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STELLINGEN 

1. Het bestuderen van initiële interacties tussen plantevirus en plantecel 
wordt sterk bemoeilijkt door het feit dat slechts enkele van de bij 
inoculatie in overmaat aanwezige virusdeeltjes verantwoordelijk zijn 
voor infectie. 
Dit proefschrift. 

2. De penetratie-mechanismen endocytose en fusie zijn voor virus­
infecties bij planten van geen of ondergeschikt belang. 
Hsu et al. (1983). In "Current Topics in Vector Research". (K.F. Harris, 
Ed.), Vol. 1, pp. 189-214. Praeger Publisher s, New York. 
Dit proefschrift. 

3. Het feit dat Sulzinski en Zaitlin de onderzijde, en Fannin en Shaw de 
bovenzijde, van het blad gebruikten voor inoculatie verklaart mogelijk 
waarom alleen de eerstgenoemden in staat waren primaire infectie in 
mesophylcellen te bewerkstelligen. 
Sulzinski and Zaitlin (1982). Virology 121,12-19. 
Fannin and Shaw (1987). Plant Science 51,305-310. 

4. De conclusie van Gergerich en Scott dat door kevers overgebrachte 
virussen in staat zijn niet-verwonde cellen te infecteren is voorbarig te 
noemen, daar zij geen rekening hebben gehouden met de mogelijkheid 
dat stoombehandeling leidt tot verwonding van cellen. 
Gergerich and Scott (1988). J. gen. Virol. 69,2935-2938. 

5. De suggestie van Horikoshi en medewerkers dat de remmende 
werking van het manteleiwit op de RNA synthese van "brome mosaic 
virus" in vitro te wijten zou zijn aan interactie met de bindingsplaats 
van het replicase wordt onvoldoende ondersteund door hun 
experimentele resultaten. 
Horikoshi et al. (1987). Virology 158,15-19. 



6. Het feit dat in met luzernemozaïekvirus geïnoculeerde tabaksbladeren 
het eiwit met een moleculaire massa van 32,000 Dalton wordt 
aangetroffen in de middenlamellen van celwanden aan het infectie-
front toont niet aan dat het op deze plaats ook een functie in virus­
transport heeft. 
Stussi- Garaud et al. (1987). J. gen. Virol. 68 1779-1784. 

7. De isolatie van natuurlijke tobravirus recombinanten toont opnieuw 
aan dat identificatie op basis van sérologie niet sluitend is. 
Robinson et al. (1987). J. gen. Virol. 68,2551-2561. 

8. Gezien het sterk homologe karakter van viroïden verdient het aan­
beveling nieuwe isolaten van deze pathogenen op basis van hun 
nucleotidenvolgorde te identificeren. 

9. Letterlijk vertaalde gebruiksaanwijzingen zijn zelden verhelderend. 

10. De status welke ontleend wordt aan het dragen van ambtskleding 
wordt in sterke mate bepaald door de omgeving. 

11. Gezien het gevaar dat onoordeelkundig gebruik van chemicaliën met 
zich mee brengt, verdient het aanbeveling in het onderwijsprogramma 
van potentiële gebruikers meer aandacht te besteden aan het veilig 
werken met deze stoffen. 

12. Te hard rijden kost in Nederland te weinig. 
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CHAPTER 1 

INTRODUCTION 

"Viruses are entities whose genome is an element of nudeic acid either DNA,or 
RNA, which reproduce inside living cells and use the cell's synthetic machinery to 
direct the synthesis of specialized particles, the virion, which contain the viral 
genome and transfer it to other cells", according to the definition presented by 
Luria and Darnell (1967). More recently, Harrison (1984) described a virus particle 
as "a structure for transferring nucleic acid from one cell to another", adding that 
"the nucleic acid may be either RNA or DNA and, in both cases particles of 
varying complexity are found. Observed structures reflect requirements for 
efficient and accurate assembly, for exit and re-entry, and for correctly localized 
disassembly". These definitions emphasize three characteristics of the virus 
particle: i) its infectivity, i.e., the ability to multiply upon penetration into a 
suitable host cell and to be transferred to other cells, ii) the ability to exist in a 
non-cellular state, and iii) the obligate parasitism at the genetic level. 

Upon penetration into a susceptible host cell, the virus particle disassembles 
and the viral genome directs the cellular machinery to replication of viral nucleic 
acids and synthesis of virus specific proteins. Newly synthesized nucleic acids 
and coat protein molecules are assembled to new nucleocapsids, and sometimes 
surrounded by a lipid membrane, which are then ready for starting a next round 
of infection. 

During the last decades, much progress has been made in the understanding of 
the multiplication process of eukaryotic viruses. The emerge of molecular and cell 
biological techniques provided tools to elucidate the structural organization of the 
viral genome and its strategies for replication and expression. In addition, 
biophysical studies provided information on the architecture and assembly of 
nucleocapsids. However, the knowledge of early stages in virus infection, i.e., 
penetration into the (host) cell and uncoating of the viral genome, has remained 
very scarce and fragmentary. For plant viruses even less data seem to be available 
than for animal viruses. 



The aim of the experiments described in this thesis was to gain more insight in 
the early stages in plant virus infection. The two central questions to be answered 
were: (1) how and in what form does the plant virus enter the cytoplasm of a 
newly infected cell, and (2) what mechanism is responsible for uncoating of the 
plant viral nucleocapsid? 

With regard to the ways by which plant, viruses enter (host) cells several 
mechanisms have been proposed (for review see Shaw, 1985). Specific interactions 
with both the cell wall (Gaard and de Zoeten, 1979; De Zoeten, 1981; De Zoeten 
and Gaard, 1984) and plasma membrane (Banerjee et al, 1981a,b; Durham, 1978) 
have been suggested to be involved in virus entry. Passage of the plasma 
membrane was supposed to occur by endocytosis (Cocking and Pojnar, 1969; 
Cocking, 1970; Takebe, 1975) or through pores or lesions formed as a result of 
damage of the membrane (Burgess et al., 1973a,b; Kassanis et al, 1977; Watts et al., 
1981). 

Also for uncoating of the viral nucleocapsids several mechanisms have been 
proposed. Based on results in different experimental systems indications were 
obtained for uncoating to take place prior to or during penetration into the plant 
cell (De Zoeten, 1981; Durham, 1978) as well as after appearance in the cytoplasm 
(Wilson, 1985). In the former case, both cell wall and plasma membrane have been 
suggested to be involved in the process of uncoating. In the latter case, 
cytoplasmic ribosomes were supposed to take part in a process of cotranslational 
disassembly of metastable virus particles. 

The inconclusive results on the initial interactions between plant viruses and 
cells prompted us to reinvestigate these early stages of infection. The various 
studies described in this thesis all focussed on the cowpea chlorotic mottle virus 
(CCMV) - cowpea protoplast system. 

First, experiments were performed in order to investigate the role of different 
entry mechanisms, i.e., direct penetration and endocytosis, in infection of plant 
protoplasts. Therefore, binding of CCMV to cowpea protoplasts was studied 
under various conditions in relation to virus entry and infection (Chapter 3). 

With regard to the way of uncoating of the CCMV genome the possible 
involvement of cotranslational disassembly, as first proposed for tobacco mosaic 
virus (TMV) (Wilson, 1984), was tested in cell-free translation systems (Chapter 4). 
Referring to the observed association of virus particles and ribosomes, a further 
characterization of this interaction was initiated by studying binding of CCMV to 
ribosomal proteins in electroblot assays (Chapter 5). Finally, isolated cowpea 
protoplasts were used to investigate the possible role of cotranslational 
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disassembly in uncoating of CCMV in vivo (Chapter 6). 

CCMV was chosen because of its relatively simple structure, the extensive 
knowledge of its nucleoprotein particles and the protein-nucleic acid interactions 
(Verduin, 1978; Kruse, 1979; Vriend, 1983). CCMV is a small spherical plant virus 
belonging to the bromovirus group. This virus group comprises three definite 
members: the type member brome mosaic virus (BMV), broad bean mottle virus 
(BBMV), and CCMV. The properties of these viruses have been extensively 
reviewed (Bancroft, 1970; Lane, 1974; Bancroft and Home, 1977; Lane, 1979). 
CCMV consists of three types of nucleoprotein particles containing four species of 
single-stranded, positive-sense RNA molecules (RNA-1, -2, -3, and -4) with 
lengths of 3171, 2776, 2173, and 835 nucleotides, respectively (Allison et al., 1989; 
Dzianott and Bujarski, 1989) (Fig. 1). RNA-1 and RNA-2 are encapsidated 
separately, and RNA-3 and RNA-4 are packed together in polyhedral particles 
about 26 nm in diameter (Lane, 1974). The coat of each particle consists of 180 
identical protein subunits with Mr 20,253 arranged in a shell with icosahedral 
symmetry and a triangulation number of three (Caspar and Klug, 1962; Dzianott 
and Bujarski, 1989). On basis of their buoyant density, the three nucleoprotein 
particles are denoted as heavy (H; RNA-1), medium dense (M; RNA-3 and -4), 
and light (L; RNA-2) particles (Bancroft and Flack, 1972). RNA-1 and RNA-2 code 
for polypeptides with molecular masses of 109,006 Da and 92,789 respectively 
(Davies and Verduin, 1979; Dzianott and Bujarski, 1989). RNA-3 directs the 
synthesis of a 33,075 Mr product while RNA-4 is a RNA-3-derived subgenomic 
messenger RNA for capsid protein (Fig. 1). For successful infection of plants, all 
three nucleoprotein particles are required. When inoculating with extracted RNA, 
however, infection is obtained with a mixture of RNA-1, -2, and -3. 

The function of the RNA-1, -2, and -3 products in CCMV infection is unknown. 
However, in analogy to BMV it can be suggested that the RNA-1 and -2 encoded 
polypeptides are involved in viral replication (Kiberstis et ai, 1981). The RNA-3 
product, most probably, is involved in spread of infection throughout the plant. 

The in vitro dissociation and association processes of CCMV as a model for in 
vivo uncoating and assembly, respectively, have been extensively reviewed and 
studied by Verduin (1978). In vitro CCMV, like all members of the bromovirus 
group, appears to be stable around pH 5.0, and to sediment at 88 S. For BMV an 
increase of pH to 7.5 at low ionic strength ( u < 0.2) was found to cause "swelling" 
of the particles and to make the virus sensitive to RNases and proteases (Pfeiffer 
and Hirth, 1975). This swelling causes a drop in sedimentation coefficient to 78 S, 
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Figure 1. Schematic representation of CCMV, showing genomic organization and proteins 
encoded by the viral genome. Open-reading frames in the RNAs are represented as open 
bars, with the nucleotide positions of start and stop codons indicated; numbers at the 
right indicating total length. Shaded bars represent open-reading frames that are 
translated into viral proteins with molecular masses as listed at the right of the figure; 
numbers between brackets indicating the number of amino acid residues. RNA-1 and 
RNA-2 both function as monocistronic mRNA. RNA-3 contains two cistrons of which the 
second (open bar) is only translated from a subgenomic mRNA, RNA-4. 

and appears to be irreversible. Reversibility can be obtained in the presence of 
divalent cations (i.e., Mg2+), but in this case swelling at pH 7.5 does not proceed 
to its full extend (Chauvin et a/.,1978). Raising the pH at increased salt 
concentration ( n > 0.5) causes the swollen virus to dissociate into RNA-protein 
complexes and protein dimers (Bancroft and Hiebert, 1967). A schematic view of 
the swelling and dissociation is given in Figure 2. 

Isolated mesophyll protoplasts of cowpea, Vigna unguiculata cv. California 
Blackeye, were used to study early stages in plant virus infection. Protoplasts can 
be prepared from plant tissue by a treatment with enzymes macerating the tissue 
and degrading the cellulose wall of plant cells (Cocking, 1960; Takebe et al., 1968). 
Such isolated protoplasts can be inoculated with plant viruses or even with their 
naked genome in vitro, and are capable of synthesizing intact new virus particles 
(for reviews see Zaitlin and Beachy, 1974; Takebe, 1975; Mühlbach, 1982; Takebe, 
1983; Sander and Mertes, 1984). In contrast to intact plants, relatively high 
numbers of homogenous cells can be infected simultaneously, while cell-to-cell 
spread is excluded. Therefore, this defined cell system allows the investigation of 
the basic molecular processes in virus replication at the cellular level. 
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Figure 2. Schematic representation of the swelling and dissociation of the bromoviruses. 
In vertical position ionic strength and in horizontal position pH has been varied. At low 
ionic strength and pH 7.5 the influence of magnesium ions on swelling is shown. A virus 
particle is represented by a cross section of the icosahedral particle, the strings and 
ellipses representing RNA molecules and protein subunits, respectively (from Verduin, 
1978). 

It should be realized, however, that a protoplast system has its limitations. 
Protoplasts are single cells that do not exist under natural conditions. They lack a 
rigid cell wall and cell-to-cell connections are absent. Isolated protoplasts are 
cultured in media totally different from the environment in plant tissue with 
respect to among others nutrient composition, hormone balance and tonicity. 
Several authors have documented the effects of osmotic stress in protoplasts of 
various sources (Lazar et al., 1973; Premecz et al, 1978; Fleck et al., 1982). In 
isolated protoplasts a dramatic change in gene expression was observed, 
including a decrease in total RNA and protein synthesis (Fleck et al., 1982). On the 
other hand, a more than ten-fold increase of RNase level was found (Lazar et 
a/.,1973). Whether such altered physiological state influences virus multiplication 
is not known. Nevertheless, it might be clear that experimental data obtained with 
isolated protoplasts should be interpreted with caution. 
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1. INTRODUCTION 

Initial interactions between a virus and its host cell have been studied in much 
less detail than other stages of the viral infection process. Reasons for this are the 
complexity of the cellular membrane, the additional cell wall in case of plant cells, 
and the fact that only a few percent of the attaching and penetrating virus 
particles are actually causing infection. Initial interactions are defined as those 
essential activities occurring during the first contact between virus and cell until 
the moment that virus-directed translation or transcription starts. In these 
interactions three discrete processes may be distinguished: 

i) attachment of virus particles to cells, 
ii) passage through the cellular membrane (cell wall), and 
iii) release of the viral genome from the nucleocapsids. 

17 



These distinct processes, which in fact represent a great variety of interactions, 
will be illustrated by a description of some of the best characterized mechanisms 
as shown schematically in Figure 1. 

For plant viruses even less data on initial interactions are available than for 
animal viruses. Therefore this review will start with a brief overview of the 
present knowledge of mechanisms employed by animal viruses (Section 2). Plant 
viruses are discussed in the next section (Section 3) and where possible the 
available data are compared with the current models and hypotheses in animal 
virology. 

VIRION 

NUCLEIC ACIDS 

Figure 1. Schematic representation of initial interactions between a virus and its host cell, 
for both animal- and plant systems. "Virion" representing both enveloped and 
non-enveloped viruses; numbers indicating cell wall (1), plasma membrane (2), and 
endosomal membrane (3). 
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2. ANIMAL VIRUSES 

For a considerable number of animal viruses initial stages of infection have 
been investigated and extensively reviewed (Lonberg-Holm and Philipson, 1974; 
Bukrinskaya, 1982; Dimmock, 1982; Marsh, 1987). Although a great variety of 
early interactions seems to exist, most animal viruses, when infecting a cell, follow 
one of the routes indicated in the scheme in Figure 1. The next paragraphs will 
consider successive stages of these routes, focussed on some of the most 
extensively studied viruses. 

2.1. Attachment 
The first step of infection involves binding of the virus to the cell surface. 

Although this attachment does not automatically guarantee successful entry, it is a 
necessary step (Mims, 1986). Attachment, which leads to infection in most cases, is 
the result of a specific interaction between cellular receptors and viral attachment 
proteins. Cells lacking the proper receptor are infected either very inefficiently or 
not at all. 

The specificity of binding varies for different viruses. Some viruses bind to a 
wide range of cell types, whereas others are highly restricted. This may depend 
on either the distribution of a certain receptor over different cell types or the 
ability of the virus to bind different receptors. 

2.1.1. Cellular Receptors 
Host-cell receptors for viruses can be defined as those structures on the cell 

surface, which bind virus as a prerequisite for infection. Any normal constituent 
of the plasma membrane is a potential virus receptor. These components include 
phospholipids, glycolipids and integral membrane proteins or glycoproteins, 
which serve normal cellular functions (Co et al., 1986). 

Relatively few viral receptors have been identified thus far. The number of 
receptors is usually very low: 10 to 10 molecules per cell (Lonberg-Holm and 
Philipson, 1981). It is often difficult to distinguish non-specific from specific 
binding. Possible host-cell receptors for viruses that have been reported in 
literature are listed in Table 1. It should be noted that some receptors are better 
characterized than others and not all reported receptors are widely accepted. 
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Table 1. Host-cell receptors for 

Virus 

adenovirus 
Epstein-Barr virus 
hepatitis B virus 

human cytomegalovirus 

human immunodeficiency virus 
human T-cell leukemia virus 

influenza viruses 

lactate dehydrogenase virus 

murine leukemia virus 

rabies virus 

reovirus 3 

Semliki Forest virus 

vaccinia virus 
vesicular stomatitis virus 

according to Lentz (1988) 

viruses. 

Host-cell receptor 

class IHLA histocompatibility molecule 
C3d receptor CR2 of B lymphocytes 
hepatocyte receptor for polymerized serum 

albumin (PSA) via PSA 
hepatocyte receptor for polymeric IgA 
class I HLA histocompatibility molecule via 

ß2-microglobulin 
CD4 (T4) molecule of T lymphocyte 
class I HLA histocompatibility molecule 

interleukin 2 receptor 
sialoglycoproteins and sialoglycolipids 

(gangliosides) 
class II la histocompatibility molecule 

of macrophage 
lymphoma cell surface IgM 
T-cell receptor 
acetylcholine receptor 
sialoglycoproteins 
ß-adrenergic receptor 
sialoglycoproteins 
class I HLA and H-2 histocompatibility 

molecules 
epidermal growth factor receptor 
phosphatidylserine 

The nature, number and distribution of host-cell receptors are important factors 
in determining the host range or tissue tropism of a virus (Fields and Greene, 
1982; Mims et al, 1986). Viruses infecting lymphocytes bind to molecules present 
on the surface of these cells such as complement receptors, immunoglobulins and 
T-cell receptors. On the other hand, different cells may be infected by the same 
virus when they express the appropriate receptor. The T4-receptor is found on the 
surface of brain cells as well as on T-lymphocytes, explaining the dual neurotropic 
and lymphotropic character of human immunodeficiency virus (Maddon et ai, 
1986). In some cases, virus particles coated with subneutralizing concentrations of 
antibody can bind to and be internalized by cells with surface Fc receptors 
(Gollins and Porterfield, 1984). 
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For some host-cell receptors the structure of the receptor site has been 
identified. One of the best known is the sialic acid of oligosaccharides, present on 
many cell-surface glycoproteins and glycolipids, as the influenza virus 
hemagglutinin's receptor (Wiley and Skehel, 1987). 

2.1.2. Viral Attachment Proteins 
Viral attachment proteins are those proteins located on the surface of the virus 

particle that are involved in attachment to host-cell receptors. These proteins are 
either virus specific integral membrane glycoproteins (spikes) of enveloped 
viruses or capsid proteins of non-enveloped viruses. 

Among the best characterized viral attachment proteins are those of influenza 
virus (Wilson, 1986; Wiley and Skehel, 1987), poliomyelitis virus (Hogle et ai, 
1985) and human rhinovirus 14 (Rossmann et ai, 1985). X-ray crystallographic 
analyses provided the three-dimensional structure of the surface proteins of these 
viruses, which enabled us to study their interaction with the host in more detail. 

The hemagglutinin, which is the attachment protein of influenza virus, is 
composed of a globular head and a fibrous tail (Wilson, 1986; Wiley and Skehel, 
1987). The globular head has many exposed loops extending to the surface 
furthest from the viral membrane. The sialic acid binding site is located at the 
center of these protruding loops, consisting of a highly conserved pocket. The 
amino acid chains forming the surface of the pocket are positioned in such a way 
that they can make direct contact with the cellular receptor. The binding site is 
inaccessible to neutralization by antibodies, which explains its high degree of 
conservation. In contrast, the protruding loops at the surface show a high degree 
of antigenic variation. Hence, extensive changes at the surface enables the virus to 
escape immune recognition, while the essential receptor-recognition site remains 
preserved. 

For poliovirus and human rhinovirus, both non-enveloped viruses, the receptor 
binding site is located in a cleft in the protomer surface (Hogle et ai, 1985; 
Rossmann et ai, 1985). One side of the cleft is formed by the VPl-pentamer; the 
other side by VP2 and VP3 subunits. In case of rhinovirus, mutations leading to 
resistance to monoclonal antibodies occurred in amino acids which protrude from 
the protomer surface (Rueckert et al., 1986). The floor of the cleft, which most 
probably is the receptor recognition site, appears to be protected from attack by 
antibodies, which are too big for penetration. 
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Thus, as far as three-dimensional structures are available, for both enveloped 
and non-enveloped viruses viral attachment proteins seem to contain highly 
conserved receptor recognition sites inaccessible to neutralization by antibodies, 
while protruding surface structures accommodate extensive mutations enabling 
the virus to escape immune recognition. 

2.2. Penetration 
Entry of animal viruses into their host cells occurs either directly through the 

plasma membrane, or, after endocytosis of the virus particles, through the 
membrane of an endocytotic vesicle or endosome (Figure 1.). 

Most viruses enter via the latter, indirect, way. Following attachment, both 
receptors and attached virus particles are internalized by absorptive or receptor 
mediated endocytosis. Some viruses, e.g., influenza virus and Semliki Forest 
virus, enter the cell via coated pits which, upon internalization of the vesicles, 
become part of the endosomal compartment whose contents become acidified 
(pH 5). This acidification is an important factor in the further unknown process of 
entry of virus particles or their genomes into the cytoplasm. In case of influenza 
virus, low pH triggers the hemagglutinin to change conformation, which in 
addition to a proteolytic cleavage activates its ability to induce fusion between the 
viral and endosomal membrane (Landsberger and Sehgal, 1986; White et al, 1986; 
Wiley and Skehel, 1987). This activation includes the exposure of a previously 
buried hydrophobic peptide (denoted fusion peptide), which, by inserting into the 
target membrane, brings the viral and host-cell membrane physically close 
enough to fuse. It is suggested that the viral fusion peptide, by withdrawing lipid, 
causes a destabilization of the target membrane, resulting in intermixing of the 
phospholipids of the two bilayers (Landsberger and Sehgal,1986). 

The involvement of hydrophobic peptides in virus-entry seems a rather 
wide-spread phenomenon in animal virology. Viruses penetrating directly 
through the plasma membrane, such as paramyxoviruses, may obtain fusion with 
the target membrane in a way quite similar to influenza virus (Hsu et ai, 1981). In 
this case, however, activation of the fusion peptide is not dependent on exposure 
to pH 5, but occurs after attachment to the cellular receptor at neutral pH. 

Also non-enveloped viruses may use "hydrophobic domains" of nucleocapsid 
proteins to mediate penetration into the host cell. For example, at low pH, 
adenovirus exposes a hydrophobic domain of its penton base. This domain, by 
interaction with the lipid bilayer, initiates disruption of the endosomal membrane, 
thereby allowing virus particles to enter into the cytosol (Seth et ai, 1984; 

22 



Blumenthal, 1986). Also poliovirus capsid proteins expose hydrophobic domains 
at pH 5 (Olsnes et ai.,1986). However, the mechanism by which these domains 
mediate translocation is not understood yet. 

2.3. Disassembly (Uncoating) 
Once penetrated into the cell, the viral genome has to be released from the 

particle or nucleocapsid. In case of alphavirus nucleocapsids, which appear in the 
cytoplasm after fusion of the viral and endosomal membrane, a transfer of capsid 
protein is observed from the nucleocapsids to the large subunits of cellular 
ribosomes (Wengler and Wengler, 1984). This transfer is supposed to be part of the 
reactions leading to the release of the viral genomic RNA into the cytoplasm. The 
exact mechanism how capsid proteins are released from nucleocapsids is not 
known yet. Later in infection, however, a transfer in the opposite direction, i.e., 
from ribosomes to preassembled nucleocapsids, occurs (Söderlund and Ulmanen, 
1977; Wengler et ai, 1984). These observations lead to the hypothesis that the 
disassembly and assembly of alphavirus nucleocapsids is regulated by a process 
which could be named "receptor-mediated nucleocapsid disassembly". According 
to this hypothesis acceptors exist for capsid protein molecules in uninfected cells, 
which early in infection bind these proteins and thereby initiate disassembly of 
these complexes, while later on these acceptors have to be saturated with newly 
synthesized protein before efficient assembly of nucleocapsids can occur 
(Wengler, 1987). The existence of such a receptor, as regulator of nucleocapsid 
disassembly and assembly, may be a feature used by other viruses as well. 

For the non-enveloped picornaviruses, however, different mechanisms seem to 
be involved. As these viral nucleocapsids already undergo conformational 
changes prior to penetration into the cytoplasm, disassembly may be initiated at 
en earlier stage (Olsnes et al, 1986; Neubauer, 1987). The exposure of hydrophobic 
domains, supposed to mediate translocation across the endosomal membrane, 
probably also represents the initial event leading to disassembly of the particles. 
Whether these altered virus particles or just the naked genomes enter the 
cytoplasm is not elucidated yet. In spite of this uncertainty it is clear that the 
mechanism of disassembly of these non-enveloped viruses, most probably, is 
different from the "receptor-mediated" disassembly of alphavirus nucleocapsids. 
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3. PLANT VIRUSES 

Compared to animal virus infections, the information about initial stages in 
plant virus infections is scarce and far more fragmentary. This is probably caused 
by the fact that studies on plant cells are hampered by the presence of a cell wall. 

The majority of our present knowledge about early events in plant virus 
infections has been obtained from studies on mechanically inoculated leaves and 
isolated leaf cell protoplasts. Both experimental systems have their own 
advantages and disadvantages: the former in providing a system with intact plant 
cells in tissue, the latter in providing a defined cell system where synchronous 
infections can be obtained while cell-to-cell spread is excluded. Therefore, studies 
on both systems will be briefly discussed (for more detailed reviews see: Zaitlin 
and Beachy, 1974; Takebe, 1975; De Zoeten, 1981; Watts et al, 1981; Mühlbach, 
1982; Takebe, 1983; Sander and Mertes, 1984; Takebe, 1984; Shaw, 1985; Zaitlin and 
Hull, 1987). 

In the following paragraphs, no discrimination is made between enveloped and 
non-enveloped viruses, as the viral envelope might only have a function in 
replication in the arthropod vector. Indeed, some plant rhabdoviruses (Hsu et al., 
1983; Gaedigk et ai, 1986) have been shown to replicate in insect cells. 

3.1. Attachment 
In contrast to animal systems, where specific interactions at the cell surface 

often provide a selection mechanism for compatibility, plant systems do not seem 
to discriminate at this level (Atabekov, 1975). Numerous non-host plants show 
subliminal infections on virus inoculation, indicating that replication occurs at 
least in initially infected cells (Sulzinski and Zaitlin, 1982). Furthermore, various 
plant viruses have been shown to replicate in isolated protoplasts of non-host 
plants (Furusawa and Okuno, 1978). In view of these observations the 
involvement of specific interactions at the cell surface in plant virus infections 
seems questionable. 

Non-specific attachment, however, was observed. After infiltration of tobacco 
rattle virus (TRV) particles into leaf panels of host and non-host plants, virus 
particles were found to be bound to cell walls bordering intercellular spaces 
(Gaard and De Zoeten, 1979), and for both plants shortening of these bound 
particles has been observed. Also Kurtz-Fritsch and Hirth (1972), when studying 
uncoating of turnip yellow mosaic virus (TYMV) and brome mosaic virus (BMV) 
on inoculation of chinese cabbage and barley leaves, respectively, reported on 
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both reversible and irreversible binding. Only the latter was supposed to be 
involved in infection. As in both studies no further data were available on the 
localization and the fate of those virus particles causing infection, the role of 
extracellular attachment remains unclear. 

By using compressed-air guns for mechanical virus transmission, Laidlaw 
(1987) found a close correlation between leaf susceptibility and surface area of 
extruded cytoplasm, and therefore concluded that virus particles bind to or are 
absorbed by the plasma membrane covering these cytoplasmic extrusions. The 
extent of infection in this system was shown to be dependent on static attraction 
as well as a close contact between virus particles and plasma membrane. These 
observations agreed well with those obtained by studies on binding of virus 
particles to isolated leaf cell protoplasts (Motoyoshi, 1973; Wyatt and Shaw, 1975; 
Zhuravlev et al., 1975; Watts et ai, 1981). In none of these systems, however, the 
relation between attachment and infection has been reported. 

Thus, neither studies on mechanically inoculated leaves, nor studies on isolated 
protoplasts, revealed adequate and conclusive information on attachment to the 
cell surface in relation to infection of plant cells. For understanding of this 
process, more knowledge of virus transmission under natural conditions seems 
indispensable. 

3.2. Penetration 
Unlike animal viruses, most of which are self-supporting in penetration, entry 

of plant viruses, at least in experimental systems, often is dependent on external 
damaging of the (host) cell. Although plant virus capsid proteins are found to 
interact with isolated plasma membranes (Kiho and Shimomura, 1976) and 
artificial membranes (Banerjee et al., 1981a,b; Datema et al, 1987) in most cases no 
infection is obtained on inoculations with virus only. 

For mechanical virus inoculation of leaves, abrasive substances, such as 
carborundum and celite, are used. Rubbing leaf surfaces with one of these 
substances is supposed to produce local, transient wounds through which virus 
particles may penetrate. 

In case of isolated protoplasts, viral entry sites are obtained by either treatment 
with polymers as poly-L-ornithine (PLO) and polyethylene glycol (PEG) (Sander 
and Mertes, 1984), or electric shock (Nishiguchi et al., 1986; Watts et al., 1987). Both 
treatments are supposed to induce transient perturbations of the plasma 
membrane during which penetration of virus particles may occur. 
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With regard to the mechanism of penetration, the information obtained by 
these experimental systems is very incondusive. During mechanical inoculation 
of leaves cytoplasmic extrusions towards the leaf surface may bind and 
internalize virus particles in a similar way as observed for isolated protoplasts 
(Watts et al., 1981; Laidlaw, 1987). However, it is unknown if either direct 
penetration or endocytosis of bound virus particles (Figure 1) leads to infection, as 
the formation of both lesions and vesicles seems to be stimulated during 
inoculation (Grout et ai, 1973). Therefore, the fate of virus particles, present in the 
cytoplasm as well as in the endocytotic vesicles, has to be determined. 
Furthermore, for a better understanding of the penetration process, in these 
experimental systems as well as under natural conditions, more information on 
the role of the vector is required. 

3.3. Disassembly (Uncoating) 
Disassembly of several plant viruses has been studied on inoculation of both 

host and non-host plants (Machida and Kiho, 1970; Kurtz-Fritsch and Hirth, 1972; 
Gaard and De Zoeten, 1979; Matthews and Witz, 1985). In these studies, initiation 
of disassembly was found to occur very soon after inoculation. However, with 
regard to the site and mechanism of this process, rather different results were 
obtained. 

For TRV, a shortening of particles has been observed to occur on the cell wall 
(Gaard and de Zoeten, 1979). Indications exist that this extracellular dissociation 
is needed before infection can occur. However, in this study the possibility that 
intact virions enter the cells and cause infection could not be excluded. 

Evidence for an intracellular site of disassembly was obtained for several 
viruses, e.g., tobacco mosaic virus (TMV) (Machida and Kiho, 1970; Kiho, 1972). 
Soon after inoculation of tobacco leaves parental virus particles were observed to 
be associated with cellular ribosomes. Moreover, primarily in cell-free translation 
systems (Wilson, 1984a,b), but later in leaf cells as well (Shaw et ai, 1986), these 
virus-ribosome complexes were shown to direct protein synthesis. Therefore, it 
was proposed that disassembly might occur as a consequence of translation of the 
viral genome, i.e., "cotranslational disassembly". 

A similar disassembly mechanism has been proposed for some isometric and 
bacilliform virus particles, because in vitro studies revealed their ability to direct 
protein synthesis (Brisco et al., 1985,1986). However, the highly stable particles of 
TYMV formed an exception as their encapsidated RNA appeared not to be 
available for translation in vitro. In addition, the appearance of empty protein 
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shells following mechanical inoculation of leaves (Kurtz- Fritsch and Hirth, 1972; 
Matthews and Witz, 1985) suggested that, in this case, the genome is released 
from almost intact protein shells. The nucleoprotein particles probably lose a 
pentamer or hexamer of protein when the RNA is released. 

Uncoating by either direct genome release or cotranslational disassembly is 
unlikely to occur on intact virus particles. For example, alkali-treatment of TMV 
particles was found to markedly stimulate cotranslational disassembly in vitro 
(Wilson, 1984a). The pH 8 treatment was suggested to alter the 5'-terminal 
nucleoprotein structure in such a way that the 5'-end of the RNA becomes 
available for initiation of translation. Also "pre-swelling" of isometric and 
bacilliform virus particles, which stimulated viral protein synthesis, was 
supposed to increase the accessibility of the RNA (Brisco et al, 1986). 

Destabilization in vivo has been subjected to many speculations, as in most 
studies the destabilization observed could not be related to infection. Interactions 
with both cell wall (De Zoeten, 1981) and plasma membrane (Durham, 1978; 
Banerjee et al., 1981a,b) have been proposed. In the latter case, the local 
concentration of especially calcium ions was supposed to be involved as well 
(Durham, 1977,1978). In addition, the association of capsid protein with 
intracellular membranes in TYMV-infected cells (Hatta and Matthews, 1976) 
might suggest the involvement of these membranes. 

Other mechanisms of intracellular destabilization may include the involvement 
of "capsid protein - binding sites", which, like the large ribosomal subunit in case 
of alphavirus infections, withdraw capsid protein molecules from the incoming 
virus particles. The presence of such receptor sites in plant cells is supported by 
observations on "cross-protected" (Sherwood and Fulton, 1982; Sherwood, 1987) 
and transgenic plants expressing the viral capsid protein (Powell Abel et al., 1986; 
Loesch-Fries et ai, 1987; Nelson et al., 1987; Turner et al., 1987; Van Dun et al., 
1987). In both cases, the presence of serologically related or homologous capsid 
protein, was found to protect against (super) infection with virus, most probably 
by preventing the uncoating of incoming virus particles. Indeed, recent findings 
of Register and Beachy (1988) on isolated protoplasts of these transgenic plants 
favour the hypothesis that protection is due to a blockage of sites where virus 
uncoating is initiated. However, the existence of such intracellular receptor sites 
for capsid proteins still has to be proven. 
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4. CONCLUDING REMARKS 

In initial stages of both animal and plant virus infections three distinct 
processes can be recognized: i) attachment, ii) penetration, and iii) disassembly 
(uncoating) (Figure 1), which finally will result in translation and replication of 
the viral genome. The mechanisms by which this result is achieved, however, may 
be completely different, depending on the type of virus, host cell, experimental 
system, etcetera. On the other hand, apparently different interactions may rely on 
similar basic principles. 

When comparing initial interactions in animal and plant virus infections, most 
striking differences are observed with regard to attachment. In animal systems, 
this process involves highly specific interactions between viral attachment 
proteins and cellular receptors, which give rise to a biological relevant reaction, 
i.e., penetration of the virus. In plant systems, attachment is non-specific and only 
results in penetration when externally induced wounds are present. This 
difference may explain why in animal systems discrimination between host and 
non-host cells is performed at the cell surface, while in plant systems 
discrimination occurs at a later stage. 

In contrast, the process of penetration is much more similar, as a transient 
disturbance of the membrane is required in both systems. In animal systems viral 
proteins do account for disturbance and subsequent virus passage of either 
plasma or endosomal membrane; in plant systems membrane disturbance and 
virus penetration is, most probably, dependent on external wounding. How far, in 
the latter case, penetration under natural conditions is dependent on external 
wounding is still unknown. However, the observation that aphids, and possibly 
other arthropod vectors as well, penetrate plasma membranes during "probing" 
activities (Tjallingii, 1985; Lopez-Abella et al., 1988), suggest that natural 
transmission also involves external damaging of the plama membrane. 

Finally, disassembly, especially when assumed to occur intracellularly, may 
form an important point of contact in comparing animal and plant virus 
infections (Wilson, 1985). At the moment, however, for both systems the available 
information on this process is still fragmentary and incomplete, and hence a 
grateful subject for speculations. 
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CHAPTER 3 

BINDING OF COWPEA CHLOROTIC MOTTLE 
VIRUS TO COWPEA PROTOPLASTS AND 

RELATION OF BINDING TO VIRUS ENTRY 
AND INFECTION 

J.W. Roenhorst, J.W.M. van Lent, and B.J.M. Verduin 

ABSTRACT 

Cowpea chlorotic mottle virus (CCMV) and cowpea protoplasts were used to 
study initial interactions between virus and protoplast. Protoplasts and virus 
were incubated under varying conditions of temperature, pH, ionic strength and 
the presence of added compounds. Both the amount of S-labelled virus bound 
to protoplasts and the percentage of infected cells were determined. At 0 and 25° 
the amount of virus associated with protoplasts increased with the amount of 

(\ 3 

virus added. With inoculum of 25 x 10 virus particles per protoplast, 4x10 and 
14 x 10 particles per protoplast were bound at 0 and 25°, respectively. In the 
presence of polyethylene glycol, 85 x 10 associated particles per protoplast were 
bound at both temperatures and ca. 50% of the protoplasts became infected. No 
infection occurred in the absence of PEG. Variation of pH or ionic strength in the 
absence of PEG caused little to no change in binding and no infection. In the 
presence of PEG, increase of pH resulted in lower binding, but infectivity was not 
affected. Increasing ionic strength, however, increased both binding and 
infectivity. The presence of unlabelled CCMV, tobacco mosaic virus coat protein, 
bovine serum albumin, and polycations during inoculation in the absence of PEG 
decreased the amount of bound CCMV. In contrast, CCMV coat protein, which 
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has a positively charged N-terminal arm, increased binding. In the presence of 
PEG the effects were similar, although larger amounts of virus were bound. The 
percentage of infection was reduced by all additives to 5-25 %. Addition of 
ammonium chloride, which inhibits endocytotic virus uptake in animal cells, 
during inoculation as well as in culture media, did not reduce infectivity. These 
data -do not support a specific receptor-mediated endocytotic uptake of virus but 
favor a nonspecific mechanism of entry, possibly through membrane lesions. 
Observations in the electron microscope support the latter mechanism. 

INTRODUCTION 

The mechanism by which non-enveloped plant viruses enter their host cells is 
still disputed (for review see Shaw, 1985) and has recently attracted more 
attention because some viruses are used as vectors to introduce foreign genes into 
cells. Specific interactions with both the cell wall (De Zoeten, 1981; De Zoeten and 
Gaard, 1984) and plasma membrane (Durham, 1978; Banerjee et al., 1981a,b) have 
been suggested as modes of entry with concurrent uncoating of the viral genome. 
Passage of the plasmalemma may occur by (receptor-mediated) endocytosis 
(Cocking and Pojnar, 1969; Cocking, 1970; Takebe, 1975) or through pores or 
lesions (Burgess et al., 1973a,b; Kassanis et ai, 1977; Watts et al., 1981). Recently a 
process of cotranslational disassembly of metastable virus particles has been 
proposed (Wilson, 1985) in which ribosomes induce the uncoating. 

The inconclusive results on the initial interactions between virus and cells 
prompted us to reinvestigate these interactions. Cowpea chlorotic mottle virus 
(CCMV) and isolated mesophyll protoplasts of cowpea were used as a model 
system to study the initial interactions between CCMV and its host cell in relation 
to infection. Protoplasts and virus were incubated under varying conditions of 
temperature, pH, ionic strength, and the presence of added compounds. Both the 
amount of S-labelled virus bound to protoplasts and the percentage of infected 
cells were determined. Besides the effects of addition of PEG, a mediator of 
infection, ammonium chloride, an inhibitor of the acidification of endocytotic 
vesicles, and several other compounds were tested. The binding and infectivity 
experiments were supplemented with electron microscopic examination of 
embedded and sectioned protoplasts immunogold labelled with antiserum 
against CCMV. 
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MATERIALS AND METHODS 

Isolation and storage of virus 
CCMV and brome mosaic virus (BMV) were propagated in Vigna unguiculata 

cv. California Blackeye and Hordeum vulgare cv. Moore, respectively. Viruses were 
isolated and purified as describedby Verduin (1978) and stored in virus buffer 
(CCMV, 0.1 M sodium acetate buffer, pH 5.0, containing 1 mM EDTA and 1 mM 
sodium azide; BMV, CCMV-virus buffer including 10 mM MgCl2) at 4°. 

S-Labelling of virus 
Cowpea and barley seeds were incubated for 48 hr at 25° in the dark in 

moistened vermiculite. The germinated seeds were transferred to Hoagland's 
mineral salt solution, deficient in sulphate, and placed in a growth cabinet. The 
growing conditions of this hydroponic culture were illumination with fluorescent 
tubes (25 kWatt/m2 at the height of the primary leaves) at 25° and a relative 
humidity >75% for 12 hr and 30 min, followed by darkness for 11 hr and 30 min at 
22° (Huxley and Summerfield, 1976). After 10 and 5 days, cowpea and barley 
leaves, respectively, were inoculated with CCMV and BMV at a concentration of 
1 mg/ml in inoculation buffer: 0.01 M sodium phosphate, pH 6.0, containing 
5 mM MgCl2- Twenty four hours after inoculation leaves were removed from the 
plant and incised at 2-rrtm distances. This material was floated on 50 ml of 
Hoagland's solution containing 50-150 uCi 35S-sulphate (ca. 300 mCi/mM). Three 
days thereafter the leaves were harvested and the virus was isolated as described 
(Verduin, 1978). Purity of the labelled virus (sp act 1000-2000 cpm/ug) was 
checked on Polyacrylamide gels. All radioactivity migrated with the coat protein 
band. 

Preparation of protoplasts 
Cowpea mesophyll protoplasts were isolated as described by Van Beek et al. 

(1985) with minor modifications of the washing solution [2.5 mM 2(N-morpho-
lino) ethane sulfonic acid-KOH (MES, Sigma), pH 5.6, 0.6 M mannitol] and 
enzyme [0.8% cellulase and 0.05% Macerozym (Yakult Pharmacological 
Industries) in washing solution] solutions. Only protoplast suspensions 
containing at least 80% viable protoplasts after isolation were used in further 
experiments. 
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