TGBpl protein 

is expressed from a monocistronic mRNA molecule, whereas the other two proteins are 

translated from a single bicistronic mRNA (Morozov et al., 1991b; Gilmer et al., 1992; 

Zhou and Jackson, 1996; Verchot et al., 1998). The TGBp3 gene is translated by leaky 

ribosome scanning through the TGBp2 mRNA (Zhou and Jackson, 1996; Verchot et al., 

1998). 

All three TGB proteins are needed for cell-to-cell movement, as has been shown for 

different viruses by deletion analysis (Petty and Jackson, 1990; Beck et al., 1991, Gilmer 

et al., 1992; Herzog et al., 1998). Though all three TGB proteins are involved in virus 

cell-to-cell movement, they differ in cellular location. Potexviral TGBpl has been 

immunolocalised to virus-induced inclusions in the cytoplasm but was not found in 

plasmodesmata (Davies et al., 1993; Rouleau et al., 1994; Chang et al., 1997; Kalinina 

et al., 1998). In contrast to potexviral TGBpl, TGBpl's of hordei- and pecluviruses were 

detected in cell wall fractions by Western blotting (Niesbach-Klbsgen et al., 1990; 
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Donald et al., 1993; Erhardt et al., 1999) and more recently, the TGBpl protein (P51) of 

the pecluvirus peanut clump virus (PCV) was found to occur in plasmodesmata by 

immunolabeling (Erhardt et al., 1999). The plasmodesmata of PCV-infected cells did not 

show any obvious morphological alterations in comparison with those of non-infected 

cells. In contrast to these results, Santa Cruz et al. (1998) reported the appearance of a 

fibrillar material in plasmodesmata of cells infected with PVX. In most cases these 

plasmodesmata did not contain a recognisable desmotubule and had a distorted 

appearance. Immunogold labeling using specific antisera showed that PVX CP was 

associated with these fibrillar structures (Santa Cruz et al., 1998). Recently it has been 

reported that fusion products of the benyviral beet necrotic yellow vein virus (BNYVV) 

TGBpl (P42) protein and GFP localised to punctate bodies in the cell wall which 

presumably are plasmodesmata (Erhardt et al., 2000). Accumulation of P42 in these 

bodies was dependent on the presence of both P13 (TGBp2) and P15 (TGBp3). Point 

mutations in P42 that inhibited cell-to-cell spread of BNYVV also inhibited the 

formation of the punctate bodies. 

Amino acid sequence analysis revealed that TGBpl's contain a sequence motif 

corresponding to a NTPase domain found in helicases of viruses belonging to the 

sindbis virus-like supergroup (Gorbalenya and Koonin, 1989). Indeed, TGBpl of PVX, 

BSMV and several other viruses have been shown to bind ATP and possess ATPase 

activity in vitro (Kalinina et al., 1996; Donald et al., 1997). This quality might be 

important in vivo, since deletions in the NTPase domain blocked cell-to-cell movement 

(Donald et al., 1997; Bleykasten et al., 1996). Besides TGBpl's of potexviruses, also the 

beny- and hordeiviruses homologues have been shown to bind nucleic acids in vitro, 

but the RNA-binding is rather variable in strength for different viruses (Rouleau et al., 

1994; Bleykasten et al., 1996; Kalinina et al., 1996; Donald et al., 1997; Wung et al., 

1999). By mutational analysis it was then shown that the N-terminal part of the PVX 

TGBpl is responsible for both the ATPase activity and the RNA-binding (Morozov et al., 

1999). Wung et al. (1999) mapped the RNA-binding domain of the potexvirus bamboo 

mosaic virus (BaMV) TGBpl between amino acids 3 and 24. In particular, three 

arginine residues present in this region are essential for RNA-binding. At the other hand, 

BSMV pb (TGBpl) appeared to contain multiple RNA-binding domains, distributed over 

the N- and C-terminal regions of the protein (Donald et al., 1997). The RNA-binding 

domain of the BNYVV P42 protein (TGBpl) has again been localised to the N-terminus 

of the protein, between amino acids 2-49 (Bleykasten et al., 1996). The fact that a 

mutant BNYVV virus that carries a deletion in the N-terminus of TGBpl is not able to 

infect plants but is able to replicate in protoplasts (Bleykasten et al., 1996), supports the 
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idea that the nucleic acid-binding activity of TGBpl detected in vitro is of functional 

significance for virus movement in vivo. 

Micro-injection experiments have demonstrated that cell-to-cell movement of PVX is 

accompanied by an increase in plasmodesmal SEL of at least 10 kDa and that the 

TGBpl protein is responsible for this increase (Angell et al., 1996; Lough et al., 1998). 

Micro-injected VVClMV TGBpl can spread to neighbouring cells by itself, but 

movement of the viral RNA is only accomplished in the presence of TGBpl, TGBp2, 

TGBp3 and CP (Lough et al., 1998). 

Both TGBp2 and TGBp3 possess two hydrophobic domains and have affinity for 

membranes in vitro (Morozov et al., 1990) and in vivo (Niesbach-Klbsgen et al., 1990; 

Morozov et al., 1991a, 1991; Donald et al., 1993). PVX TGBp3 has been 

immunolocalised to the plasma membrane and the cell wall but has not been found in 

plasmodesmata (Hefferon et al., 1997). GFP-tagged TGBp2 encoded by the hordeivirus 

poa semilatent virus (PSLV) was associated with elements of the endomembrane system 

and GFP-TGBp3 was found in peripheral membrane bodies (Solovyev et al., 2000). Site-

directed mutagenesis showed that the transmembrane segments of TGBp2 and the 

central hydrophilic region of TGBp3 are responsible for the intracellular targeting of 

TGBp2 and TGBp3, respectively. The intracellular location of TGBp2 dramatically 

changed in cells co-expressing TGBp3: TGBp2 now appeared in peripheral bodies also 

found in cells transiently expressing TGBp3 alone (Solovyev et al., 2000). Since none of 

the mutations introduced in TGBp2 had any effect on the TGBp3-driven accumulation 

of TGBp2 in peripheral bodies, specific interactions between TGBp2 and TGBp3 are 

probably not involved in this process. Possibly, TGBp3 activates a cellular pathway that 

is responsible for the transport of TGBp2 to the peripheral bodies. 

Potex- and carlaviruses, but not hordei- and pecluviruses, moreover require their CPs for 

cell-to-cell movement (Chapman et al., 1992; Santa Cruz et al., 1998; Petty and Jackson, 

1990; Herzog et al., 1998). The requirement for a CP might be correlated with the 

occurrence of fibrillar structures in plasmodesmata in infected cells, as shown for PVX 

(Oparka et al., 1996; Santa Cruz et al., 1998). The CPs of several other potexviruses 

were also found in plasmodesmata of virus-infected cells (Rouleau et al., 1995). The CP 

does not contribute to the modification of the plasmodesmal SEL, and its precise 

function in virus cell-to-cell movement is not yet clear (Oparka et al., 1996; Santa Cruz 

et al., 1998). At present, there are two opposing views about the role of the CP in 

potexviral cell-to-cell movement (Figure 2C). Based on the results of micro-injection 

experiments Lough et al. (1998) suggested that a non-virion complex, containing viral 

RNA, TGBpl and CP, is involved in cell-to-cell movement of WCIMV. On the other 
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