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INTRODUCTION

Everything flows and nothing stays (Heraklitus, 513 B.C.)

Plasmodesmata are symplastic bridges between plant cells that define a .
topological unit of the plant body, limited by plasma membranes, known as the symplast.
Symplastic connection is critical for processes in plant development such as
morphogenesis or assimilate transport through the phloem. Thus, plant physiologists and
cell biologists have made major efforts to understand the structure and function of
plasmodesmata that connect different tissues.

Macromolecules do not pass through plasmodesmata, unless they provide a
system that facilitates their own transport. Plant viruses fall into this category. To invade
a plant systemically, most plant viruses need to move from the initially infected cells to
neighbouring ones, and then, via the vascular tissues, to other parts of the plant. Thus,
plant viruses encode proteins that facilitate their movement through plasmodesmata and
into the phloem.

Considerable progress has been made in the last ten years in identifying virus-
encoded proteins involved in various aspects of the movement process. These movement
proteins have facilitated the understanding of macromolecular trafficking between cells,
although less is known about how viruses access the phloem and move within and out of
sieve elements. Nevertheless, the various virus movement proteins and viral genetic
materials are very useful either as probes or to provide molecular markers to understand
both plasmodesmatal functions and processes related to phloem transport.

Consequently the stage has been reached at which there is a convergence between
the goals of plant biologists and virologists, with each being able to offer unique
contributions and perspectives to the further understanding of the specific mechanisms by
which viruses and other macromolecules move within plants. Thus, it was timely that
there should be a meeting bringing together these two fields to foster future research and
collaboration.

This meeting first reviewed what is known about plasmodesmata structure and
development, and then proceeded to consider the progress made in understanding the
functions of plasmodesmata through viral and developmental approaches. Processes
involved in phloem-dependent transport were examined using different markers such as
fluorescent dyes, phloem-specific proteins and viruses. Various viral movement strategies
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were described, as well as the role of plasmodesmata in the plant's response to pathogen
invasion.

The stage is now set for genetic and molecular approaches that will result in the
characterisation of the detailed structure of plasmodesmata between different cell types.
This will contribute to our understanding of how the plasmodesmal components interact
with viral movement proteins and other macromolecules to regulate intercellular
communication within plants.

Fernando Garcia-Arenal
Karl J. Oparka
Peter Palukaitis



Plasmodesmata Structure, Formation
and Development

Chair: William J. Lucas
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KOLLMANN, Rainer: Multimorphology and terminology of plasmodesmata

In multicellular higher plants the number and structure of plasmodesmata changes during cell
differentiation. Primary plasmodesmata are formed during cytokinesis in the cell plate as single
unbranched cytoplasmic strands each containing one tightly constricted ER tubule (Hepler,
1982). Depending on cell differentiation, many of these straight primary plasmodesmata
become modified by various forms of branching during wall thickening (Ehlers and Kollmann,
1996; Glockmann and Kollmann, 1996) thus partially compensating for the dilution of
cytoplasmic bridges during cell extension and division. It is furthermore likely that
plasmodesmata are formed de novo in elongating division walls by fusion of opposite half
plasmodesmata. This process resulting in branched secondary plasmodesmata occurs in wall
regions with thinned and loosened matrix following a mechanism described by Kollmann and
Glockmann (1991) for non-division walls. The principle of formation of primary and secondary
plasmodesmata hold one fundamental mechanism in common: enclosure of ER by fusing Golgi-
vesicles which deliver wall material and the plasma membrane surrounding the cytoplasmic
bridge (Hepler, 1982; Kollmann and Glockmann, 1991; Monzer, 1991; Ehlers and Kollmann,
1996). Coincidence in the mechanism of formation accounts for the identical fine structure and
corresponding dimensions - of primary and secondary plasmodesmata. There is only one
difference in the formation process between both types of cell connections: while primary
plasmodesmata are continuous from the very beginning of cell plate building, secondary cell
connections require fusion of plasmalemma and ER of adjacent cells. Secondary branching
occurs in primary as well as in secondary plasmodesmata during wall thickening. This in
connection with the identical fine structure make any distinction between primarily and
secondarily formed cell bridges difficult. Unequivocally, secondary plasmodesmata can only be
identified in non-division (fusion) walls of e.g. graftings (Kollmann and Glockmann, 1985),
chimeras (Steinberg and Kollmann, 1994), host parasite interactions (Dorr, 1969), fusion of
carpels (van der Schoot et al, 1995). In division walls, where the mode of origin of the cell
bridges is unclear, the term "branched plasmodesmata" will be more appropriate as it is correct

for both, primary and secondary cell connections.

References:
Dorr I (1969) Feinstruktur intrazellular wachsender Cuscuta-Hyphen. Protoplasma 67: 123-
137
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Ehlers K, Kollmann R (1996) Formation of branched plasmodesmata in regenerating Solanum
nigrum-protoplasts. Planta 199: 126-138

Glockmann Ch, Kollmann R (1996) Structure and development of cell connections in the
phloem of Metasequoia glyptostroboides needles. 1. Ultrastructural aspects of modified
primary plasmodesmata in Strasburger cells. Protoplasma 193: 191-203

Hepler P K (1982) Endoplasmic reticulum in the formation of the cell plate and
plasmodesmata. Protoplasma 111: 121-133

Kollmann R, Glockmann Ch (1985) Studies on graft unions. I. Plasmodesmata between cells of
plants belonging to different unrelated taxa. Protoplasma 124: 224-235

Kollmann R, Glockmann Ch (1991) Studies on graft unions. IIL. On the mechanism of
secondary formation of plasmodesmata at the grafi interface. Protoplasma 165: 71-85

Mongzer J (1991) Ultrastructure of secondary plasmodesmata formation in regenerating
Solanum nigrum-protoplast cultures. Protoplasma 165: 86-95

Steinberg G, Kollmann R (1994) A quantitative analysis of the interspecific plasmodesmata in
the non-division walls of the plant chimera Laburnocytisus adamii (Poit) Schneid.
Planta 192: 75-83

van der Schoot Ch, Dietrich M A, Storms M, Verbeke J A, Lucas W J (1995) Establishment of
a cell-to-cell communication pathway between separate carpels during gynoecium
development. Planta 195: 450-455
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ARCHITECTURE OF PLASMODESMATA

R.L. Overall
School of Biological Sciences, Macleay Building A12, The University of Sydney, NSW,2006,

Australia

The architecture of plasmodesmata has been under conjecture since since they were first observed
some forty yeaars ago in the electron microscope. One reason for the difficulty in the discerning
the detailed structure of plasmodesmata has been that the diameter of a plasmodesma is in the
order of 50nm, similar to the thickness of the thin sections used for electron microscopy. In
longitudinal view, the entire plasmodesma may be included within the section and in a transverse
view, one third of the plasmodesma may be superimposed. There has been disagreement about the
interpretation of the distribution of stain within a plasmodesma (compare Overall et al, 1982 and
Ding et al, 1992). In addition, the processes involved in preparation of material for electron
microscopy are likely to have introduced artefacts.

We have used a variety of techniques in an attempt to overcome these problems. The
ultrastructural details of plasmodesmata that have been conventionally fixed with those that have
been freeze-substituted have been compared. Using 2-deoxy-D-glucose (DDG), an inhibitor of
callose synthesis, we have demonstrated that the neck constrictions at the ends of plasmodesmata
which restrict the cytoplasmic annulus are an artefact of callose deposition stimulated by chemical
fixation (Radford et al, 1998). The cytoplasmic pathway through plasmodesmata may be larger
than previously thought.

The development of the field emission scanning electron microscope (FESEM) has achieved the
resolution available in transmission electron microsopy. High resolution scanning electron
microscopy (HRSEM) has provided spectacular 3-dimensional images of the plant cytoskeleton
and has been combined with immunocytochemistry (Vesk et al, 1996). We have applied these
techniques to study the three-dimensional architecture of plasmodesmata in an attempt to clarify
confusion over interpretation of staining patterns and superimpostion of many structures in one
image. On preparations in which the walls have been lost, simple primary plasmodesmata appear
as columns between cells. This technique is particularly suited to imaging the architecture of
complex branched plasmodesmata such as those in Chara corallina.. When the wall is present,
there is a consistent space between the plasmodesma and the visible wall. There are occasional
spokes traversing this space, connecting the plasmodesma and the surrounding wall material. On
rare occasions, the internal structure of plasmodesmata has been visible revealing a central
structure surrounded by particulate material. Combining HRSEM with immunogold
cytochemistry of callose has shown that callose is located around the neck regions of Chara
corallina plasmodesmata, closely associated with the plasmamembrane rather than the cell wall.

Immunogold cytochemistry has demonstrated that actin and myosin are present in the
plasmodesmata of both higher plants (White et al, 1994; Radford and White, 1988) and Chara
corallina (Blackman and Overall, 1998). We have attempted to incorporate these cytoskeletal
elements into a dynamic model for the architecture of plasmodesmata (Overall and
Blackman,1996). The central axial structure is presented as a tightly curled cylinder of
endoplasmic reticulum (ER), although it is possible with the wider dimensions of plasmodesmata
that this pathway could be opened. The actin is thought to be the particulate matter associated
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with the ERand is depicted spiralling around the it down through the plasmodesma. The spokes
seen connecting this particulate matter to the plasmamembrane may be myosin. The model also
incorporates the extracellular structures observed around plasmodesmata (Badelt et al, 1994) and
a putative contractile protein at the neck region.

REFERENCES

Badelt,K., White,RG , Overall,RL and Vesk,M (1994) Ultrastructural specialisations of the cell
wall sleeve around plasmodesmata. American J. Botany 81 (11) 1422-1427

Blackman,LM and Overall RL (1998) Immunolocalisation of the cytoskeleton to plasmodesmata
of Chara corallina. Plant J. In press

Ding,B, Turgeon,R and Parthasarathy MV (1992) Substructure of freeze-substituted
plasmodesmata. Protoplasma 169, 28-41

Overall, RL and Blackman,LM (1996) A model of the macromolecular structure of
plasmodesmata. Trends in Plant Sci. 9: 307-311

Overall,RL, Wolfe,J and Gunning, BES (1982) Intercellular communication in Azolla roots [
Ultrastructure of plasmodesmata. Protoplasma 111, 134-150

Radford, J, Vesk, Mand Overall, RL (1998) Callose deposition at plasmodesmata. Protoplasma,
201:30-37

Radford,JM and White,RG (1998) Localisation of a myosin-like protein to plasmodesmata. Plant
J. In press

VeskPA, Vesk M and Gunning BES (1996) Fields emission scanning electron microscopy of
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PLASMODESMATA - TOWARDS A RECONCILIATION OF
ULTRASTRUCTURE WITH FUNCTIONAL STATE

1CEJ Botha, 2RHM Cross and 3AK Cowan

1Department of Botany, 2Electron Microscopy Unit, Rhodes University and
3Department of Horticultural Science, University of Natal, Pietermaritzburg,
South Africa.

Robards’ paper in Nature, (1968a) entitled “Desmotubule - A plasmodesmatal
Substructure” - started a debate which, some 29 years later, remains largely unresolved.
The concept of the desmotubule, its fine structure, and relationship to the other
components of higher plant plasmodesmata remains equivocal with respect to its
substructure, its presence in most higher plant plasmodesmata and, therefore, its role in
cell to cell communication. Almost as many interpretations of structure exist in the
literature as there are references.

In a review Robards and Lucas (1990) alluded to the difficulties associated with
electron imaging of plasmodesmata. The problem remains one of interpreting the
electron image as seen in transverse view and the reconciliation of this with longitudinal
views of plasmodesmata from the same tissues. Thus, the statements made by Robards
and Lucas (1990), remain true - it is and remains difficult to correlate transectional with
longitudinal plasmodesmal structure. The difficulties are enormous difficulties,
associated for the most part with noise generated within the electron image and the
plane of the section, where average section thickness exceeds that of the diameter of the
desmotubule foe example. In addition, plasmodesmatal function also remains equivocal.
Indeed, there are many interpretations of function, and as many views on their potential
regulatory role cell-cell transport. The literature contains many examples of evidence
for changes in plasmodesmal functionality, which seem to be chiefly related to the roles
of the tissues concerned - i.e., whether these are importers (sinks) or exporters (sources).
There is direct evidence for pressure-regulated closure of plasmodesmata (Oparka and
Prior, 1992), that short term osmoregulation leads to increased phloem unloading
(Schulz, 1994) and that symplastic phloem unloading is inhibited during the source-sink
transition in Nicotiana benthamiana leaves (Roberts et al.1997). There is direct
evidence that accelerated leaf senescence may be effected through arrested development
of secondary plasmodesma in transgenic tobacco plants (Ding et al. 1993). However,
none of these papers make use of high resolution, detailed electron microscopy to
substantiate argument and evidence for loss of transport capacity in the tissues
investigated.
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The suggestion by Robards and Lucas (1990) that electron microscope images are
“snapshots in time” and therefore only indicators of potential symplastic
transport, remains for the most part, correct.

This paper will explore the relationships between plasmodesmatal substructure
and function using electron microscopy and cell-cell transport of Lucifer yellow in two
very different sink systems -the first 225 day old avocado fruit, and the second, mature
sugar cane stem tissue. We will demonstrate that conformational changes that occur in
the plasmodesmatal ultrastructure of these ageing systems preclude cell-cell transport of
Lucifer yellow and that regulation is achieved through the formation of neck-associated
electron-dense sphincter-like structures in avocado and in sugar cane. There is evidence
that the electron-dense material may contain callose.

References

Ding B, Haudenshield JS, Willmitzer L, Lucas, WJ (1993). Correlation between
arrested secondary plasmodesmal development and onset of accelerated leaf
senescence in yeast acid invertase transgenic tobacco plants. The Plant

Joumnal 4: 179-189.

Oparka, KJ, Prior,DAM, 1992 Direct evidence for pressure-generated closure of
plasmodesmata. The Plant Journal.2: 741-750.

Robards AW (1968). Desmotubule - A plasmodesmatal substructure. Nature,.
218: 784.

Robards AW, Lucas WJ (1990). Plasmodesmata. Annu. Rev. Plant Physiol. Plant
Mol. Biol. 41: 369-419.

Roberts AG, Santa Cruz S, Roberts IM, Prior DAM, Turgeon R, Oparka KJ (1997)
Phloem unloading in sink leaves of Nicotiana benthamiana: Comparison of a
fluorescent solute with a fluorescent virus. The Plant Cell 9: 1381-1396.
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KATRIN EHLERS
Universitat Giessen, Botanik 1, Senckenbergstr. 17,
D-35390 Giessen (Germany). Tel.: 49 6 41 99 351 20. Fax: 49 6 41 99 351 19
E-mail:Aart.v.Bel@bot1.bio.uni-giessen.de

Absteact: The formation of symplast domains by plugging of plasmodesmata - a
prerequisite for coordinated differcatiation processes?

Cultured protoplasts of many plant species develop into calluses which are able to organize
adventitious embryos and shoots especially when they are transferred onto agar media with
special phytohormone combinations. Electron microscopical studics on protoplast-derived
microcalluses of Solanum nigrum revealed that within these calluses certain cells or groups of
cells were most likely symplasmically isolated from the surrounding callus cells by plugging the
connecting plasmodesmata (Pd) with an osmiophilic, dense material. Plugged Pd were already
observed within 9- to 11-day-old microcalluses consisting of small, dedifferentiated cells which
do not yet show any structurally apparent peculiarities but were never found at younger stages
of culture. Moreover, it was proved in serial sections that if plugged Pd do occur between
adjacent callus cells, all the Pd in this certain cell wall will be occluded. However, the Pd in
other contact walls of the same callus cells might be ultrastructurally inconspicuous. Within a
plugged Pd the osmiophilic blocking material is obviously located in the microchannels of the
cytoplasmic sleeve which presumably represent the pathways for the Pd transport. Thus, it can
be assumed that the plugged Pd are non-functional. Consequently, those cells or cell clusters
which are encircled by plugged Pd obviously are symplasmically isolated from the surrounding
callus cells and might therefore function as an independent symplast domain. Sometimes, the
blocking material was found to be located at only one of the Pd neck regions which
presumably indicates that the osmiophilic material was deposited by one of the adjacent cells,
i.e. by the non-isolated surrounding callus cell.

When structural studies were carried out on embyogenic calluses derived from immature
embryos of Molinia caerulea, plugged Pd were also observed in certain cell walls of the
globular proembryogenic structures which are formed on scutellar callus and develop rapidly
into somatic embryos. It will be shown in an overall view summarizing the detailed analyses of
12 ultrathin serial sections that already at a very early developmental stage the selective
occlusion of Pd in certain cell walls creates a complicated pattemn of symplasmic (dis)continuity
and obviously leads to the formation of isolated symplast domains within the proembryogenic
structures.

Plugged Pd have already been described to occur in developing antheridia of Chara vulgaris L.
(e.g. Kwiatkowska and Maszewski 1985, 1986) between asynchronously dividing or
asynchronously differentiating cells and, therefore, symplasmic discontinuity has been
interpreted as a prerequisite for a desynchronisation of the cells in the course of developmental
processes. In agreement with these findings the plugged Pd in the protoplast-derived calluses
or in the proembyogenic structures might as well be regarded as the first symptoms indicating
desynchronisation of mitotic activity and initiation of differentiation processes in the course of
embryogenesis. Especially in the view of recent findings that a macromolecule transport
through Pd might influence developmental processes it seem to be reasonable that, on the other
hand, symplasmic isolation and the formation of symplast domains might as well be
prerequisites for coordinated differentiation prc in the course of organogenesis.
Kwiatkowska M, Maszewski J (1985) Planta 166: 46-50

Kwiatkowska M, Maszewski J (1986) Protoplasma 432: 179-18¢8
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GFP LIGHTS UP THE TUNNEL: STUDIES ON PLASMODESMAL
COMPOSITION AND FUNCTION AS PROBED WITH VIRAL
MOVEMENT PROTEINS LABELED WITH GREEN FLUORESCENT
PROTEIN.

B. Epel’, A. Katz', G. Kotlizky', M. Erlanger', M. Heinlein®, H. Padgett’, R.

Beachy® ; M. Boulton® "Tel Aviv Univ. Tel Aviv, Israel; *Friedrich Miescher-
Institute, Basel, Switzerland; * The Scripps Research Inst. La Jolla, CA, USA;
“John Innes Inst., Norwich UK.

Plasmodesmata (PD) are specialized gatable co-axial membranous trans-wall
tunnels that interconnect the cytoplasm of contiguous cells and function in a direct
intercellular movement of small molecules and, in certain cases, of macro-molecules.
Although the importance of these quasi-organelles is recognized, only recently have
PD components begun to be identified. In addition to their normal role in symplastic
transport, PD are exploited by viruses as conduits for spreading from cell-to-cell.
Because plant viruses target to and modify PD, they have become important tools
for the study of PD composition and function. The putative movement proteins V1
and V2 of the DNA maize streak geminivirus, MSV, and the movement protein
MP™ of the RNA tobacco mosaic tobamovirus, TMV, were fluorescently labeled
by translational fusion to the green fluorescent protein (GFP) of Aequorea victoria
and the fusion gene expressed behind a 35 S promoter following biolistic
bombardment. In maize leaves, V1-GFP but not free GFP moved cell-to-cell, thus
establishing V1 as the MSV cell-to-cell movement protein. V2 targeted only to
nuclei, and no expression could be detected in the cytoplasm in the absence of V1.
Unlike V1, V2 did not move cell-to-cell. MP"™ -GFP when expressed independent
of the virus in Nicotiana bentamiana leaves targeted transiently to several
subcellular sites including cytoskeleton and PD, and moved cell to cell. Employing
various MP mutants, we are studying partial reactions of MP targeting and
movement. By employing MP™ -GFP labeled PD, we have developed procedures
for isolating and purifying PD following enzymatic digestion of isolated cell walls.
Selected PD proteins in non-infected leaves and non-infected are being purified and
microsequenced and their genes are being cloned and sequenced. Results from these
studies should provide us with molecular information on PD composition and on
mechanisms by which tobamoviruses target to, modify and exploit PD for cell-to-
cell spread of infection.
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Viral and developmental clues into plasmodesmata function.

B.G. McLean, K.Crawford, Y. Cohen, A. Giscl, S. Barella, F.Hcmpel, K.Sha, and P. Zambryski,
Department of Plant and Microbial Biology, Koshland Hall, University of California, Berkeley, CA 94720

We approach the study of plasmodesmata (PD) by monitoring their function following two
general types of provocation, either following infection with plant viruses, or following alteration in
developmental programming.

Regarding plant viruses, we continue to use tobacco mosaic virus (TMV) as a molecular probe for
PD function. In particular, we have focused on the movement protein (MP) of TMV. To date we have
mapped 5 regions of the 30 kDa TMV-MP, C-terminal domains A and B define single strand nucleic acid
binding activity, domain C is essential for proper folding, domain D at the very end of TMV-MP contains
sites for phosphorylation by a plant cell wall associated protein kinase, and domain E specifies gating of
PD. Our most recent work delimits a 6th domain, F, for cytoskeletal binding. We have initiated studies on
the MPs of turnip crinkle virus (TCV). This virus is of particular interest since it infects Arabidopsis,
providing a genetically tractable host system to dissect PD structure and function. In addition, TCV
encodes 2 very small MPs, p8 (8 kDa) and p9 (9 kDa), that may provide a more precise localization of
signal sequences for intra- and intercellular movement.

Regarding PD function during development, we have begun to address changes in PD function in
the shoot apex of Arabidopsis. The availability of fluorescent markers that monitor symplastic movement,
such as HPTS (8-hydroxypyrene-1,3,6 trisulfonic acid) makes these types of studies highly feasible. HPTS
is loaded into the phloem and distributes symplastically to sites far from the site of initial loading. The
fluorescent tracer is monitored by confocal imaging. We are particularly interested in determining
symplastic domains in the shoot apical meristem during development. We have observed that the patterns
of dye movement in the vegetative meristem becomes altered during the transition to flowering. Much
research in the area of floral development has focused on the induction of genes, particularly
transcription factors, essential for reprogramming the meristem to produce inflorescence and floral
meristems. However, our studies suggest that intercellular trafficking via PD within the meristem also
undergoes changes when flowering is induced.

An additional area of research involves our attempts to identify PD components by a genetic
screen for mutations in Arabidopsis with altered PD trafficking patterns/size exclusion limits. For these
studies we are screening embryo lethal mutants for embryos with altered PD size exclusion limits. One
mutant ise-1 (Increased Size Exclusion limit-1) allows 11 kDa dextrans to move from cell to cell, while
wild type embryos generally have a size exclusion limit below 3 kDa. The ise-1 mutant also exhibits
morphological defects late in embryogenesis.

For review and additional references see:

McLean, G., Hempel, F., and Zambryski, P. Symplastic cell-to-cell communication in flowering plants. The
Plant Cell, 9, 1043-1054 (1997)
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ise-1 (Increased Size Exclusion limit-1) allows cell-to-cell movement of molecular

probes that are typically restricted to individual cells. Frederick D. Hempel, Andreas
Gisel, Kyle Sha and Patricia C. Zambryski, Dept. of Plant and Microbial Biology,
University of California, Berkeley 94720-3102, USA

We have initiated a screen for Arabidopsis mutants with altered plasmodesmal size-
exclusion limits. We are using fluorescent probes including HPTS,
carboxyfluorescein and F-dextrans to assay for altered size exclusion limits in
embryo-defective mutants. The first characterized mutant from the screen, ise-1,
allows 11 kDa dextrans to move from cell-to-cell, while wild-type embryos generally
have a size exclusion limit below 3 kDa. ise-1 mutant embryos also exhibit
morphological defects which are most prominent late in embryogenesis. The
mutant does not appear to be a cell wall, or cytokinesis-defective mutant. Mapping

data and allelism tests are currently in progress.
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EVOLUTION OF MACROMOLECULAR TRAFFICKING THROUGH
PLASMODESMATA

William J. Lucas, Section of Plant Biology, Division of Biological Sciences, University of
California, Davis, CA 95616, USA

Over the past decade we have seen an explosion of information on the novel functions
performed by plasmodesmata. During this period of intense activity we have seen a
paradigm shift from plasmodesmata acting as the foundation for the symplasm concept, to
the emerging picture, where plasmodesmata appear to establish supracellular information
highways. In the symplasmic scenario, the plasmodesmal cytoplasmic channels facilitate
the cell-to-cell diffusion of metabolic substrates to permit the coordination of biochemical
and physiological processes. In the supracellular information trafficking scenario,
plasmodesmata potentiate the cell-to-cell trafficking of macromolecules, either proteins or
protein(s)-nucleic acid complexes, to exert control over developmental and physiological
processes. Although much has been discovered, with respect to plasmodesmal function,
only the basic framework of the “picture” has been established at this stage.

Discoveries into the evolutionary events that ultimately gave rise to the capacity of plants
to mediate cell-to-cell trafficking of macromolecules will likely add depth to the current
“picture.” Likewise, molecular information into the mechanisms that underlie the capacity
of the plasmodesmata to engage in the selective trafficking of macromolecules will surely
open the way to a more detailed characterization of the many proteins that constitute this
novel supramolecular structure. These aspects of plasmodesmal biology will be discussed
from the perspective of cellular, tissue and whole plant signaling systems.

There is now a significant body of evidence that both endogenous and viral proteins have
the capacity to interact with the cellular machinery of the plant to mediate their movement
from cell to cell. These results suggest that viral movement proteins may have acquired,
from the plant, the genes that encode the capacity to interact with plasmodesmata. If this
were the case, endogenous and viral movement proteins may very well interact with a
common plasmodesmal receptor(s). Results consistent with this hypothesis will be
discussed. The identification and cloning of this receptor(s) will provide a useful tool to
perform an evolutionary analysis of the phylogenetic distribution of this gene(s). We will
also discuss the strategy taken to search for plant genes that contain sequences that are
homologous to viral movement proteins.

Finally, we will discuss the evolutionary development of the sieve element system of the
phloem. Here we will advance the hypothesis that refinement in the trafficking of
macromolecules through plasmodesmata may have opened the way for the development of
the enucleate sieve tube system of higher plants. An important consequence of this
advancement appears to be the emergence of long-distance macromolecular (protein and
protein-RNA) information processing (signaling) systems.
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Intercellular trafficking of potato spindle tuber viroid

Biao Ding’, Young-Min Woo', Asuka Itaya’, Myoung-Ok Kwon', Rosemarie Hammond? and
Robert Owens?

' Department of Botany, Oklahoma State University, Stillwater, OK 74078, USA

? Molecular Plant Pathology Laboratory, Agricultural Research Services, United States Department
of Agriculture, Beltsville, MD 20705, USA

Viroids are small, circular, and autonomously-replicating pathogenic RNAs that infect only plants
(Diener, 1979). For a viroid that replicates in the nucleus the infection process should consist of the
following distinct components: 1) import into the nucleus, 2) replication), 3) export out of the
nucleus, 4) cell-to-cell movement, 5) entry into the phloem, 6) long-distance transport via phloem
(Palukaitis, 1987), 7) exit from the phloem, and 8) re-entry into non-vascular tissues to establish new
infection at a remote site. How a viroid accomplishes each of these steps is poorly understood.

A distinguishing feature of viroids is that they do not encode any proteins. Thus, these RNA
molecules must interact directly with cellular factors to accomplish all of the functions necessary for
infection, ncluding intracellular and intercellular movement during infection. As such, viroids can also
be used as unique probes to study RNA trafficking in plants. We have recently initiated projects to
use potato spindle tuber viroid (PSTVd) as a model system to investigate viroid movement. PSTVd
is the best characterized viroid at the molecular level. Many infectious and non-infectious mutants of
PSTVd are currently available (e.g., Owens et al., 1991). Whether those non-infectious mutants are
defective in replication or in any of the movement processes are not understood.

Our initial microinjection studies with fluorescently-labelled PSTVd RNA and ¢cDNA and
other RNAs indicate that 1) PSTVd moves from cell to cell via plasmodesmata and 2) this movement
may be mediated by a specific sequence or structural motif (Ding et al., 1997). We are developing
complementary approaches to further characterize PSTVd cell-to-cell movement. We are also
developing experimental approaches to characterize nuclear transport of PSTVd and to separate
PSTVd mutants defective in replication and in various movement processes. Preliminary data from
these experiments will be discussed.

Diener, T.O. (1979). Viroids and viroid diseases. John Wiley & Sons, New York.

Ding, B., Kwon, M.-O., Hammond, R. and Owens, R. (1997). Cell-to-cell movement of potato
spindle tuber viroid. Plant J. 12:931-936.

Owens, R.A., Thompson, S.M. and Steger, G. (1991). Effects of random mutagenesis upon potato
spindle tuber viroid replication and symptom expression. Virology 185:18-31.

Palukaitis, P. (1987). Potato spindle tuber viroid: Investigation of the long-distance, intra-plant
transport route. Virology 158:239-241.
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Role of TMV movement protein in intra- and intercellular spread of
infection

R. N. Beachy, T. Kahn, C. Reichel, M. Heinlein, P. Mas, H. Padgett, J. Szecsi, S. Gens,
and B. Pickard

The Scripps Research Institute, La Jolla, CA, USA (beachy @scripps.edu) and
Washington University, St. Louis, MO, USA

Our studies of the P30 movement protein (MP) of TMV have focused on characterizing the
role of the protein in establishing sites of virus replication within infected cells, determining
the distribution of the MP in infected protoplasts and leaves, and establishing
structure/function relationships of the protein. We created a number of mutations of three
amino acids (TAD) in the MP, fused the wild type and mutant MP with GFP and expressed
the proteins in place of w.t. MP in TMV. Subcellular localization of the fusion protein was
determined through imaging live and fixed tissues (using fluorescent and confocal
microscopy) and biochemical fractionation of infected tissues. Infected cells that produce
MP:GFP accumulate fluorescence in selected subcellular compartments that change during
the course of infection; the nature of the sites of accumulation were identified by antibody
co-staining and/or co-isolation. Early in infection MP:GFP accumulates (in protoplasts) at
punctate sites at, or on, the plasma membrane (PM); we suggest that some of these are
sites of attachment of cortical ER and PM. Accumulation of MP:GFP in plasmodesmata
(Pd) is the earliest sign of infection in inoculated leaves (Padgett et al, 1996). Soon
thereafter MP:GFP is observed in irregularly shaped fluorescent bodies in the cytoplasm
and with the perinuclear ER, and subsequently is associated with the vortexes of the
cortical ER. Late in infection, MP:GFP is associated with microtubules (Heinlein et al,
1995) after which MP:GFP fluorescence is lost from the large irregular structures, leaving
only fluorescent punctate structures at the periphery of infected protoplasts, and in Pd in
infected leaves (Heinlein et al, in press). We have identified TAD mutants of the MP that
do not function in cell-cell spread of infection, yet accumulate in a subset of the sites in
which w.t. MP:GFP accumulates; one of the mutants appears in all known sites of
accumulation of w.t. MP, yet the mutant does not enable cell-cell spread (Kahn et al, in
press).

The cortical fluorescent bodies often grow in size and/or fuse to form large sheets of
fluorescence. Antibody against TMV replicase is localized to these bodies, which we
suggest are sites of TMV replication and protein synthesis (Heinlein et al, in press). In
infected leaves the cortical ER is disrupted during the period when the sites of replication
are being established, after which the ER retumns to the pre-infection state (C. Reichel and
R. N. Beachy, submitted). ER disruption is concurrent with the period when the size
exclusion limits (SEL) of the plasmodesmata (Pd) are increased: recovery of ER precedes
the time when SEL of the Pd is returned to normal (Oparka et al, 1997). Microsomes were
isolated from infected leaves and shown to contain ER luminal proteins as well as the MP.
While luminal proteins were released by detergent treatments, MP remained associated with
the membranes treated with Triton X-100, but was released by CHAPS. When isolated
microsomal membranes were treated with proteinase K the MP was degraded, while
luminal proteins were resistant to digestion unless membranes were first treated with Triton
X-100 (C. Reichel and R.N. Beachy, submitted). We conclude that MP is bound to cortical
and cytoplasmic ER early in infection and that ER establishes and/or distributes infection
sites around the cell, presumably through involvement of the cytoskeleton. During this time
the infection is targeted to the Pd for intercellular spread; we propose that spread to adjacent
cells may occur through movement of ER through the Pd (Grabski et al, 1993).
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Abstract Christina Kiihn:

Localization and turnover of the sucrose transporter SUTI in
enucleate sieve clements

The lcaf sucrose transporter SUTI is essential for phlocm loading and long
distance transport of assimilates. In tomato plants SUTI mRNA is diurnally
regulated. The amount of SUTI protein can be reduced either by prolonged
dark treatment or by addition of a translational inhibitor indicating a high
turnover rate of SUTI protein.

An affinity-purified SUTI-specific antiserum has been used to localize the
sucrose transporter at the light and electron microscopic level in tissue sections
of different Solanaceae species, namely in tobacco, potato and tomato.

The antibody identifies the transporter with an apparent molecular mass of 46
kDa, in membrane preparations of yeast and plant cells. The antibody localizes
the sucrose transporter specifically at the plasma membrane of enucleate sieve
clements in different potato. tobacco and tomato tissues.

In situ hybridization at the EM level shows that SUT1 mRNA localizes at high
levels in sicve elements. and at low levels in companion cells. The transcripts
are preferentially associated with plasmodesmata, between sieve elements and
companion cells.

Due to the lack of nuclei, mature sieve elements require import of RNAs or
protein from neighboring companion cells. Young sieve elements still
containing a nucleus already exrpress SUT! protein. Either SUT1 protein is
stable for several months, i.e. the lifespan of sicve elements, or SUT1 mRNA
or protein is translocated asymetrically froimn companion cells toward sieve
elements via plasmodesmata.

Antisense inhibition of SUT/ expression under control of the companion cell
specific promoter rolC indicates synthesis of SUT1 mRNA in companion cells
(Kiihn et al., 1996). Localization of SUTI1 protein in enucleate sieve elements
and preferential association of SUT1 mRNA with plasmodesmata connecting
both companion cells and sieve elements, together with indications of a highly
regulated turnover rate of SUT1 mRNA and protein, provide evidence for the
targeting of plant endogenous mRNA, and potentially SUT1 protein through
phloem plasmodesmata.

The data obtaincd in the three investigated Solanaceae are consistent with
sucrose loading occuring directly at the plasma membrane of sieve elements.

References:
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CHARACTERIZATION OF KNOTTEDI: A PLANT PROTEIN
THAT CAN SELECTIVELY TRAFFIC
THROUGH PLASMODESMATA

Dave Jackson and Zhuang Yuan,
Cold Spring Harbor Laboratory,
P.O. Box 100, Cold Spring Harbor NY 11724.

Our aim is to understand the function and mechanism of cell to cell trafficking of the
knotr_edl (knl) homeobox gene products during plant devclopmcm._ knl, and its’

Jackson, D., Hake, S. 1997. Morphogenesis on the move: Intercellular trafficking of
regulatory proteins in plants. Current Opinions in Genetics and Development. 7:495-500

Lucas, W. J., Bouche-Pillon, S., Jackson, D. P, Nguyen, L., Baker, L., et al. 1995.
Selective trafficking of KNOTTED] homeodomain protein and its mRNA through
plasmodesmata. Science 270:1980-1983
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Expression of truncated forms of the cucumber mosaic virus 3a

protein in transgenic tobacco plants affects viral accumulation.

A.l. Sanz, M.T. Serra, and |. Garcia-Luque.Departamento de Biologia de Plantas.
CIB.CSIC.Velazquez 144. 28006-Madrid, Spain

The 3a protein encoded by RNA 3 of cucumber mosaic virus (CMV) has
been identified as the cell-to-cell movement protein (Vaquero et al., 1994. J.
Gen. Virol. 75: 3193; 1996. Arch. Virol. 141: 987. Kaplan et al, 1995.
Virology 209: 188; Ding et al., 1995. Virology 207: 345).

Ten deletion mutants of the 3a protein, spanning aa 124-221, have been
constructed, and used to transform N. tabacum plants. Transgenic tobacco plants
expressing the 3a protein deletion mutants were assayed for their effect upon
viral accumulation. ELISA-DAS analysis showed that plants expressing certain
deletion mutants exhibit a reduction of CMV accumulation, whereas others

increase the viral accumulation. This effect parallels symptom appearance.

In some cases, the expression of the deleted forms of CMV 3a protein is
effective against heterologous virus. It is associated to a reduction in the size of

necrotic local lesions induced by TMV.



38

Functional analysis of the movement protein of cucumber mosaic virus

P. Palukaitis'?, T. Canto', Q. Li*, K.H. Ryu’
'Dept. of Virology, Scottish Crop Research Institute, Invergowrie, Dundee DD2 SDA, UK
?Dept. of Plant Pathology, Comell University, [thaca, NY 14853, USA

The movement protein (MP) and coat protein (CP) are both required for the cell-to-cell movement of
cucumber mosaic virus (CMV) [1]. Deletions in the N-terminal region of the CMV CP were used o
demonstrate that virus particle formation is not essential for movement between cells, but is necessary
for movement between leaves [2]. This is consistent with other data on the absence of virus particles
from plasmodesmata [3,4], although MP has been localized to plasmodesmata [4]. In microinjection
expeniments, the CMV MP was able to traffic itself and RNA, and promoted the cell-to-cell movement
of 10-kDa fluorescent dextran [3]. The CMV MP was also shown to bind RNA and GTP in vitro [(5].

To delimit specific sequences involved in the various functions ascribed to the MP, a series of alanine-
scanning mutants (M1 - M9) was created in the MP gene of CMV and the mutants were assessed for
(a) cell-to-cell and long-distance movement in eight host species, (b) the subcellular localization of the
mutant MPs after fusion to the green fluorescent protein, and (c) the ability of the mutant MPs to bind
RNA and GTP in vitro. The data from these nine mutants were combined with carier data on the
cffects of other point and deletion mutants on infectivity in different hosts, and recent data mapping the
in vitro RNA binding domain [6], to generate a functional map of the CMV MP.
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Amino acids 174-233, denoting sequences involved in RNA binding

Regions showing the greatest diversity between CMV and bromoviruses

Amino acids 128-171, denoting partial delimitation of sequences involved in infection of maize
Region not required for function (amino acids 237-279)

Contains sequences required for function (aa 209-236) that are cell wall-binding in TMV MP
Putative zinc finger / RNA binding domains (aa 126-146 and 157-194)

Hydrophobic core conserved in putative MPs of 17 plant virus groups

Domain with amino acid sequence not critical for infectivity: aa 2, 3,8 & 9 can be altered:
single amino acid insertions are tolerated afteraa 4 & 5

Amino acid changes that affect host range (M8) or pathogenicity (M3 & M9)

Amino acid (51 and 240) changes in Sny-3a that affect host range to cucurbits

and increase the level of expression of 3a protein in tobacco 25-50X (S3)

M9 is ts for long-distance movement in tobacco; (-) at 34°C and (+) at 32°C or lower.

(1] Canto et al. (1997) Virology 237: 237-248. [2] Kaplan ct al. (1998) Virology (in press).

[3] Ding ct al. (1995) Virology 207: 345-353. [4] Blackman ct al. (1998) Plant Cell 10: (in press).
(5] Li and Palukaitis (1996) Virology 216; 71-79. _ (6] Vaquero ct al. (1997) J.Gen.Virol. 78: 2095-2099.
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Tubule-guided movement of plant viruses

J.W.M. van l.ent, N.N. van der Wel and R.W. Goldbach
Wageningen Agricultural University, Laboratory of Virology, Binnenhaven 11, 6709
PD Wageningen, The Netherlands.

Systemic spread of plant viruses is achieved by movement of an infectious complex
from cell to cell through plasmodesmata followed by long-distance transport through
the vascular system. Plant viruses employ different mechanisms for movement of
virions or viral RNA through plasmodesmata. A common characteristic of each
mechanism employed is the inevitable modification of plasmodesmal gating or even
drastic alteration of the plasmodesmal structures, which is established by one or more
viral proteins, to enable such translocation. An apparent mechanism for virus
movement, employed by a considerable number of plant viruses from different families
and genera (e.g. comoviruses, caulimoviruses, nepoviruses, tospoviruses and
geminiviruses) is movement of virions through tubules. These tubules are assembled
inside the plasmodesma, thereby replacing the desmotubule, and consist of the viral
movement protein (MP). Identical ‘movement tubules’ are formed in virus-infected
protoplasts or protoplasts that transiently express the MP alone, where the tubules
extend from the cell surface, thus showing a functional polarity of the tubule (from the
infected cell towards the uninfected cell). For several viruses it has been shown that
this process of tubule formation does not necessarily rely on the presence of
plasmodesmata or even requires specific plant proteins, as tubules are also formed in a
similar fashion at the surface of heterologous insect cells expressing the MP. Cowpea
mosaic virus (CPMV) best exemplifies this mechanism of tubule-guided movement.
Systemic infection by CPMV requires the capsid proteins and the (48 kDa) MP. The
MP alone is capable of inducing tubular structures when transiently expressed in
protoplasts and the tubules are made up solely of the MP. In protoplasts tubule
formation is recorded as early as 10 hrs p.i., but also in (synchronously) infected plant
cells tubules are observed early in infection. At later time points of infection, as a result
of continuous production of the MP (MP and CPs are produced in equimolar
amounts), tubules often extend several microns from the surface of protoplasts or, in
plant tissue, through plasmodesmata into the cytoplasm of the neighbouring cell.
Similar observations have been made with other viruses from the genera comovirus,
caulimovirus, nepovirus and tospovirus.

Recently, we reported that alfalfa mosaic virus (AMV) and brome mosaic virus
(BMV), two viruses belonging to the family of Bromoviridae, were also capable of
inducing virion-occluding tubular structures at the surface of infected protoplasts
(Kasteel et al., 1997). This observation suggests that these viruses also employ a
tubule-guided movement mechanism to achieve systemic infection, although up till
now, no reports exist on tubules in plasmodesmata of plant tissue infected by either
virus. In some aspects, however AMV movement differs from CPMV. In AMV
infected mesophyll tissue the MP could only be detected in a narrow layer of 3-4 cells
at the advancing front of infection and exclusively localised to plasmodesmata. Besides
MP also the coat protein was found in these plasmodesmata. In cells behind the
infection front, in which AMV-infection had been fully established, plasmodesmal
localisation of MP or CP was absent. The transient appearance of MP and CP in
plasmodesmata of cells at the infection front coincided with an obvious and also
transient, nearly twofold, increase in plasmodesmal diameter (Van der Wel et al.,
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1998). Besides the increase in diameter such plasmodesmata lacked the desmotubule,
however, virion-containing tubules (as were found in AMV-infected protoplasts) were
not clearly discerned in these modified plasmodesmata. The mechanism by which
plasmodesmata are (transiently) modified to facilitate tubule-guided virus movement is
not understood. Observations of an increase in the number of plasmodesmata in
mesophyll cells at the front of AMV-infection may indicate that AMV-movement
involves newly formed plasmodesma-like structures rather than modification of
existing ones.

Kasteel, D.T.J., van der Wel, N.N., Jansen, K.A.J., Goldbach, R.W. and van Lent,
J.W.M. (1997). Tubule-forming capacity of the movement proteins of alfalfa
mosaic virus and brome mosaic virus. J. Gen. Virol., 78, 2089-2093.

Van der Wel, N.N., Goldbach, R.W. and van Lent, J.W.M. (1998). The movement
protein and coat protein of alfalfa mosaic virus accumulate in structurally
modified plasmodesmata. Virology 244, in press.
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MUTATIONAL ANALYSIS OF THE MOVEMENT PROTEIN OF COWPEA
MOSAIC VIRUS

Joan Wellink. Peter Bertens, Kodetham Gopinath, Jan Verver and Ab van Kammen
Laboratory of Molecular Biology, Agricultural University, Dreijenlaan 3, 6703HA
Wageningen, The Netherlands

The diameter of plasmodesmata excludes molecules over 1 kDa from transport, but
plant viruses, which are larger than 1 kDa, are able to make use of them to establish
systemic infection. For this plant viruses encode movement proteins (MPs) that
apparently modify existing plasmodesmata or induce modified plasmodesmatal
structures.

The genetic information of cowpea mosaic virus is divided among two plus-strand
RNA molecules. The RNA2-encoded 48K movement protein (MP) is capable of
forming tubules in infected protoplasts. These tubules contain virus particles and are
also found in infected plants, where they are located in presumably modified
plasmodesmata. To determine whether distinct domains of the MP are involved in
different steps in the cell-to-cell movement process (e.g. plasmodesmatal targeting and
modification, tubule formation and incorporation of virus particles) an alanine scanning
mutagenesis was performed on the MP. Two domains have been located so far. A
domain involved in the formation of tubules in infected protoplasts maps between
amino acids 1 and 313 of the MP. A second domain that is located in the C-terminus of
the MP is not involved in tubule formation, but seems to be involved in the
incorporation of virus particles within the tubule. One of the mutants is able to form
tubules in protoplasts, but is not able to infect plants. This may imply the presence of a
third functional domain. Upon inoculation of pinto beans, a local lesion host for
CPMV, lesions which developed with most mutant viruses were smaller compared to
wildtype virus.

To investigate whether we could use GFP as an intracellular marker for the MP, several
MP-GFP fusions were constructed. After infection of protoplasts with these constructs,
fluorescent tubules could be visualised in living cells, suggesting that intracellular
targeting of these MP-GFP fusions was normal. With some of the fusions the
fluorescence remained restricted to single epidermal cells on the inoculated leaf,
indicating that these MP-GFP fusions were not functional in plants. With other fusions
limited spread was observed and in these cases fluorescence became localized to
punctuate spots on the cell wall, which presumably were plasmodesmata.
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Unravelling the PVX Cell-to-Cell Movement Process

S. Santa Cruz, A.G. Roberts, K.M. Wright, G. Duncan, (.M. Roberts,
D.AM. Prior and K.J. Oparka

Unit of Cell Biology, Department of
Virology, Scottish Crop Research [nstitute, Invergowrie, Dundee DD2
SDA, UK.

Cell-to-cell movement of plant viruses results from the combined
processes of intracellular transport, from sites of synthesis to

sites of export, and intercellular transpod, via plasmodesmata, of

viral nucleic acid. However, despite this common goal, the mechanisms
by which these events are coordinated and executed differ

substantially between groups of viruses. One clear distinction

between movement strategies is seen in the requirement for viral coat
protein (CP) in the movement process. Thus, whereas TMV requires the
virus encoded 30 kDa protein but not CP for cell-to-cell movement,
cowpea mosaic virus moves as a virion through plasmodesmata. For
other viral groups both the mechanisms of cell-tocell movement and
the forms in which viral nucleic acids are transported have not yet

been established.

In the case of potato virus X (PVX), type member of the potexviruses,
the viral genome encodes five proteins of which four are directly
involved in effecting cell-to-cell movement. Of these four proteins
required for movement three are encoded by a so called friple gene
block (TGB), typical of several viral groups. The fourth PVX gene
essential for movement is the CP [1]. We have studied the

cell-to-cell movement process of PVX using modified viral genomes
expressing the green fluorescent protein (GFP) either as a free
protein or as a fusion to the viral CP [1,2]. These tagged viruses
allow the precise detection of infected cells and, in the case of the
PVX expressing the GFP-CP fusion protein, also permit the subcellular
localization of virus (2].

Using PVX mutants lacking one or more of the genes required for
movement we have analyzed both functional and ultrastructural aspects
of the infection process. Immunoelectron microscopy was used to
investigate the distribution of virus encoded proteins, both in

infected tissues and protoplasts, in order to determine the possible
role(s) of the viral proteins. In addition, protoplasts infected with

the PVX mutants were used to investigate the contribution of

different viral proteins to the characteristic ultrastructure of PVX
infected cells. These experiments demonstrated that of the PVX
encoded proteins only the CP and 12 kDa TGB protein could be
immunolocalized to plasmodesmata. In contrast the 25 kDa TGB protein
was shown to be necessary for the formation of cytoplasmic laminate
structures typically induced in potexvirus infections.
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Functional analysis of plasmodesmatal modification, using

microinjection of fluorescently labelled probes, demonstrated that

whereas the TGB proleins can modify the plasmodesmatal size exclusion

fimit the CP is not involved in plasmodesmatal modification.

Furthermore, microinjection of fluarescently labelled CP showed that

this protein was unable 1o traffic between cells in the absence of

other virus-coded proteins. However, in the course of infection the

coat protein is transported between cells suggesting that transport of

CP between cells is a necessary feature of infection. This data, in

conjunction with immunoelectron microscopy demonstrating the presence

of virions in plasmodesmala, lead us to conclude that the TGB proteins
rchestrate the transpor of PVX virions via plasmodesmata {3].

(1) Baulcombe, D.C., Chapman, S.N. and Santa Cruz, S. (1995).
Jellyfish green fluorescent protein as a reporter foc virus
infections. Plant J. 7,1045-1053.

[2] Santa Cruz, S., Chapman, S., Robeds, A.G., Roberts, I.M., Prior,
D.AM. and Oparka, K. (1996). Assembly and movement of a plant virus
carrying a green fluorescent protein overcoat. Proc.Nall. Acad.Sci.USA
93,6286-6290.

(3] Santa Cruz, S., Roberts, A.G., Prior, D.AM., Chapman, S. and
Oparka, K.J. (1998). Cell to cell and phloem-mediated movement of
potato virus X: the role of virions. Plant Cell (in press).
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The potyvirus Cl protein acts transiently in aiding virus movement

A.J. Maule', |.M. Roberts?, and K. Findlay'

1. John Innes Centre, Norwich Research Park, Colney, Norwich NR4 7UH, UK.
2. Scottish Crop Research Institute. Invergowrie, Dundee DD2 5DA. UK.

Contact: andy.maule@bbsrc.ac.uk

A modification to plasmodesmal gating is a prerequisite to a spreading virus
infection in plant tissues. This modification increases the functional size exclusion
limit of plasmodesmata to allow the passage of virus nucleic acid and/or virus
particles. Different viruses achieve this in different ways but, in all cases, it is
through the action of virus-encoded proteins, called movement proteins (MP).
Classically, these MPs have been identified as proteins, which after mutation, block
virus spread from cell to cell but have no effect on virus replication in single cells,
or by their ultrastructural or functional association with plasmodesmata.

The mechanism of movement of the potyviruses, the largest group of plant
viruses, has not been fully resolved. These viruses have a large (approx. 10 kb)
RNA genome that is translated into a single large polyprotein which releases
functional gene products through the action of self-encoded proteinases. Three of
the potyviral gene products (HC-Pro proteinase, coat protein and cylindrical
inclusion (CI) protein) have been implicated previously in the process of virus
movement. We have used a systematic ultrastructural study across the edge of an
advancing infection in pea seed-borne mosaic (PSbMV) potyvirus-infected pea
cotyledons to study the dynamic state of the Cl protein in relation to virus
movement (Roberts et a/, 1998). Initially, the characteristic Cl pinwheel inclusion
bodies were positioned centrally over the plasmodesmal apertures (including those
of plasmodesmata connected to the previously infected cell) in agreement with a
proposed role in virus movement (Carrington et a/, 1998). The viral coat protein
was associated with these structures and was seen within the modified
plasmodesmata, most notably in a continuous channel that passed along the axis
of the pinwheel and through the plasmodesmata. The Cl protein was not detected
within the plasmodesmal cavities. Later in the infection (i.e. behind the zone of
active virus replication) the Cl was no longer associated with cell walls, or with
coat protein, and showed signs of structural degeneration. In contrast, the coat
protein remained within plasmodesmal cavities. The nature of the coat protein (i.e.
free coat protein or capsids) could not be resolved although similar fibrillar
aggregates in plasmodesmata have been interpreted by others as bundled virus
particles. However, using /n situ hybridisation for the electron microscope we were
able to show that the coat protein aggregates were accompanied by viral ( +) sense
RNA. Using the same technique, viral RNA was detected in advance of cells
containing discernible Cls, particularly within the plasmodesmal cavities. Coat
protein was not detected in the same location. We suspect that viral RNA moves
ahead of the main zone of virus multiplication and that mature Cls are not
necessary for this process. The role of the Cl in assisting virus movement is not
known but the presence of the Cl was linked with an apparent transient reduction
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in callose in the vicinity of the plasmodesmata. Other ultrastructural changes were
observed exclusively in cells at the infection front. This highlighted the
asynchronous nature of virus infection in intact tissue and emphasized the
importance of building temporal and spatial factors into experimental design.

References
Carrington, J.C., Jensen, P.E. and Schaad, M.C. (1998) Genetic evidence for an

essential role for potyvirus Cl protein in cell-to-cell movement. Plant J. ln Press
Roberts, I. M., Wang, D., Findlay, K. and Maule, A.J. (1998) Ultrastructural and
temporal observations of the potyvirus cylindrical inclusions (Cls) shows that the
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The cylindrical inclusion protein of a potyvirus contains signals
for targeting to the wall of tobacco mesophyll cells.

Juan José Bernal (1), Arthur G.Hunt (2), John G.Shaw (3) and Emilio
Rodriguez-Cerezo (1)

(1) Centro Nacional de Biotecnologia-CSIC, Madrid (Spain) and Department of
Agronomy (2) and Plant Pathology (3), University of Kentucky, Lexington, KY
(USA)

In a recent study of the subcellular location of viral proteins and RNA at early
stages of infection of tobacco mesophyll cells by a potyvirus, tobacco vein
mottling virus (TVMV) we have identified viral proteins and structures probably
involved in the transport of potyviruses through plasmodesmata (Virology 236,
296-306). Our work showed that the nonstructural cylindrical inclusion protein
(Cl) associates with cell walls early in infection to form conical wall-bound
inclusions only in areas of contact between cells. Coat protein (CP)- and RNA-
containing complexes of linear shape (resembling virions) are present at the
periphery of or inside these inclusions and are transferred from cell to cell. To
study the targeting of the Cl and CP proteins of TVMV in the absence of viral
infection we have examined sections of mesophyll cells of transgenic tobacco
plants expressing the individual CP or CI genes of TVMV. By immunogold
labeling the CP was found in the cytoplasm and no accumulation of the protein
in any organelle or near the cell wall was detected. In contrast, labeling of
sections from two different Cl-transgenic tobacco lines showed that the ClI
protein accumulated in the cell wall, including wall areas not corresponding to
contacts between cells, and also accumulated in the intercellular spaces. The
typical cylindrical inclusions were not observed in these transgenic cells. The Cl
protein also behaved as a secretory protein when expressed via a baculovirus
vector in Spodoptera frugiperda (Sf9) cells. Cl was not detected in insect cells
in immunofluorescence experiments but this protein was detected by Western
blot analysis, especially in the cell culture medium even though it apparently
lacks a signal peptide sequence for secretion. Expression of CP in insect cells
resulted in accumulation of the protein in the cytoplasm. Our results show the
presence of signals on the CI protein for cell wall targeting and suggest that
additional factors induced by TVMYV infection may be needed for accumulation
of Cl in specific areas of the cell wall. The results also suggest that CP lacks
signals for targeting to plasmodesmata and may be transported by interaction
with other viral proteins.
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Plasmodesmata of Intermediary cells: Evolution of Form and Function

Robert Turgeon and Jessica Plant
Section of Plant Biology
Cornell University
Ithaca, NY 14853, USA

There are few well-documented cases in which the structure of
plasmodesmata (pd) are obviously specialized for a specific, recognized
physiological purpose. In the cucurbits, and in several other families, the pd of
certain companion cells (intermediary cells) in the minor vein phloem have a
characteristic structure that evidently allows the cells to act as traps for sugar (1).
We hope to extend our understanding of pd function by analyzing the structural
and functional evolution of intermediary cells.

"Polymer trapping" occurs when sucrose diffuses from bundle sheath cells
into intermediary cells through the numerous, highly branched pd that join the
two cell types. The sucrose inside the intermediary cells is converted into larger
sugars, raffinose and stachyose, which cannot back-diffuse into the bundle
sheath because they are too large (2). Pd branches on the intermediary cell side
of this interface are especially numerous and they are noticeably narrowed (3). It
may be the narrowed portion of the structure that acts as a molecular size-
discrimination filter.

One family which does not fit the pattern described above is the
Apocynaceae. Members of this family apparently translocate raffinose, but not
stachyose (4). We have characterized the transport physiology and minor vein
ultrastructure of a well known member of the Apocynaceae, Catharanthus roseus,
the Madagascar periwinkle, with the idea that such studies could provide more
detailed insights into the functional and structural specialization of pd.

There are substantially fewer intermediary cell pd in C. roseus than in
Cucumis melo, about one-third as many on the intermediary cell side and one-fifth
as many on the bundle sheath side. A desmotubule runs through the center of
each of the plasmodesmatal channels, on both sides of the common wall between
the intermediary cell and bundle sheath cell, but the desmotubule is obscured at
either end where the channel narrows to form a distinct neck. The neck region is
much longer on the intermediary cell side than on the side closest to the bundle
sheath. The cell wall surrounding the neck regions on both sides has a less
fibrillar texture than the rest of the wall, forming a distinct sheath around the
neck.

In several respects, the characteristics of phloem loading in C. roseus are
midway between those of tobacco, an apoplastic phloem loader, and Coleus
blumei, a symplastic phloem loader. For example, loading of exogenous sucrose
is sensitive to the inhibitor PCMBS in tobacco, insensitive in C. blumei, and
partially sensitive in C. roseus. It seems likely that C. roseus uses both apoplastic
and symplastic modes of phloem loading and the reduced emphasis on
symplastic loading is reflected in the frequency and structure of intermediary cell

pd.



50

References

1. Turgeon R 1996 Phloem loading and plasmodesmata. Trends in Plant
Science 1: 403-441

2 Haritatos E, Keller F, Turgeon R 1996 Raffinose oligosaccharide
concentrations measured in individual cell and tissue types in Cucumis melo L.
leaves: implications for phloem loading. Planta 198: 614-622

3. Turgeon R, Beebe DU, Gowan E (1993) The intermediary cell: minor vein
anatomy and raffinose oligosaccharide synthesis in the Scrophulariaceae. Planta
191: 446-456

4. Zimmermann MH, Ziegler H (1975) List of sugars and sugar alcohols in
sieve-tube exudates. In: Encyclopedia of plant physiology, N.S., vol. 1: Transport
in plants 1: Phloem transport, pp. 480-503, Zimmermann, M.H., Milburn, J.A.,
eds. Springer, Berlin Heidelberg New York



51

The ins and outs of systemic virus transport.

1
K.J. Oparka, P. Boevink, A.G. Roberts, L. Blackman , P. Palukaitis, S. McFarlane and
S. Santa Cruz
Unit of Cell Biology, Scottish Crop Research Institute, Invergowrie, Dundee DD2 5DA,
UK
1 School of Biological Sciences, University of Sydney, Sydney, Australia

The exact points of entry and exit of systemic viruses into and from the host phloem
have remained an elusive target due to the inaccessibility of vascular networks. It is
commonly assumed that, once in the phloem, virus movement obeys the ‘ground rules'
of assimilate transport, movement from source to sink tissues occurring by presssure-
driven mass flow within the sieve tubes. However, there is no a priori reason as to why
virus movement into and out of the phloem system should be identical to that of solutes.

Using a battery of GFP-tagged viruses that differ in their movement ‘strategies', we have
examined the entry and exit sites along the phloem pathway using a combination of
non-invasive imaging and immunoelectron microscopy. We show that for cucumber
mosaic virus (CMV), the 3a movement protein (MP) is capable of trafficking directly
into minor vein sieve elements (SEs) where it accumulates in elaborate formations in
the SE parietal layer. Evidence will be presented that CMV traffics through the
branched plasmodesmata connecting SE and CC as a linear ribonucleoprotein complex
that comprises the viral RNA, coat protein and 3a MP, with subsequent viral assembly
occurring within membrane-bound complexes in the SE parietal layer. In the case of
potato virus X (PVX), we have followed extensively the systemic movement of a viral
construct that expresses a CP-GFP fusion. By comparing the movement of this
fluorescent virus with phloem-unloaded carboxyfluorescein (CF) we have been able to
show that both solutes and virus are unloaded from class IlI veins, providing strong
evidence that in sink leaves of N. benthamiana the exit pattern for PVX escape closely
mirrors that of phloem-delivered solutes.

Recently, we have extended our studies to root systems using intact N. benthamiana
seedlings grown on agar and infected with GFP-tagged viruses. While PVX moved
poorly into root systems, we found that the nematode-transmitted virus, tobacco rattle
virus (TRV), moved extensively in roots, unloading from the protophloem and
subsequently displaying a remarkable pattern of cell-cell movement, ‘tracking’
basipetally up the root stele and targeting developing lateral primordia. Tobacco mosaic
virus (TMV) also invaded the root system but showed a completely different escape
pattern to that found for TRV. In the case of TMV, the virus unloaded from apparently
random sites along the transport phloem. These exit points were eventually joined up by
extensive cell-cell movement along the cortex. Unlike TRV, TMV failed to infect
developing lateral primordia. Microinjection of TMYV into single root cells was
followed by extensive redistribution of the virus along the root system, exit once again
occurring at apparently random sites. These marked differences in virus distribution
demonstrate that virus escape in roots cannot be predicted entirely from solute
unloading patterns. It appears that the exit and subsequent cell-cell spread of TRV may
be an adaptation to nematode transmission.
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Mobility of Structural Proteins in the Phloem

Alexander Schulz and Bettina Golecki, Botanisches Institut der Universitit, D-24098 Kiel, Germany, and
Gary A. Thompson, Department of Plant Sciences, University of Arizona, Tucson AZ 85721-0036, USA

The phloem exudate of Cucurbitaceae contains a number of proteins that show a species-specific pattern
in SDS-PAGE. The main components are two structural proteins: the phloem filament protein PP1 and
the phloem lectin PP2. Localisation studies in developing phloem indicated that PP1 and PP2 are synthe-
sised in companion cells (CC) and move into sieve elements (SE) via the pore/plasmodesma contacts
where they accumulate as P-protein bodies and filaments.

Recently, we have used intergeneric and interspecific grafts to demonstrate the mobility of these structural
and other exudate proteins in the phloem. The proteins were observed in SDS-PAGE of scion exudate as a
group of additional bands that correspond in size exactly to prominent proteins of the stock. A possible
artefactual shift of proteins across the graft interface was experimentally excluded. Transfer from stock to
scion of proteins or their precursors started 7 days after grafting. Direct developmental comparison re-
vealed that this transfer depended upon the establishment of graft-bridging sieve tubes.

Polyclonal antibodies against Cucurbita maxima PP1 and PP2 specifically immunolocalised these pro-
teins to both SE and CC in the Cucumis sativus scion grafted on a Cucurbita stock. Localisation of the
protein in the SE-CC of the scion could result from long distance transport of either the proteins or their
mRNAs. RNA blot analyses and RT-PCR using Cucurbita-specific probes or primers detected PP and
PP2 mRNAs only in the Cucurbita stock, but not in Cucumis scions, suggesting that the proteins are
translocated. Genomic DNA blot analysis also failed to detect divergent PP and PP2 genes in Cucumis
species with Cucurbita probes.

Several interspecific and intergeneric graft combinations of Cucurbitaceae were studied comparatively for
the appearance of graft-transmitted phloem proteins. Interestingly, the graft partner behaved either as
“donor" or "acceptor" for additional proteins. Preliminary experiments with carboxyfluorescein as trans-
port marker showed that the protein transport parallels that of assimilates from stock into scion.

These results demonstrate that PP1 and PP2 move from the stock through sieve tubes across the graft un-
ion and accumulate in the scion not only in the bundle sieve tubes but also in the extrafascicular sieve-
tube system. It remains to be determined whether their appearance in the CC is due to a free symplasmic
exchange between SE and CC, or indicates the point of their proteolytic decomposition. Since the mobil-
ity of structural phloem proteins implies their accumulation in sink tissue, their degradation in nucleate
cells of the acceptor plant must be postulated.



53

New methods to observe sieve elements in action
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Intracellular injection of high-molecular probes is to be carried out by pressure. So far, the
technical disadvantage is that the membrane potential of the cell impaled (an indicator for the
cell vitality) cannot be monitored during pressure injection. For that reason, an electrode head
was designed that combines controlled pressure injection and electrical microinjection with
membrane potential recording. Continuous CLSM-mediated monitoring of Texas Red and 10
kDa-LYCH-dextran conjugate injected into epidermal cells of Coleus blumei leaves evidenced
that the device succeeded in differential microinjection. Further, the microinjection methods
functioned alongwith continuous membrane potential measurements.

As noticed before, however, both fluorochrome injection methods produced structural
responses when sieve elements were injected. This reflects the major problem in observing sieve
tubes i.e. any manipulation triggers a range of structural and biochemical reactions. To avoid any
reaction to damage, a method was designed for in vivo observation of sieve element/companion
cell complexes by using CLSM. In intact sieve tubes, the sieve plates did not present a barrier to
mass flow; the translocation of phloem-mobile fluorochromes appeared to be unhindered. Two
major occlusion mechanisms were distinguished. In reponse to intense laser light, the parietal
sieve element proteins detached from the plasma membrane and fromed a network of minute
strands and clustered material that aggregated and pressed against the sieve plate. In response to
mechanical damage (a electrode with a tip diameter of 1 micron normally used for fluorochrome
injection!), the evenly distributed P plastids exploded, giving rise to the formation of a massive
plug against the sieve plate. In case of severe mechanical damage, the parietal proteins
transformed into elastic threads that extended throughout the sieve element lumen. Our
provisional assessment is that sieve plates are sealed by a "two-component glue". One
component is encapsulated within the P-plastids and liberated by the explosion induced by turgor
loss, the other is in the crystalline P-protein bodies. On top of the plug, the P-proteins located
along the sieve element wall may be deposited.

Desorganization of the sieve element ultrastructure and occlusion of the sieve plates, the
degree of which is dependent of how cautious the injection is executed, is triggered by
impalement of an electrode. Currently, we are developing therefore a novel electrode type with a
minuscule electrode tip (approximately 0.1 micron) to minimize the injury response of sieve
elements.
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PLASMODESMATA: ORGANELLES INVOLVED IN THE CONTROL OF
PHLOEM TRANSPORT

I: is now well established that most if not all viruses move from ccll to cell via
plasmad:smata. This process requires an interaction between a specific virally encoded protein.
termed rovement protein (MP) and proteins within the host plant. Evidence accumulated over
recent years has established that these viral MPs have the capacity to alter plasmodesmal
functior. (Lucas and Gilbertson. 1994). Pursuant the hypothesis that cell-to-cell movement of
sucrose from the site of synthesis to the site of phloem loading within the vascular bundle
follows 2 symplasmic pathway. we have used transgenic tobacco plants that express the
tobacce mosaic virus (TMV) MP to study the role of plasmodesmal function in controlling
sugar trzasport and photoassimilate partitioning between the various plant organs. Analyses of
diumal zccumulation of carbohydrates and cxport rates from source leaves, combined with
microir; action experiments in which plasmodesmal function was determined, established that
the TMV-MP has a pleiotropic effect on leaf physiology. These findings suggested that this
proteir: Fave at least two sites of action: one that modifies plasmodesmal size exclusion limit
and anxcher that affects carbohydrate metabolism and allocation (Balachandran et al.. 1995:
Olesinska et al., 1995).

Transgenic potato plants expressing the TMV-MP under the control of several tissue
specific promoters were employed to further explore the mode by which this viral protein
interacts with cellular metabolism to change carbohydrate allocation. When restricted to
photosynthetic tissues, the TMV-MP induced a reduction in the level of sugars and starch in
source k:aves compared with control potato lines (Olesinski et al., 1996). However, when the
TMV-MP was exp d predominantly in phl parenchyma and companion cells, sucrose
and stzrch accumulated to higher levels, whereas the rate of sucrose export from excised
petioles was lower than that observed with control plants (Almon et al., 1997). Perhaps the
most sitnificant result obtained from experiments performed on these potato plants was the
discovery that the influence of the TMV-MP on carbohydrate metabolism within source leaves

was under developmental control and was exerted only after tuber initiation.

Ultrastructural  studics indicated that plasmodesmata exist between the phloem
parenciyma and companion cclls in all specics examined. Based on these obscrvations.
togethe with the receat findings that plasmodesmata facilitate the cell-to~cell transport of
macromolecules including proteins and nucleic acids, we advanced the hypothesis that
traffiching of regulatory (information) molecules through plasmodesmata may establish a

speciz! supracellular communication network between the companion and mesophydl cells.
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which operate to regulate carbon parttioning (Lucas ct al.. 1996, Wolf and Lucas, 1997)
According to this model. the supracellular communication system facilitates efficient
orchestration of the nctwork of biochemical and physiological processes in photosynthate
mctabolism and transport. The TMV-MP may interfere at several loci within this putative
communication network. and therefore can induce and alteration in carbon metabolism within
source leaves. cither when expressed in the mesophyil or within the phloem.

The challenge now s to clucidate the mechanism(s) by which the TMV-MP affects this
putative endogenous control system involved in regulating photosynthate transport in the

phlocm
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A systemic, gene specific signal of gene silencing in plants: transgenic
artefact or novel communication system in plants?

David Baulcombe AR
The Sainsbury Laboratory 7 woloe
Norwich UK NR4 7UH 1Y .8\

| =l # Z F
phone  (44)1603 452571 ‘\'; o
fax (44)1603 250024 Oy -0

e-mail  david.baulcombe@bbsrc.ac.uk

Post transcriptional gene silencing in transgenic plants is mediated in part
by a systemic signaling molecule (Palauqui et al., 1997; Voinnet and
Baulcombe, 1997). Our recent investigations have shown that signal
production is initiated by ectopic interactions of transgenes with
homologous DNA in just one or a few cells of the affected plant. The
signal is then able to move rapidly away from the initiation site and
activate a relay of signal production that eventually affects the whole
plant. The timing and pattern of spread of the signal indicates that there is
movement through the phloem. There is also cell to cell movement of the
signal through plasmodesmata.

The signal molecule has not yet been characterized. However, from the
sequence specificity of the post transcriptional gene silencing, it can be
inferred that it is a nucleic acid (Palauqui et al, 1997; Voinnet and
Baulcombe, 1997). Thus gene silencing associated with a GFP transgene is
targeted specifically against GFP RNAs whereas silencing of GUS is
targeted specifically against GUS RNAs, and so on with other transgenes.
One speculative hypothesis is that double stranded RNA is implicated in
the signal of gene silencing. Supporting that speculation it has recently
been described how double stranded RNA can mediate systemic gene
silencing in nematodes (Fire et al., 1998). -

It remains possible that this signal is an artefact of transgenic plants.
Alternatively it could be that the signal is implicated in protection against
viruses and transoposons. The signal could also be involved in control of
flowering or other developmental switches in plants.
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RNA-BINDING PROPERTIES, IDENTIFICATION OF AN RNA-BINDING
DOMAIN AND DETECTION IN INFECTED TISSUE OF THE P7 PUTATIVE
MOVEMENT PROTEIN FROM CARNATION MOTTLE CARMOVIRUS
(CARMV).

Marcos, J. F.(1) Vilar, M.,(2) Lépez-Garcia, B.,(2) Pérez-Paya, E.,(2) and
Pallas, V.(1)

1.. Departamento de Mejora y Patologia Vegetal, CEBAS (CSIC), Murcia,
Spain

2.. Departament de Bioquimica i Biologia Molecular, Universitat de Valéncia,
Valéncia, Spain.

The functional and structural characterisation of the p7 putative
movement protein from a Spanish isolate of camation mottle carmovirus
(CarMV) has been initiated. The nucleotide and amino acid sequences of p7
from this new isolate showed high identity with those of the reference isolate
(Guilley et al., 1985). The homologous protein from tumip crinkle carmovirus
has been demonstrated previously to be involved in virus cell-to-cell movement
(Hacker et al, 1992). Sequence alignment of all carmovirus proteins
homologous to CarMV p7 showed that they have: (i) a short N-terminal
sequence rich in acid amino acids, (ii) a high proportion of basic amino acids
which could define an RNA-binding domain at the central region of the
molecule, and (iii) a highly conserved C-terminal motif. CarMV p7 gene was
fused to a sequence coding for a six histidines tag and expressed in E. coli.
The sequence of histidines allowed the purification of CarMV p7 produced in
bacteria in the absence of detectable contaminants, and the subsequent
production of a specific polyclonal antiserum. This antiserum led to the
immunological identification of CarMV p7 in Chenopodium quinoa-infected
tissue. A series of studies were aimed to explore the putative RNA-binding
properties of CarMV p7. Four different CarMV-specific digoxigenin-labelled
riboprobes were used to demonstrate RNA-binding activity of p7 in both
electrophoretic mobility-shift and protein blot assays. Apparently, binding was
sequence unspecific and cooperative. In order to map the RNA-binding domain
of CarMV p7, a small 19 amino acid synthetic peptide whose sequence
corresponds to the basic central part of CarMV p7 was synthesized, and it was
demonstrated that it binds to viral RNA probes. This peptide can be induced to
fold into an amphipatic a-helix structure upon salt addition. We have previously
shown that small RNA-binding peptides are able to specifically inhibit plant virus
infection (Marcos et al., 1995). Following this work, it has been demonstrated
that the p7 synthetic peptide partially inhibited the infection of CarMV virions
upon inoculation onto the experimental host C. quinoa. Amino acid substitutions
in the peptide that were shown to perturb the a-helix structure did not affect its
RNA-binding or inhibition properties.

Guilley, H., Carrington, J., Balazs, E., Jonard, G., Richards, K., & Morris, T. (1985).
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Virus Movement and Phloem Development: Studies on a Phloem-Limited Geminivirus.

Sondra G. Lazarowitz*1l, Brian M. Wardl, Christina M. Laukaitisl, Tracey Smithl
and Richard Medville2. 1lDepartment of Microbiology, University of Illinois,
Urbana, IL; 2Northern Arizona State University, Phoenix, AZ

Plant virus encoded movement proteins act to direct viral genomes through the
cytoplasm and across the plant cell wall (1, 3). An added dimension to the
cytoplasmic trafficking is provided by the ssDNA geminiviruses which replicate
in the nucleus, thus requiring that a movement protein also acts as a nuclear
shuttle to move replicated viral genomes to and from the nucleus (8, 10).
Studies on mesophyll-infecting viruses such as tobacco mosaic virus and potato
virus X, among others, have examined movement protein function in affecting
plasmodesmal gating properties during viral invasion of the leaf (4, S, 11) and
in a few cases have shown that virus entry into the phloem to propagate
additional rounds of infection within the leaf or move systemically follows the
sink-to-source transition (2, 7). However, how a phloem-limited virus invades a
leaf remains to be examined.

Our investigation of the phloem-limited bipartite geminivirus squash leaf curl
virus (SqLCV) has shown that the two viral-encoded movement proteins BR1l and BL1
act cooperatively to move the viral genome(6, 8, 9, 12). BRl is a nuclear
shuttle protein that binds the viral ssDNA genome and can thus move it between
the nucleus and cytoplasm. BLl is associated with unique ER-derived tubules that
appear to extend from and cross the walls of developing phloem cells. An
implication of these studies is that SqQLCV movement is coordinated with phloem
development. To further investigate this point we have tracked SqLCV movement
in systemically infected leaves of pumpkin and squash using an infectious virus
engineered to express GFP. Examination of GFP fluorescence at both the whole
leaf and confocal microscopic levels shows virus movement to be restricted to
the phloem and supports our hypothesis that SqQLCV invasion of the leaf is
coordinated with phloem developmeént. Details of these!

1

studies and of the functional domains of BR1 and BL1 will be reported.
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Phloem movement of virus particles

Laureano Simén-Buela and Fernando Garcia-Arenal. E.T.S.I. Agrénomos. Universidad
Politécnica de Madrid.

To stablish a systemic infection, a plant virus must move from the initially
infected cells to other neighbouring cells through the plasmodesmata, and long distance
through the vascular tissue. The cell-to-cell movement of several different viruses has
been extensively studied but less is known about systemic movement. Most plant
viruses are believed to move long distance through the phloem sieve elements. The
majority of the experimental approaches that have been carried out analyze the ability of
natural and engineered mutant viral strains to infect distal leaves. Inmunohystochemical
analysis have also been undertaken to discover at which cell type the mutant viruses
stop before reaching the sieve elements.

Direct information about how (i.e. in which structural form) virus moves through
the phloem is lacking. The viral coat protein has been proven necessary for the systemic
movement of most of the viruses that have been studied. Mutant strains of tobacco
mosaic virus that produced a coat protein unable to encapsidate the RNA or that
presented mutations in the RNA origin of encapsidation were not able to stablish a
systemic infection. These and other results suggest that the virus might move long
distance either as a whole virion or as a ribonucleoprotein complex formed by the viral
RNA, the viral coat protein and probably other viral and host proteins.

We have approached the characterization of the form(s) in which viruses move
long distance by analyzing the system cucumber/cucumber green mottle mosaic
tobamovirus (CGMMV). The advantages of this experimental system are the possibility
of collecting moderate amounts of phloem sap from sectioned internodes of cucumber,
and the high titers that tobamoviruses reach in the tissues of their host plants.

In phloem exudates of CGMMV-infected plants, virus was readily detected in
western blots. Viral RNA was also present, as shown by RT-PCR amplification.
Amplification was only possible after a phenol extraction, indicating that CGMMV
RNA is protected in the phloem of infected plants, most possibly through its association
with proteins. The degree of protection was probed by analyzing the resistance of these
putative ribonucleoprotein structures to RNAse A, and the accessibility to RT-PCR
amplification under different pH conditions. Purified CGMMYV virions were used as
controls. It was found that CGMMYV RNA in the phloem is more resistant to RNAse
digestion than virion-encapsidated RNA. It was also found that the RNA in purified
virions became as protected as that in the phloem after mixing virions with phloem
exudates from non-inoculated plants.

The viral structure in the phloem of infected plants also shared the mass, weight
and isopycnic density of the purified virions, as shown by their equal sedimentation
profiles in sucrose and cesium chloride gradients. Finally, negative staining of the
fractions of the sucrose gradient revealed in an electron microscope the presence of 300
nm long rod-shaped cucumber green mottle mosaic virions in the phloem exudate of
infected plants.

The results suggest that virus movement in the phloem is mainly (if not only) in
the form of “stabilized” virus particles.
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Long distance transport of RCNMV requires movement protein as well as capsid
protein possibly in the form of a virion to cross the bundle sheath sieve element-
companion cell complex plasmodesmata

Lommel, S. A.", Sit, T. L., Wang, Y.2, Giesman-Cookmeyer, D.", Vaewhongs, A. A.",
Wang, H. L2, and Lucas, W. J.2

"Department of Plant Pathology, North Carolina State University, Raleigh, NC 27695-
7616, USA; “Section of Plant Biology, University of Califomia, Davis, CA 95616, USA.

The red clover necrotic mosaic virus (RCNMV) single-stranded RNA genome is split into
two largely non-homologous RNAs (Giesman-Cookmeyer ef al., 1995). The viral cell-to-
cell movement function has been genetically and functionally mapped to the 35 kDa
polypeptide, called the movement protein (MP), encoded by the smaller monocistronic
RNA-2. The RNA-1 encoded capsid protein (CP) is not necessary for cell-to-cell
movement but is required for long-distance transport leading to a systemic infection
(Xiong et al., 1993). The 35 kDa MP binds to viral single-stranded RNA in vitro and in
vivo (Giesman-Cookmeyer ef al., 1993). The RCNMV infection moves from cell-to-cell
as a genomic RNA-MP complex (Fujiwara et al., 1993). This RNA-MP complex is
sufficient to achieve infection up and into the bundle sheath cells on the inoculated leaf
(Yang et al., 1998).

We provide evidence that the MP possesses a functional domain for long distance
transport that is genetically distinct from that for cell-to-cell movement. Using
immunogold cytochemistry and antibodies conjugated with either enzymes or
fluorescent tags, in combination with RCNMV infectious RNA transcripts expressing
mutant forms of the 35 kDa MP, we show that the plasmodesmata between the bundle
sheath cells and the sieve element-companion cell complex can function as a barrier to
viral entry into the phloem translocation system (Yang et al., 1998).

It has long been established genetically that CP is required for long distance transport
and systemic infection. A portion, if not all, of the RCNMV origin of assembly sequence
(OAS) has been identified. Destruction of the OAS while maintaining the expression of
wild-type CP prevents both virion formation and systemic spread of the virus (Sit et al.,

unpublished).

The RCNMV capsid protein is expressed in vivo from RNA-1 by the production of a
subgenomic RNA (Giesman-Cookmeyer et al., 1995). We have identified a 34-
nucleotide element on RNA-2 which is essential for long distance transport. Using GFP
as a reporter in place of the viral CP gene, we have shown that the 34-nucleotide
element trans-activates subgenomic RNA synthesis (Sit ef al., 1998). Consequently,
this RNA-2 trans-activator is required to drive the expression of CP, which is required

for long distance transport.
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Collectively, these data suggest that virion formation is required to achieve movement of
the infection into the sieve element-companion cell complex. We therefore hypothesize
that cell-to-cell movement of RCNMV occurs as an RNA-MP complex not involving CP
and long distance transport occurs as virions which includes MP interactions that are

distinct from those for cell-to-cell movement.
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MOLECULAR BASIS OF THE LONG-DISTANCE VIRUS MOVEMENT FUNCTION
ENCODED BY

THE 2b GENE OF CUCUMBER MOSAIC VIRUS
Shou-Wei Ding*, Liang-Hui Ji, Andrew P. Lucy, Hong-Wei Li & Wan-Xiang Li

Molecular Virology Laboratory, Institute of Molecular Agrobiology, 1
Research Link, Singapore 117604

The tripartite ssSRNA genome of cucumber mosaic virus (CMV) encodes five
proteins, 1a, 2a, 2b, 3a and coat protein (CP). Proteins 1a and 2a are
components of the viral RNA polymerase while both 3a and CP are required
for virus cell-to-cell movement. In the last few years our research has

been focused on the 2b gene we reported in 1994. The 2b gene is encoded
by RNA 2, partially overlaps the 3' portion of the 2a gene, and is

expressed in infected plants via a subgenomic mRNA (RNA 4A). Sequence
analysis indicated that this 2b gene is conserved in all cucumoviruses
sequenced to date and that it may represent a naturally occurring hybrid
gene fused from two regions of distinct origin. Mutational studies

revealed that 2b encodes a host-specific long-distance virus movement
function and that the gene is also important for virulence

determination. These observed roles for 2b were further confirmed

through infectivity studies on hybrid viruses (made by exchange of gene
2b) in host plant species that either are or are not shared between

parental cucumoviruses.

The molecular basis of the biological functions observed for the
cucumoviral 2b gene is being investigated using several approaches. We
have recently produced (i) transgenic tobacco plants expressing 2b genes
encoded by different cucumoviruses and (ii) chimeric viruses based on
either tobacco mosaic virus or potato virus X expressing various
cucumoviral 2b genes. Plant responses under normal or stress conditions
that are specifically due to the 2b gene expression from either the

plant genome or chimeric viral genomes are being analysed. Localisation
of various 2b-GFP fusion proteins both in tobacco suspension cells and
whole plants is also being determined. Results from these experiments
will be presented and their relevance to the long-distance virus
movement is discussed.



Plant Responses to Virus Movement
Chair: David Baulcombe



69

TMYV REPLICATION AND VIRUS MOVEMENT: LINKED PHENOMENA ?

Richard S. Nelson, Yiming Bao, Xin Shun Ding, Shelly A. Carter and Chika Katagi

The Samuel Roberts Noble Roundation, Plant Biology Division, P.O. Box 2180,
) Ardmore, OK 73402, US.A.

Virus-encoded and host-encoded factors are necessary for cell-to-cell
movement of the pathogen both outside and inside the vascular tissue (Deom et al.,
1997; Ghoshroy et al.,, 1997; McLean et al,, 1997, Nelson and van Bel 1998). Recent
results from various laboratories have led to the conclusion that viral proteins
besides the so-—called “movement” proteins have a role in this process. This
conclusion was derived from studies of the systemic accumulation of viruses
mutated in the requisite open reading frame (orf). The cellular location where the
block in movement occurred was rarely studied. Also, the molecular basis of how
these “non-movement” proteins support virus spread has not been studied.

We have initiated experiments to determine how the 126 kDa protein from
tobacco mosaic virus (TMV) functions in supporting cell-to-cell spread. We have
utilized mutant viruses altered in the 126 kDa protein orf to achieve this goal. In so
doing, we have also provided the plant the potential to respond to an altered
protein and prevent virus movement.

Previous research has determined that the 126 kDa protein either alone or in
combination with other proteins modulates systemic virus accumulation of TMV
(Derrick et al., 1997). We have since produced viruses mutated in the 126 kDa
protein orf that are affected in cell-to-cell spread. One set of mutants affected in cell-
to-cell spread contains site-directed mutations in the nonconserved region of the 126
kDa protein between the conserved methyltransferase-like and helicase-like
domains found in all proteins from sindbis-like viruses (Shintaku et al, 1996).
Although this region as a whole is not conserved, there are certain amino acid
motifs within the region that are conserved among these proteins. One such motif,
WEP, is also observed in membrane-associated host proteins and in meromyosin.

We mutated the WFP motif to WAP and WYP and observed the effect of
these mutations on the replication, cell-to-cell spread, and vascular-dependent
accumulation of the resultant viruses. WAP (the nomeclature for the mutant virus
altered from F— A) was unable to replicate in N. fabacum protoplasts, while WYP
accumulated. However, WYP produced only a small necrotic lesion on a
hypersensitive host indicating that cell-tocell movement of this virus was
compromised. The altered accumulation of WYP and WAP was correlated with a
host-specific instability of transiently-expressed 126 kDa protein fused to GFP in
plant leaves. We have further characterized the movement ability of the 126 kDa
protein in whole plants and the stability and intracellular location of this protein
and the mutant proteins in protoplasts. Lastly, we have produced transgenic plants
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expressing the wild type or mutant proteins fused with GFP and a preliminary
discussion comparing results from protoplasts and transgenic plants will be
presented. These results will be discussed in the context of our postulate (supported
by immunocytochemical studies) that the replication structures, which contain the
126 kDa protein, are involved in virus cell-to-cell movement.
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INVOLVEMENT OF CLASS | B-1,3-GLUCANASES IN VIRAL
MOBILITY.

Alejandro Iglesias', Gregor Bucher', Roland Beffa’, and Fred Meins
Jrt

1 Friedrich Miescher Institute, P.O.Box 2543, CH-4002 Basel,
Switzerland.

2 Institute of Plant Biology and Plant Physiology, Biology Building,
University of Lausanne, CH-1015 Lausanne, Switzerland.

Antifungal class | B-1,3-glucanases (B-GLU ) are believed to be part
of the defense reaction of plants against fungus infection. Studies of
B-GLU | deficient tobacco and N. sylvestris generated by antisense
transformation suggest that B-GLU | also plays a role in viral
pathogenesis. B-GLU | deficient Havana 425 tobacco showed
markedly reduced lesion size, lesion number, and virus spread in the
local-lesion response to tobacco mosaic virus (TMV) at 25 °C. These
effects were inversely correlated with B-GLU | expression in
independent antisense transformants and depended on the
developmental age of the plants. Antisense transformation also
markedly reduced TMV spread and disease symptoms in the
response of the plants at 32°C.

One possible mechanism for these effects is suggested by the
finding that callose, a potential substrate for B-GLU [, can restrict
virus spread. Callose is deposited around lesions as part of the local-
lesion response to TMV. This is believed to decrease the size
exclusion limit (SEL) of plasmodesmata and reduce virus movement
from cell to cell. Callose deposition in response to TMV is earlier and
upto ca. 40-fold greater in B-GLU | deficient transformants than in
wild-type plants. A similar increase was observed for wound-induced
callose formation indicating that the antisense effect on callus is not
limited to virus infection. Direct evidence that B-GLU | deficiency can
decrease intercellular transport was obtained by measuring the
movement of microinjected, FITC-labeled dextrans between adjacent
leaf-trichomes cells. Taken together, the results suggest a working
hypothesis for the decreased virus susceptibility of B-GLU | deficient
transformants. We propose that the extent of callose deposition in
response to TMV depends on the balance of B-1,3-glucan synthesis
and degradation mediated by B-1,3-glucanases. Thus, B-GLU I
deficiencies could reduce callose degradation and, hence, increase
callose deposition. This results in decreased intercellular transport via
plasmodesmata, which helps decrease the spread of virus from cell
to cell.
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Alex M. Murphy

Salicylic acid and virus movement

Salicylic acid (SA) is a key component of the signal transduction pathway culminating in
plant resistance to an avirulent pathogen, manifested as the hypersensitive response (HR;
Staskawicz et al.,1995). Application of SA to susceptible plants can also induce resistance to
normally virulent pathogens, thus facilitating studies on the mechanism of SA induced resistance to
plant viruses in the absence of the HR.

SA treatment of susceptible tobacco delayed symptom development in TMV and CMV
inoculated whole plants. Analysis of viral RNA's from virus-inoculated, SA pre-treated leaf disks
showed that SA profoundly interfered with TMV replication (Chivasa et al., 1997) but had no effect on
the replication of CMV. These results suggested that SA-induced resistance to CMV in whole plants
was due to interference of virus movement.

Western analysis of whole plants demonstrated that CMV exit from inoculated leaves was
retarded in SA-treated plants, indicating that SA was affecting long distance movement. Plant virus
movement is known to parallel the translocation of photosynthates from source to sink leaves
(Leisner, Turgeon and Howell, 1992; Roberts et al., 1997). 1“COx-feeding experiments showed that
SA treatment does not interfere with the movement of newly synthesised radiolabelled carbon
compounds, nor change the boundary of the carbon sink/source transition in young, expanding
leaves. Thus, SA-induced inhibition of long distance virus movement is not due to perturbation of
carbohydrate translocation.

Recently, it was reported that SA interference of TMV replication is induced via a novel
branch of the defensive signal transduction pathway that is sensiive to inhibition by
salicylhydroxamic acid (SHAM; Chivasa et al., 1997). Surprisingly, SA-induced resistance to CMV
was abolished by SHAM, implicating the SHAM-sensitive signalling pathway in the activation of the
mechanism(s) underlying inhibition of virus long-distance movement.

Chivasa, S., Murphy, A.M., Naylor, M. and Ca, J.P. (1997). Plant Cell9, 547-557.
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Staskawicz, B.J., Asubel, F.M., Baker, B.J., Eliis, J.G. and Jones, J.D.G. (1995). Science 268, 661-667
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Plasmodesmal targeting of the maize Pathogenesis-Related PRms protein
[. Murillo, L. Cavallarin and B. San Segundo.
Dep. Genética Molecular, Centro de Investigacion y Desarrollo de Barcelona (CID),

CSIC. Jordi Girona 18, 08034 Barcelona. SPAIN

The PRms protein is a 15.5 kD Pathogenesis-Related protein whose expression is
induced in response to fungal infection in maize seedlings. A peculiarity of the PRms
gene is its remarkable cell-type specific pattern of expression (Murillo et al. Plant Cell
9, 145-156, 1997). A detailed analysis of the PRms mRNA and PRms protein
distribution in different tissues of the fungal-infected maize seedling was conducted.
In situ mRNA hybridizations revealed that the PRms gene is expressed in the epitheliar
scutellum cells of the germinating embryo, and in parenchyma cells surrounding the
differentiating xylem elements of the vascular system. However, no correlation was
found between the PRms mRNA and the protein localization data. Immunocytochemical
localization studies revealed that the PRms protein was detected not only in those cells
where PRms gene expression occurred, but also in distant parenchyma cells, in which
PRms gene expression was never detected. The PRms protein was always localized
at the contact areas between contiguous cells in the infected maize tissues.
Immunoelectron microscopy studies demonstrated that these immunoreactive regions
corresponded to the plasmodesmata. These results suggest that mechanisms
responsible for targeting the PRms protein to plasmodesmata must exist. For another
maize protein, KNOTTED1, which has the capacity to move from cell-to-cell (Lucas et
al. Science 270, 1980-1985, 1995), it has been reported that the cytoskeleton is
involved in its targeting to plasmodesmata. In contrast to the KNOTTED1 protein, which
is a cytoplasmic protein, PRms is a protein that enters into the secretory system of the
plant cell. The molecular mechanism by which PRms might be targeted to
plasmodesmata will be discussed. Finally, the plasmodesmal localization of PRms in
infected maize tissues implies that plasmodesmata between these cells must have
altered or modified structures and suggest that plasmodesmal regulation could well be
involved in the plant response to pathogen attack. In relation to that, the possible role
of the PRms protein in the plant defense response will be discussed.
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LOCALISATION OF A CENTRIN-LIKE PROTEIN TO HIGHER PLANT
PLASMODESMATA

Leila M. Blackman, John D. I. Harper and Robyn L. Overall
School of Biological Sciences, University of Sydney, 2006, Australia

The exact mechanism and site of the regulation of cell-to-cell transport is unknown (Overall and
Blackman, 1996). However, changes in the intracellular concentration of calcium is one
mechanism by which intercellular transport can be controlled. Calcium-binding proteins, such
as centrin, are therefore attractive candidates for components of plasmodesmata. Centrin is a
calcium modulated contractile phosphoprotein which was first identified in the basal bodies of
flagellar in green algae (Salisbury, 1995). This ubiquitous protein has been localised to the
forming cell plate in a number of higher plant species (Del Vecchio et al., 1997). In this present
study, we have used immunolocalisation techniques to determine if centrin is a component of
plasmodesmata. On cryosectioned cauliflower florets, centrin was immunofluorescently
localised to the cell walls in a punctate manner. In double immunolabelling experiments,

centrin colocalised with callose indicating that centrin or a centrin-like protein forms part of the
molecular architecture of plasmodesmata. Centrin antibodies were also localised to
plasmodesmata of cauliflower florets and onion root tips using immunoelectron microscopy. In
contrast, antibodies to calmodulin, which shares over 50 % sequence homology with centrin
(Bhattacharya et al., 1993), did not label plasmodesmata.

Bhattacharya, D., Steinkotter, J. & Melkonian, M. (1993) Molecular cloning and evolutionary
analysis of the calcium-modulated contractile protein, centrin, in green algae and land plants.
Plant Mol. Biol. 23: 1243-1254

Del Vecchio, A. J., Harper, J. D. L, Vaughn, K. C., Baron, A. T., Salisbury, J. L. &
Overall, R. L. (1997) Centrin homologues in higher plants are prominently associated with the
developing cell plate. Protoplasma 196: 224-234

Overall, R. L. & Blackman, L. M. (1996) A model of the macromolecular structure of
plasmodesmata. TIPS 1: 307-311

Salisbury, J. L. (1995) Centrin, centrosomes, and mitotic spindle poles. Curr. Opin. Cell
Biol. 7: 3945
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Mutagenesis of the PVX 8K protein identifies a barrier to long distance movement
Petra Boevink, George Duncan, Simon Santa Cruz, and Karl Oparka

Scottish Crop Research Institute, Invergowrie, Dundee, UK

For cell-to-cell and long distance movement potato virus X (PVX) requires its coat
protein and a set of three proteins called the triple gene block proteins. Mutagenesis of
the 8K triple gene block protein was performed to elucidate its role in virus movement.
Mutations were introdced into a modified PVX genome designed to express the green
fluorescent protein (GFP) thus allowing the effects of the mutations on the virus
movement to be monitored visually. A virus carrying a mutation that removed the
initiating AUG codon of the 8K gene was restricted to the initial infected cell indicating
that the 8K protien is essential for cell-to-cell movement. However, a virus in which
more than half of the 8K protein was deleted was still capable of cell-to-cell movement
at a much reduced rate. The movement of this virus was restricted to the inoculated leaf.
Examination of the infected leaves by immunogold electron microscopy revealed that -
the virus had infected the vascular bundle but was only found in bundle sheath cells,
phloem parenchyma, and xylem parenchyma. It was never found in the sieve elements,
or companion cells. The 8K protein may therefore be required for the transition from

cell-to-cell to long distance movement.
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Detection of several mRNA species from rice phloem sap

Takaaki Sasaki, Yutaka Ishiwatari, Akari Fukuda, Toru Fujiwara*, Hiroaki
Hayashi, Mitsuo Chino

Department of Applied Biological Chemistry, Graduate School of
Agricultural and Lifc Sciences, The University of Tokyo, Yayoi, Bunkyo-ku,
Tokyo 113, Japan

* Preseating author

Rice Phloem sap collected by the insect laser method contains a
number of proteins including thioredoxin h (Ishiwatari et al. 1995). Rice
phloem thioredoxin h is capable of dilating plasmodesmata in tobacco
mesophyll cells upon microinjection and this capacity is associaled with
structural characteristics of the protein (Ishiwatari et al., in press).

Here we present cvidences suggesting the presence of several
mRNA spices in the rice phloem sap. Rice phloem saps were subjected to
PCR amplification using three scts of primers corresponding to thioredoxin
h, oryzacystatin, and actin. The thioredoxin h and actin primer sets
amplificd DNA fragments of expected sizes, whereas the cystatin set failed
to detect any band.

Phlocm sap were also collected from transgenic rice plants
expressing GUS activity under the control of the rice thioredoxin h
promoter. The sap did not show dectectable GUS activity. GUS activities
were detected strongly in companion cells. GUS mRNA, on the other hands,
was detected from the phloem sap.

These findings suggest presence of several mRNA species in rice
phloem sap and the complex naturc of sorting process of macromolecules
through plasmodesmata at the sieve element-companion cell boundary in
rice.
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INSITU AND IN VIVO SUBCELLULAR LOCALIZATION OF OLIVE
LATENT OLEAVIRUS 2 PUTATIVE MOVEMENT PROTEIN
Grieco F., Castellano M.A., *Di Sansebastiano G.P., Maggipinto G., *Neuhaus J.M.
and Martelli G.P.

Dipartimento di Protezione delle Piante and Centro di Studio del CNR sui Viruse le
Virosi delle Colture Mediterranee, University of Bari, Italy and *Laboratory of
Biochemistry, Université de Neuchatel , Switzerland

Olive latent virus 2 (OLV-2) the type species of the genus Oleavirus (family
Bromoviridae) has quasi spherical to bacilliform particles and a non polyadenylated,
tripartite, positive sense ssRNA genome. Virions encapsidate four major RNA
species all of which were sequenced. RNA1 (3126 nt) and RNA2 (2734 nt) are both
monocistronic molecules coding for replication-related proteins, with conserved
motifs of helicasc, methyltransferase (RNAI) and RNA polymerase (RNA2). RNA3
(2438 nt) codes for a 36.5 kDa polypeptide with conserved motifs for the 30kDa
superfamily movement proteins (MP), and the 20 kDa viral coat protein (CP). RNA4
(2078 nt) is co-terminal with RNA3 with undetermined biological function. A
subgenomic RNA (c. 1042 nt) responsible for CP production is formed in infected
plant but it may not be encapsidated.

To investigate the role of the putative MP in the cell-to-cell movement of the
virus, the 36.5 kDa protein gene was cloned and expressed using the Escherichia coli
pGEX-2T expression system. The purified fusion protein has been used to raise a
polyclonal antiserum. According to time course accumulation study of the MP
protein in Nicotiana benthamiana-infected leaves the maximum accumulation level
was reached at the early stage of infection (c. one day post inoculation). With
westem immunoblots of subcellular fractions from N. benthamiana infected OLV-2
MP was detected in cell wall fractions.

Ultrathin sections of N. benthamiana infected cells showed the presence of
tubular structures near the cell wall and often extending through it, protruding to a
adjacent cell at the level of plasmodesmata. These tubular structures appeared two
days post inoculation and in later stages of infection could contain virus-like particles
(c. four days post inoculation). Immunogold labellingassays using the antiserum to
OLV-2 MP shoxed that the homologous antigen was associated to the
plasmodesmata and could be detected across the cell wall and into the cytoplasm of
two adjacent cells. Gold labelling of virus-induced tubules showed that the antigen
was not present on the surface of the sheath but appeared to be Jocated at its ends.

OLV-2 MP coding sequences were fused with the N terminus of the green
fluorescent protein (GFPS) coding sequences and cloned in a plasmid vector
containing a 35S promoter (pGY1). The obtained MP-GFP fusion construct was
transiently expressed in N. tabacum protoplasts producing long tubular structures
protruding from the protoplast surface.

The significance of thesc findings on the role of the OLV-2 36.5 kDa protein
in the cell-to-cell movement of the virus 15 discussed.
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TARGETING AND MODIFICATION OF PROCARYOTIC CELL-CELL
JUNCTIONS BY TOBACCO MOSAIC VIRUS CELL-TO-CELL
MOVEMENT PROTEIN

Manfred Heinlein, Malcolm R. Wood, Theresa Thiel and Roger N. Beachy

Friedrich Miescher Institute, Maulbeerstrasse 66, CH-4058 Basel, Switzerland;
The Scripps Research Institute, Department of Cell Biology, BCC 206, 10550
North Torrey Pines Road., La Jolla, California 92037, USA;

Department of Biology, University of Missouri, St.Louis, MO 63121, USA.

The movement protein (MP) of tobacco mosaic virus (TMV) facilitates the cell-
to-cell spread of infection by altering the structure and function of
plasmodesmata, the intercellular communication channels in plants. Because
the protein was shown to interfere with intercellular communication when
expressed in the cyanobacterium Anabaena sp. strain PCC 7120, we tested
whether the ability of the protein to target and to modify intercellular
communication channels in plants is conserved in this prokaryote. We found
that the MP localizes to the cell junctions and induces the formation of
filamentous structures which traverse the septa. We propose that the protein
interacts with host components that are similar between plants and Anabaena
and which may be evolutionary related. The observations in Anabaena
suggest that the MP modifies plasmodesmata by forming a filamentous

aggregate within the pore.
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CELL-TO-CELL MOVEMENT OF THE TRIPLE GENE BLOCK
VIRUS WHITE CLOVER MOSAIC POTEXVIRUS

T.Lough, K. Shash, K.R, Hofstra, B. Xoconostle-Cazares, D.L. Beck.,
E. Balmori, R.L.S. Forster and W.J.Lucas.

We have expressed white clover mosaic potexvirus (WCIMV) triple
gene block (TGB) transport proteins (26, 13 and 7 kDa products)
individually and as multicistronic constructs in Nicotiana benthamiana.
Functional complementation of WCIMV TGB mutants in terms of cell-to-
cell and long-distance movement was confirmed.

Microinjection studies were performed using bacterially expressed
26 kDa protein, FITC-labeled F-dextrans, coat protein and labeled RNA
to dissect the molecular mechanism of TGB-mediated cell-to-cell
movement of infectious viral RNA.

We have shown: (i) that the 26 kDa TGB protein can dilate
plasmodesmata (PD); (ii) that the 26 kDa protein potentiates its own
movement from cell-to-cell and (iii) that the 26 kDa protein is dependent
on the remaining 13 and 7 kDa TGB proteins and coat protein for the
mediated movement of labeled RNA. We present data that a viral
nucleoprotein complex comprised of RNA, the 26 kDa TGB protein and
coat protein moves from cell-to-cell. This is the first instance of RNA
trafficking assisted by 4 identified protein products. A model
encompassing these results will be presented.
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POSTER ABSTRACT
The frequency of plasmodesmata increases early in the whole apical meristem of

Sinapis alba L. during floral transition

S. Ormenese, A. Havelaage, R. Deltour and G. Bernier
ic et Morphologic, Dép de Biologic Végétale, Université de Liége Sart Tilman, Belgium)

(Lab ire de Physiok

In higher plants, the most common way that cells communicate among each other is through
plasmodesmata (Pds). Recently, Lucas et al. (1995) have observed that Pds facilitate the cell-to-cell
transport of a plant encoded transcription factor in the maize shoot apical meristem (SAM). During the
floral transition, in the SAM, the synchronization of the cell divisions in several species (Bernier, 1988)
and the relationships between different genes which are expressed in distinct zones (Bradley et al., 1996)
have led to the idea that specific intercellular communications should occur during this developmental
step and are perhaps essential for this process.

We are thus investigating the distribution and frequency of Pds in the SAM of the long-day (LD)
plant Sinapis alba L. during the floral transition induced by a single LD.

In this system, previous works showed that <" floral signals (sucrose, cytokinins,...) of foliar origin
are transported to the SAM between 10 and 24 h after the start of the LD, @ a first wave of cell division
occurs at 26-30 h and @ the first floral meristem is initiated by the SAM at 62-70 h (Bemnier, 1989).

Apical buds of both induced and noninduced plants were collected at various times after the start
of the LD, fixed with 2% KMnO, and embedded in Epon. Ultrathin longitudinal axial sections obtained
from 3 to 6 apices in each batch were visualized under a TEM. The Pds of 20 non contiguous cells from
cach meristem were examined and periclinal and anticlinal wall length of each cell were measured.

In the whole meristem, cells were interconnected by groups of unbranched Pds. Occasionally,
branched Pds were also observed.

The Pds were counted into the upper three cell layers (L1, L2 and L3) of meristems and their
frequency was determined by dividing the number of Pds ?ncoumered at a cell-tocell interface by the
interface cell wall length. We observed that the frequency of Pds became more important between cells
of the L3 at 28 h after the start of the LD and that Pd frequency was markedly increased in the whole
meristem, including L1 and L2, 4 h later. This increase culminated at 36 h after the start of the LD. All
these changes start to decrease at 48 h after the start of the LD.

This situation suggests an increase of intercellular communications in the SAM during a
particular time interval of the floral transition. This change will be discussed in relation to the numerous
metabolic, cellular and molecular changes that are known to occur during the floral transition of this
species (Bemier, 1989).
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INTRACELLULAR LOCALIZATION OF COAT PROTEIN AND GENOMIC
RNAS OF CHERRY LEAF ROLL VIRUS AND ITS INVOLVEMENT TO VIRAL
MOVEMENT AND REPLICATION

M. A. Sanchez-Pina, P. Mas and V. Pallas

Departamento de Mejora y Patologia Vegetal. CEBAS (CSIC).Avenida de la
Fama 1, 30003 MURCIA. SPAIN.

Systemic viral infection needs to get established a complex process to
take place including different steps such as: the ability of entering the initial cell,
synthesis of the viral components by using the cell machinery and movement,
firstly, from the initially infected cell to the adjacent healthy one (short distance)
and secondly, to the rest of the plant (long distance) using the plant vascular
system. Two mechanisms have been described for the short-distance
movement of plant viruses: The TMV-like mechanism that involves the
formation of a ribonucleoprotein complex (Citovsky and Zambrysky, 1993;
Annu. Rev. Microbiol. 47:167-197), and the CPMV-like mechanism which
consists in the formation of tubules through cell walls and/or plasmodesmata,
that transport the virions to the adjacent cell (Carrington et al. 1996, Plant Cell
8:1669-1681). Several types of plant viruses including como-, nepo-, caulimo-,
gemini- and tosposviruses, induce these specific viral tubular structures. In
addition to the MP, and in some virus-hosts combinations to the CP, it has been
recently shown that replication proteins of several viruses are also involved in
cell-to-cell transport (Traynor et al. 1991, J. Virol. 65:2807-2815; Nelson et al.
1993, Mol. Plant-Microbe Interact. 6:45-54; Gal-On et al. 1994, Virology
205:280-289) and can be considered as modulators of cell-to-cell or long-
distance movement (Carrington et al. 1996). Genome replication in positive-
stranded RNA viruses takes place in close association with cytoplasmic
membranes. The formation of membranous vesicles are common features to
many nepo- and comoviruses and it has been suggested that they are the sites
for viral replication (de Zoeten et al. 1974, Virology 59:341-355; Eggen and van
Kammen, 1988). Cherry leaf roll virus (CLRV) belongs to the plant nepovirus
genus within the Comoviridae family. Its genome is made up of two positive-
sense polyadenylated ssRNAs. In its interaction with tobacco plants, CLRV
induces the appearance of necrotic ringspots in inoculated and systemically
infected leaves. Genomic RNA and CP are mainly localized associated with
these symptoms as well as with vascular tissue (Mas and Pallas 1995, J. Virol.
Methods 52:317-326, 1996, J.Gen.Virol. 77:531-540; Balsalobre et al. 1997,
Mol. Plant-Microbe Interact. 10, 784-788).

In this study we show that CLRV induces the appearance of several
characteristic cytopathological structures: cytoplasmic paramural bodies (Pb’s),
abundant membranous vesicles and tubular structures which are associated
with the cell wall. Intracellular localization of the coat protein (CP) and genomic
RNAs was studied by immunogold labeling and in situ hybridization
respectively. CLRV CP was mainly concentrated inside the Pb’s and genomic
RNAs were localized associated with the small cytoplasmic vesicles. Both CP
and genomic RNAs were also localized in the tubules being detected when they
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were sectioned in such a way that they were accessible to the antibody or to
the probe, respectively. The localization of CLRV RNAs in the cytoplasmic
vesicles constitutes the first direct evidence of their association to viral genome
and reinforces the hypothesis that these structures are the viral replication
sites.

This work was supported by grant BIO96-0459 from the Spanish granting
agency DGYCIT.
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Expression of the MP genes of maize sireak virus and bean yellow dwarf virus in host and non-
host transgenic plants produces virus-like symptoms and affects virus infectivity.

C. Pitaksutheepong, M. I. Boulton, G. Kotlitzky, B. Epel and J. W. Davies

The single-stranded DNA-containing geminivirus, maize streak virus (MSV) infects cereals and
grasses and requires both the coat protein (CP or V2 protein) and the movement protein (MP or
V1 protein) for infection of plants although neither is required for replication of the virus in
protoplasts [1,2). Recently two viruses (tobacco yellow dwarf virus (TYDV) and bean yellow dwarf
virus (BeYDV) have been characterised and shown to possess a genome organisation similar
to MSV, although both infect dicots. The V71 gene product of both viruses has a secondary
structure similar to that of the MSV MP [2], the BeYDV and MSV proteins have 54% amino acid
sequence similarity. The BeYDV V1 protein has been shown to be necessary for efficient
infection of Nicotiana benthamiana plants [3]; the protein has been suggested to fuction as a MP.
. Recent studies showing the presence of the MSV protein in plasmodesmata in infected maize
and the movement of a MP-green fluorescent protein (GFP), but not GFP alone, between
plasmodesmata of maize epidermal cells, have confirmed the MSV product to be a MP [4,5].

To determine whether the MPs are functional in both host and non-host plants, transgenic
Nicotiana benthamiana and Nicotiana tabacum plants containing the MSV or BeYDV MP genes
under the control of the CaMV 35S promoter have been generated. All plants expressing the
MSV MP are phenotypically abnomal, and the protein appears to be toxic as N. benthamiana
plantlets expressing large amounts of the protein were unable to survive transplantation to the
glasshouse. In N. benthamiana, leaf distortion and curling and veinal chlorosis, resembling the
symptoms of geminivirus infection, are apparent, plants are female sterile and must be used as
the pollen donor to produce a further generation. Fewer abnormalities are seen with N. tabacum
and the plants are fertile. Most plants transformed with the BeYDV V71 gene were phenotypically
normal except for one plant which showed leaf curling and chlorosis. For one line in which the
F, plant had a nomal phenotype, approximatety 30% of the F, plants showed leaf distortion and
chlorosis. Antiserum to the BeYDV V1 protein is not yet available and this precludes us from
determining whether the “symptom” phenotype cormrelates with the presence of the BeYDV
protein.

Plants containing the BeYDV or MSV V1 gene failed to complement BeYDV genomes mutated
in the V1 gene. This was not because of the presence of a mutation in the transgene as PCR-
based sequence analysis confirmed the inserts to be wild-type. However, agroinculation of plants
expressing the MSV MP with a wild-type BeYDV construct resulted in a lower proportion of the
plants becoming infected compared to plants transgenic for vector sequences only (approx 17-
30% infection compared to 70-80% for control lines). The reason for the decreased susceptibility
of the plants is currently under investigation. Such decreased susceptibility has not been seen
with plants transgenic for the BeYDV gene.

Experiments are in progress to determine whether expression of the MP genes in the plants
affects plasmodesmatal size exclusion limits or the movement of a BeYDV V1- (or MSV MP-)
GFP construct through plasmodesmata.

1. Boulton et al, 1989. J.Gen.Virol. 70, 2308-2323.

2. Boulton et al, 1993 Virology 192, 85-93.

3. Liu, 1998. PhD thesis, University of East Anglia, UK.
4. Dickinson et al., 1996 Virology 220, 51-59.

5. Kotlizky et al., 1998 (submitted to J. Virology)
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Transgenic expression of oilseed rape mosaic tobamovirus movement

protein in Arabidopsis thaliana confers resistance to ORMV

Isabel Aguilar, David Martinez-Herrera, Flora Sanchez, Fernando Ponz.

INIA. Dpto. Mejora Genética y Biotecnologia, Edificio Z. Autopista A-6, km. 7.
28040 Madrid. Spain.

The movement function is one of the most characteristic features of plant viruses.
This function is provided by a protein (MP), or set of proteins depending on the
virus familiy, that normally allows the virus to modify plant plasmodesmata in
their own benefit. The so-called short-distance movement can thus be
performed. The expression of the movement proteins of different plant viruses in
transgenic tobacco plants has deep effects on some important traits of plant
physiology, such as the size of cell-connecting plasmodesmata, or carbon
metabolism and photosynthate partitioning. Mutated versions of the MP are able
to confer resistance to virus infections in the transgenic plants. Many of these
studies have been carried out by transformation of the tobacco plants with the
MP gene of tobacco mosaic tobamovirus (TMV).

Several tobamoviruses have been identified that are able to infect Arabidopsis
thaliana. We have focused on the study of oilseed rape mosaic virus (ORMV), a
crucifer tobamovirus that we have previously described as an experimental
Arabidopsis pathogen. We have determined the complete nucleotide sequence of
ORMV genomic RNA. The analysis of this sequence highlights a different gene
array, as compared to TMV. This array seems cahracteristic of crucifer
tobamoviruses, since it has also been found by other authors in tobamoviruses
different to ORMV.

Transgenic Arabidopsis plants expressing the MP of ORMV have been generated
in our laboratory. Several independent transgenic lines were obtained differing
in both gene dosage and gene orientation. All the transgenic lines analyzed by
Southern hybridization showed the presence of the transgene. However, when

analyzed by Northern hybridization, different levels of MP transcript
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accumulation were found. Moreover, different transgenic lines showed different
behaviour, including resistance, upon challenge with the homologous virus,
ORMV. The analysis of the biological effects of ORMV MP on transgenic
Arabidopsis should allow to exploit the potential of this model plant to identify

and study host components involved in the interaction.
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The helper component protein of plum pox virus as a limiting factor for
virus long distance movement in Nicotiana tabacum plants.

Plum pox virus, a member of the Potyvirus genus, is unable to infect systemically some
herbaceous hosts such as Nicotiana tabacum althouth it can replicate in the inoculated
leaves. Some other potyviruses, as tobacco vein mottling virus (TVMV) and tobacco etch
virus (TEV), can establish a systemic infection in the same host. We have followed
several approaches aimed to identify the PPV genome regions responsible of the
movement constraint. Tobacco plants were co-inoculated with PPV+TVMV or
PPV+TEV. In both cases, PPV was able to replicate in the inoculated leaves, but at lesser
extent than in single infections. Although TEV and TVMV systemically spread very
efficiently, they were not able to complement the movement defect of PPV. HC and CP
proteins have been shown to be involved in potyvirus long distance movement, and it has
been suggested that the high sequence divergence of P1 migth be related with host
specificity. For these reasons we focussed the next research steps on these proteins. A
PPV-TVMV chimeric virus containing the P1 cistron 5' half from TVMV was infectious,
but it resembled wild type PPV in its inability to infect systemically tobacco. N. tabacum
transgenic plants expressing the 5* end of the TEV genome, including the P1 and the
helper component (HC) cistrons (U6B line*), the coat protein (CP) gene of the same
virus (FL3.3 line*), the 5' end of the TVMV genome, including the P1, HC, P3 and part
of 6K; cistrons (B8 line*), or the TVMV CP gene (CP4 line*) were inoculated with
PPV. U6B plants, but not the rest of the transgenic plants resulted systemically infected.
Transgenic plants expressing the same TEV 5' end fragment, but mutated in different
positions of the transgene (B, C, E, L, K, L lines*) were also analyzed. PPV infected
systemically transgenic plants with mutations in the P1 gene or in the amino-terminal part
of the HC gene. In the plants with transgenes mutated in the central part of HC, PPV
replicated only in inoculated leaves. We can conclude that the long distance movement
function of the potyvirus HC protein is not strictly virus specific, and that, in the case of
PPV, HC is a limiting factor for N. r abacum plant infection.

* TEV transgenic plants were a gift from James C. Carrington. TVMV transgenic plants
were kindly provided by Emilio Rodriguez-Cerezo and were obtained by Arthur Hunt .
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