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INTRODUCTlON 

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

Plasmodesmata are symplastic bridges between plant cells that define a . 
topological unit ofthe plant body, lirnited by plasma membranes, known as the symplast . 
Symplastic connection is critica! for processes in plant development such as 
morphogenesis or assirnilate transport through the phloem. Thus, plant physiologists and 
cell biologists have made majar 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 systernically, 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 identif)ring virus­
encoded proteins involved in various aspects ofthe movement process. These movement 
proteins ha ve 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 ofthe 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 
mvaswn. 

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 mo\'ement proteins and other macromolecules to regulate intercellular 
communication within plants. 

Fernando García-Arenal 
Karl J. Oparka 
Peter Palukaitis 
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KOLLMANN, Rainer: Multimorphology and terminology ofplasmodesmata 

In multicellular higher plants the number and structure of plasmodesmata changes during cell 

ditferentiation. Primary plasmodesmata are formed during cytokinesis in the cell plateas single 

unbranched cytoplasmic strands each containing one tightly constricted ER tubule (Hepler, 

1982). Depending on cell ditferentiation, many of these straight primary plasmodesmata 

become modified by various forms of branclúng during wall tlúckening (Ehlers and Kollmann, 

1996; Glockmann and Kollmann, 1996) thus partially compensating for the dilution of 

cytoplasmic bridges during cell extension and division. lt is furthermore likely that 

plasmodesmata are formed de novo in elongating division walls by fusion of opposite half 

plasmodesmata. Tlús process resulting in branched secondary plasmodesmata occurs in wall 

regions with tlúnned and loosened matrix following a mechanism described by Kollmann and 

Glockmann ( 1991) for non-division walls. The principie of formation of primary and secondary 

plasmodesmata hold one fundamental mechanism in common: enclosure ofER by fusing Golgi­

vesicles wlúch de1iver wall material and the plasma membrane surrounding the cytoplasrnic 

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 forrnation 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 p1asmodesmata 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 ofbranched plasmodesmata in regenerating Solanum 

nigmm-protoplasts. Planta 199: 126-13 8 

Glockmann Ch, Kollmann R ( 1996) Structure and development of cell connections in the 

phloem of Metasequoia glyptostroboides needles. l. Ultrastructural aspects of modified 

primary plasmodesmata in Strasburger cells. Protoplasma 193: 19 1-203 

Hepler P K (1982) Endoplasmic reticulum in the formation ofthe cell plate and 

plasmodesmata. Protoplasma 111: 121 - 133 

Kollmann R, Glockmann Ch ( 1985) Studies on graft unions. l. Plasmodesmata between cells of 

plants belonging to different unrelated taxa. Protoplasma 124: 224-235 

Kollmann R, Glockmann Ch (1991) Studies on graft unions. III. On the mechanism of 

secondary formation of plasmodesmata at the graft interface. Protoplasma 165: 71-85 

Monzer 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 ofthe plant chimera Labumocytisus 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 cornrnunication pathway between separate carpels during gynoecium 

development. Planta 195: 450-455 
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ARCHITECTURE OF PLASMODESMATA 

R. L. Ovcrall 
School of Biological Scicnccs, Maclcay Iluilding A 12, Thc Univcrsity of Sydncy, NSW,2006, 
Australia 

The architecture of plasmodesmata has been under conjecture since since they were first observed 
sorne 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 SOnm, similar to the thickncss ofthe thin sections used for electron microscopy. In 
longitudinal view, the en tire plasmodesma may be included within the section and in a transverse 
view, one third ofthe 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 in volved in preparation of material for electron 
microscopy are likely to have introduced artefacts. 

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

The development ofthe field enússion scanning electron núcroscope (FESEM) has achieved the 
resolution available in transmission electron núcrosopy. High resolution scanning electron 
microscopy (HRSEM) has provided spectacular 3-dimensional images ofthe plant cytoskeleton 
and has been combined with imrnunocytochenústry (Vesk et al , 1996). We have applied these 
techrúques to study the three-dimensional architecture of plasmodesmata in an attempt to clarity 
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 techrúque 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, cormecting the plasmodesma and the surrounding wall material. On 
rare occasions, the interna! structure of plasmodesmata has been visible revealing a central 
structure surrounded by particulate material. Combirúng HRSEM with immunogold 
cytochemistry of callose has shown that callase is located around the neck regions of Chara 
coral/ina plasmodesmata, closely associated with the plasmamembrane rather than the cell wall . 

Immunogold cytochemistry has demonstrated that actin and m yo sin are present in the 
plasmodesmata of both higher plants (White et al, 1994; Radford and White, 1988) and Chara 
corallina (Biackman and Overall, 1998). We ha ve 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 modcl also 
incorporales thc extracellular structurcs obscrvcd around plasmodesmata (Badelt et al, 1994) and 
a putativc contractile protein at the neck rcgion. 

REFERENCES 

Badelt,K., White,RG, Overall,RL and Yesk,M (1994) Ultrastructural specialisations ofthe cell 
wall sleeve around plasmodesmata. American J. Botany 81 (JI) 1422- 1427 

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

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

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

Overall,RL, Wolfe,J and Gunning, BES (1 982) lntercellular communication in Azolla roots l. 
Ultrastructure of plasmodesmata. Protoplasma 111, 134-150 

R.adford, J, Vesk, M and Overall, RL (1998) Callase deposition at plasmodesmata. Protoplasma, 
201:30-37 

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

Yesk.PA, Vesk M and Gunning BES (1996) Fields enússion scanning electron núcroscopy of 
núcrotubules arrays in higher plant cells Protplasma 19 5: 168-182 

White,RG, Badelt, Overaii,RG and Yesk,M (1994) Actin associated with plasmodesmata. 
Protoplasma 180 : 169-184 
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PLASMODESMATA- TOWARDS A RECONCILIATION OF 
ULTRASTRUCTURE WITH FUNCTIONAL STA TE 

1 CEJ Botha, 2RHM Cross and 3AK Cowan 

1 Department of Botan y, 2Electron Microscopy Unit, Rhodes University and 
3Department of Horticultura! Science, University ofNatal, Pietermaritzburg, 
South A frica . 

Robards' paper in Nature, (1968a) entitled "Desmotubule - A plasmodesmatal 
Substructure"- started a debate which, sorne 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 equivoca! 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 ofthe section, where average section thickness exceeds that ofthe diameter ofthe 
desmotubule foe example. In addition, plasmodesmatal function also remains equivoca!. 
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 
ofthe tissues concemed- 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 ph1oem unloading is inhibited during the source-sink 
transition in Nicoliana benlhamiana 1eaves (Roberts el al.1997). There is direct 
evidence that accelenited leaf senescence may be effected through arrested development 
of secondary plasmodesma in transgenic tobacco plants (Ding el 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. 

Referenccs 

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 
Joumal4: 179-189. 

Oparka, KJ, Prior,DAM,1992 Direct evidence for pressure-generated c1osure of 
plasmodesmata. The Plant Journa1.2: 741-750. 
Robards A W ( 1968). Desmotubu1e - A plasmodesmatal substructure. Nature,. 
218: 784. 

Robards A W, 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 1eaves ofNicotiana benthamiana: Comparison of a 
fluorescent solute with a fluorescent virus. The Plant Cell9: 1381-1396. 

Schu1z A ( 1994) Phloem transport and differential unloading in pea seedlings 
after source and sink manipulations. Planta 192: 239-248. 



Instituto Juan March (Madrid)

21 

KA TRIN ERLERS 
Universitat Giessen, Botanik 1, Senckenbergstr. 17, 

D-35390 Giessen (Gennany). Tel. : 49 6 41 99 351 20. Fax: 49 6 41 99 351 19 

E-mail :Aart. v.Bel@bot 1.bio.uni-giessen .de 

Al.Jslracl : Thc fonnaliou of symplasl domaius by (lluggiug of plasmodcsmata - a 

(lrcrcquisitc fo•· coordiuatcd dirTcrcntiation proccsscs? 

Cuhurcd protoplasts of many plan! spccics dcvclop into calluscs which are ablc to organizc 

advcntitious cmbryos and shoots cspccially whcn thcy are transfcrrcd anta agar media with 

spccial phytohormonc combinations. Elcctron microscopical studics on protoplast-derivcd 

microcalluscs of Solauum uigrum revealcd that within these calluscs ccrtain cclls or groups of 

cclls were most likely symplasmically isolatcd from tlie surrounding callus cells by plugging the 

connecting plasmodesmata (Pd) with an osmiophilic, dense material. Plugged Pd were airead y 

observcd within 9- to 11-<lay-old microcalluses consisting of small, dcdiffercntiatcd cells which 

do not yet show any structurally apparent peculiarities but wcre never found at younger stages 

of culture. Moreover, it was provcd in serial sections that if pluggcd Pd do occur between 

adjacent callus cells, al! the Pd in this certain cell wall will be occludcd. 1-lowever, the Pd in 

other contact walls of the same callus cells might be ultrastructurally inconspicuous. Within a 

pluggcd Pd the osmiophilic blocking material is obviously locatcd in the microchannels of the 

cytoplasmic sleeve which presumably represen! the pathways for the Pd transport. Thus, it can 

be assumcd that the pluggcd Pd are non-functional. Consequently, those cells or cell clusters 

which are encircled by plugged Pd obviously are symplasnúcally isolatcd 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 osnúophilic 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 ernbyogenic calluses derived from immature 

embryos of Molinia caerulea, plugged Pd were also observed in certain cell walls of the 

globular proembryogenic structures which are forrned on scutellar callus. and develop rapidly 

into somatic ernbryos. It wiU be shown in an overall view summariz.ing the detailed analyses of 

12 ultrathin serial sections that already at a very early developmental stage the selective 

occlusion ofPd in certain ce!! walls creates a complicated pattem ofsymplasmic (dis)continuity 

and obviously leads to the forrnation 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. Espccially in the view of recen! findings that a macromolecule transpon 

through Pd might inftuence developmental processes it seem to be reasonable that, on the other 

hand, symplasmic isolation and the forrnation of symplast domains might as well be 

prerequisites for coordinated differentiation processes in the course of organogenesis. 

Kwiatkowska M, Maszewski J (1985) Planta 166: 46-50 

Kwiatkowska M, Maszewski J (1986) Protoplasma 132: 179-188 
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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. Padgete, R. 
Beachl; M. Boulton4

; 
1Tel Aviv Univ. Tel Aviv, Israel; 2Friedrich Miescher­

lnstitute, Basel, Switzerland; 3 The Scripps Research lnst. La Jolla, CA, USA; 
4John 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 ofthese 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 V l 
and V2 ofthe DNA maize streak geminivirus, MSV, and the movement protein 
MPtmv ofthe 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, Vl-GFP but not free GFP moved cell-to-cell, tl1Us 
establishing V l 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 V l. 
Unlike Vl, V2 did not move cell-to-cell . MPtmv -GFP when expressed independent 
ofthe virus in Nicotiana bentamiana leaves targeted transiently to severa! 
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 MPtmv -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 
mechanisrns by which tobamoviruses target to, modify and exploit PD for cell-to­
cell spread of infection. 
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Viral and dcvclopmcntal clucs into plasmodcsmata function . 

B.G. McLcan, KCrawford, Y. Cohcn, A. Giscl, S. Barclla, F.Hcmpcl, KSha, and P. Zambn·ski , 
Dcpartment ofPiant and Microbial Biology, Koshland Hall, University ofCalifonúa, Berkeley, CA 94720 

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

Regarding plant viruses, we continue to use tobacco mosaic virus (fMV) as a molecular probe for 
PD function. In particular, we have focused on the movement protein (MP) oflMV. To date we have 
rnapped 5 regions ofthe 30 kDa lMV-MP, e-terminal domains A and B define single strand nucleic acid 
binding activity, domain C is essential for proper folding, dornain D at the very end ofTMV-MP contains 
sites for phosphorylation by a plant cell wall associated protein kinaserand domain E specifies gating of 
PD. Our most recent work delinúts a 6th domain, F, for cytoskeletal binding. We have initiated studies on 
the MPs of.tumip crinkle virus (fCV). This virus is of particular iriterest since it infects Arabidopsis, 
providing a genetically tractable host system to dissect PD structure and function. In addition, TCV 
encodes 2 very srnall MPs, p8 (8 kDa) and p9 (9 kDa), that may provide a more precise localization of 
signa! 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 offluorescent rnarkers that monitor symplastic movement, 
such as HPTS (8-hydro>.:ypyrene-1,3,6 trisulfonic acid) rnakes t11ese types of studies highly feasible. HPTS 
is loaded into the phloem and distributes symplastically to sites far from tlte site of initialloading. The 
fluorescent tracer is monitored by confocal irnaging. We are particularly interested in determining 
symplastic dornains in the shoot apical meristem during development. We have observed tltat t11e 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 reprogramnúng the meristem to produce inflorescence and floral 
meristerns. However, our studies suggest that intercellular trafficking via PD witlun tlte meristem also 
undergoes changes when flowering is induced. 

An additional area of research in vol ves our attempts to identify PD components by a genetic 
screen for mutations in Arabidopsis with altered PD trafficking patterns/size exclusion linúts. For t11ese 
studies we are screening embryo letltal mutants for embryos witl1 altered PD size exclusion limits. One 
mutant ise-1 Oncreased Size Exclusion limit-1) allows ll kDa dextrans to move from cell to cell, wltile 
wild type embryos generally have a size exclusion linút 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-<:ell communication in flowering plants. The 
Plant Cell, 9, 1043-1054 (1997) 
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ise-1 (Increased Size Exclusiou 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 biochenúcal 
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 ofthe "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 ha ve 
the capacity to interact with the cellular machinery ofthe 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 too[ 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. 

Final! y, 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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Selected Recent References From Our Laboratory: 

Gilbertson, R.L., and Lucas, W.J. 1996 How do plant viruses traffic on the ' vascular highway'? 
Trends in Plant Science 1:260-268. 

Mezitt, L. A, and Lucas, W.J. 1996 Plasmodesmal cell-to-cell transport of proteins and nucleic 
acids. Plant Mol. Biol. 32: 251-273 . 

Wang, H.L., Gilbertson, RL., and Lucas, W.J. 1996 Plant infection domains of bean dwarf 
mosaic virus in Phaseolus vulgaris and Nicotiana benthamiana. Phytopathology 
86:1204-1214. 

Lucas, W.J., Balachandran, S., Park, J., and Wolf; S. 1996 Plasmodesmal companion cell­
mesophyll cornmunication in the control over carbon metabolism and phloem 
transport: insights gained from viral movernent proteins. J. Exp. Bot. 47: 1119-1128. 

Rojas, M.R., Zerbini, F.M., Allison, RF., Gilbertson, RL., and Lucas, W.J. 1997 Capsid 
protein and helper component-proteinase function as potyvirus plasmodesmal 
movement proteins. Virology 237: 283-295. 

Balachandran, S., Xiang, Y., Schobert, C., Thompson, G.A., and Lucas, W.J. 1997 Phloem 
sap proteins of Cucurbita maxima and Ricinus communis have the capacity to traffic 
cell to cell through plasmodesmata. Proc. Natl. Acad. Sci. USA 94:14150-14155. 

Almon, E., Horowitz, M., Wang, H.-Li, Lucas, W.J., Zamski, E., Wolf, S. 1997 Phloem­
specific expression of the tobacco mosaic virus movernent protein alters carbon 
metabolism and partitioning in transgenic potato plants. Plant Physiol. 115:1599-1607. 

Kragler, F., Lucas, W.J., and Monzer, J. 1998 Plasmodesmata: dynarnics, domains and 
patterning. Annals Bot. 81: 1-10. 

Jorgensen, RA., Atkinson, RG., Forster, RL.S ., and Lucas, W.J. 1998 An RNA-based 
information superhighway in plants. Science 279: 1486-1487. 

Ishiwatari, Y., Fujiwara, T., McFarland, K.C., Nemoto, K, Hayashi, H., Chino, M., and Lucas, 
W.J. 1998 Rice phloern thioredoxin h has the capacity to mediate its own cell-to-cell 
transport through plasmodesmata. Planta (In Press) 

Sudarshana M.R, Wang, H.L., Lucas, W.J., and Gilbe rtson, R..L. 1998 Dynarnics of bean 
dwarf geminivirus cell-to-cell and long-distance movernent in Phaseolus vulgaris 
revealed using the green fluorescent protein. Molecular Plant Microbe Interactions (In 
Press) 

Wang, H. L., Wang, Y., Giesman-Cookmeyer, D., Lomme~ S.A., and Lucas, W.J. 1998 Plant 
viral movement protein mutations restrict host range and identif)r an intercellular barrier 
to long-distance movernent. Vrrology (In Press) 
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lntercellular trafficking of potato spindle tuber viro id 

Biao Dingl, Young-Min Wool, Asuka ltayat, Myoung-Ok Kwon1
, Rosemarie Hammond2 and 

Robert Owens2 

1 Department ofBotany, Oklahoma State University, Stillwater, OK 74078, USA 
2 Molecular Plant Pathology Laboratory, Agricultura! 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 ofthe 
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 vía 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 ofthese steps is poorly understood. 

A d.istinguishing feature ofviroids 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, including 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 ofthe 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 vía 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 PSTV d 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 ofpotato 

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 viro id replication and symptom expression. Virology 185: 18-31 . 
Palukaitis, P. (1987). Potato spindle tuber viroid: lnvestigation of the Iong-distance, intra-plant 

transport route. Virology 158:239-241. 
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Role of TMV movement protein in intra- and interccllular 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 lnstitute, La Jolla, CA, USA (beachy@scripps.edu) and 
Washington University, St. Louis, MO, USA 

Our studies of the P30 movement protein (MP) of TMV ha ve focused on characterizing the 
role of the protein in establishing si tes of virus replication within infected cells, determining 
the distribution of the MP in infected protoplasts and lea ves, and establishing 
structure/function relationships of the protein. We created a number of mutations of three 
amino acids (T AD) 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 si tes of accumulation were identified by antibody 
co-staining and/or co-isolation. Early in infection MP:GFP accumulates (in protoplasts) at 
punctate si tes at, or on, the plasma membrane (PM); we suggest that sorne of these are 
si tes 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 irregular! y 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 T AD mutants of the MP that 
do not function in cell-cell spread of infection, yet accumulate in a subset of the si tes in 
which w.t. MP:GFP accumulates; one ofthe 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 ancl/or fuse to form large sheets of 
fluorescence. Antibody against TMV replicase is localized to these bodies, which we 
suggest are sites ofTMV 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 returns to the pre-infection state (C. Reichel and 
R. N. Beachy, submitted). ER disruption is concurren! with the period when the size 
exclusion Iimits (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). Microsornes were 
isolated from infected Ieaves 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 mernbranes were treated with proteinase K the MP was degraded, while 
lurninal proteins were resistan! to digestion unless mernbranes were first treated with Tri ton 
X-100 (C. Reichel and R.N. Beachy, subrnitted). We conclude that MP is bound to cortical 
and cytoplasrnic ER early in infection and that ER establishes and/or distributes infection 
si tes 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). 



Instituto Juan March (Madrid)

32 

References: 

Grabski, S., A.W. deFeijter, and M. Schindler. 1993. Endoplasrnic reticulum forms a dynarnic 
continuum for lipid diffusion between contiguous soybean root cells. The Plant Cell 5:25-38. 

Heinlein, M., B.L Epe1, H.S . Padgett, and R.N. Beachy. 1995. Interaction of 
tobamovirus movement proteins with the plant cytoskeleton. Science 270: 1983-1985. 

Oparka, K.J., D.A.M. Prior, S. Santa Cruz, H.S. Padgett, and R.N. Beachy. 1997. 
Gating of epidermal plasmodesmata is restricted to the leading edge of expanding 
infection sites of tobacco mosaic virus. P/ant J. 12:781-789 

Padgett, H.S., B.L Epel, M.H. Heinlein, Y. Watanabe, and R.N. Beachy. 1996. 
Distribution of tobamovirus movement protein in infected cells and implications for cell­
to-cell spread of infection. The Plalll Jouma/ 1 0(6): 1079-1088. 

Heinlein, M., H.S. Padgett, S. Gens, B. Pickard, SJ. Casper, B.L Epel , and R.N. Beachy. 
1998. Changing patterns of localization of TMV movement protein and replicase to 
endoplasrnic reticulum and rnicrotubules during infection .. Plant Cell (In press). 

Kahn, T.W., M. Lapidot, M. Heinlein, C. Reichel, B. Cooper, R. Gafny, and R.N. 
Beachy. 1998. Domains ofthe TMV movement protein involve din subcellular 
localization. Plan! J. (in press) 



Instituto Juan March (Madrid)

33 

Abstrae( Christina Kühn: 

Localization and turnover of thc sunosc transporter SUTI in 
enucleate sicve clcmcnts 

Thc kaf sucrosc transponer SUTI is essential for phlocm loading and long 
distancc transpon of assimilates. In tomato plants SUTI mRNA is diurnally 
regulatcd . Thc amount of SUTI protein can be rcduced either by prolonged 
dark trcatmcnt or by addition of a translational inhibitor indicating a high 
turnover ratc of SUTJ protein. 

An affinity-purified SUTl-specific antisaurn has been used to localize the 
sucrose transponer at the light and elcctron microscopic leve! in tissue sections 
of different Solanaceae specics, namely in tobacco, potato and tomato. 

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

In silu hybridization at thc EM leve! shows that SUTI mRNA localizes at high 
Ievels in sicvc elemenb. and at low Jevels in companion cells . The transcripts 
are preferentially associated with plasmodesmata, between sieve elements and 
companion cells. 

Due to the Iack of nuclei, mature sieve elements require imp011 of RNAs or 
protein from neighboring companion cells. Young sieve elements still 
comaining a nucleus already exrpress SUTI protein. Either SUTl protein is 
stable for severa! months, i.e. the lifespan of sicve e!ements, or SUTI mRNA 
or protein is translocated asymetrically from companion cells toward sieve 
elements via plasmodesmata. 

Antisense inhibition of SUTJ expression under control of thc companion cell 
specific promoter ro!C indicates synthesis of SUTl mRNA in companion cells 
(Kühn et al., 1996). Localization of SUTI protein in enudeate sieve elements 
and preferential association of SUTI mRNA with plasmodesmata connecting 
both companion cells and sieve element~. together with indications of a highly 
regulated turnover rate of SUTI mRNA and protein, providc evidence for the 
targeting of plant endogenous mRNA, and potentially SUTI protein through 
phloem plasmodesmata. 

The data obtaincd in the threc investigated Solanaceae are consistent with 
sucrose loading occuring directly at the plasma membra.ne of sieve ekments. 

Rcfe.-euC'es: 

Kíihn C., Quick W .P., Schul1. A ., Ricsm(icr J. & f-rommc:r \V.G. (19<}6) Ph locm-spocilic inhibition of sueros(". 

tr.tnspon in transgenic potato plants. Plant c~ . ll Enviromn. 19. 1115-1123. 

Ricsmeier J .W., Willmitzcr L. und Frommer W.B. (1992) lsolation and dtarakt~rir .l lion <Jf a sucrose. carricr 

cDNA from spinach hy functioncll .. pres.ion in ycast. EMOO J. 11.4705-4713 
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CHARACTERIZATION OF KNOTTEDl: A PLANT PROTEIN THA T 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 lawttedl (knl) homeobox gene products during plant development. knl, and its' Arabidopsis orthologue, shootmeristemless, have been shown to play a pivota! role in plant development by being essential for the initiation and/or maintenance of the shoot apical meristem. The Knottedl mutation was the first of a growing number of developmental mutations in plants that are known to act non cell autonomously, making it an ideal model for the study of intercellular communication during development. The knl gene encodes a homeodomain protein suggesting that it acts as a transcriptional regulator. Severa! independent lines of evidence, including mosaic analysis, expression studies and recent microinjection experiments indicate that the KNI protein traffics between plant cells through plasmodesmata (Jackson & Hake 1997; Lucas et al 1995). Therefore, the intercellular trafficking of KNI may define a novel signa1ing pathway in plants. We will describe approaches to determine the biological function and significance of cell to cell trafficking of KNl. We are also using green fluorescent protein (GFP) tagged KNI to study trafficking in vivo through the generation of mosaics and the use of cell specific promoters, and will describe our progress. 

Jackson, D., Hake, S. 1997. Morphogenesis on the move: Intercellular trafficking of regulatory proteins in plants. Curren! 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 KNOTTEDl homeodomain protein and its mRNA through plasmodesmata. Science 270: 1980-1983 
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Expression of truncated forms of the cucumber mosaic virus 3 a 

protein in transgenic tobacco plants affects viral accumulation. 

A.l. Sanz, M.T. Serra, and l. García-Luque.Departamento de Biología de Plantas. 

CIB.CSIC.Velázquez 144. 28006-Madrid, Spain 

The 3a protein encoded by ANA 3 of cucumber mosaic virus (CMV) has 

been identified as the cell-to-cell movement protein (Vaquero et al., 1994. J. 

Gen. Viral. 75: 3193; 1996. Arch. Viral. 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 sorne cases, the expression of the deleted forms of CMV 3a protein is 

effective against heterologous virus. lt is associated to a reduction in the size of 

necrotic local lesions induced by TMV. 
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Functional analysis of thc movcmcnt protein of cucurnbcr mosaic virus 

P. Palukaiti ~ 1 • 2 , T. Canto1
, Q. Li2

, K. H. Ryu 2 

1Depl of Virology, Scotlish Crop Research lnslitute, lnvergowrie, Dundce DD2 5DA, UK 
2Depl of Plant Pathology, Comell University, lthaca, NY 14853, USA 

The movemenl protein (MP) and coat protein (CP) are both required for the cell-to-cell movement of 
cucumber mosaic virus (CMV) [1] . Delelions in the N-terminal region of the CMV CP were used lo 
demonstrate that virus partide formation is not essential for movement betwcen cells, but is necessary 
for movement between !caves [2]. This is consistent with other data on thc absence of virus particles 
from plasmodesmata (3,4], although MP has been localiz.cd to plasmodesmata [4]. In mieroinjection 
experiments, 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
scanrúng mutants (MI - 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 (e) the ability of the mutant MPs to bind 
RNA and GTP in vitro. The data from these rúne mutants were combined with carlicr 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 thc CMV MP. 

S3 M9 M4 MS M6 M7 

50 100 150 200 

E22j Amino adds 174-233, denoting sequences involved in ANA binding 

• Regions showing the greatest diversity between CMV and bromoviruses 

S3 

250 279aa 

~ Amino adds 128-171, denoting partial delimitation of sequences involved in infection of maize 

~ Regían not required for function (amino adds 237-279) 

~ Cootains sequences required for function (aa 209-236) that are cell wall-binding in TMV MP 

(g Putative zincfinger /ANA binding dornains(aa 126-146and 157-194) 

Hydrophobiccore conserved in putative MPs of 17 plant virus groups 

Oomain with amino add sequence not critica! for infectivity: aa 2. 3,8 & 9 can be altered; 
single amino add insertions are tolerated alter aa 4 & 5 

Amino add changes that aftect host range (M8) or pathogenicity (M3 & M9) 

Ami no add (51 and 240) changes in Sny-3a that aftect 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 et al. (1998) Virology (in prcss) . 
[3) Diog et al . (1995) Virology 207: 345-353. [4( Blaekman et al. (1998) Plant Ccll 10: (in prcss) . 
[5) J.j and Palukaitis (1996) Virology 216; 71-79. [6) Vaquero et al. (1997) J.Geo.Virol. 78: 2095-2099. 
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Tubulc-guidcd movcmcnt of plant viruscs 

J .W.M. van l.ent. N .N. van der Wel and R.W . Goldbach 
Wageningen Agricultura! University, Laboratory ofVirology, Binnenhaven 11, 6709 
PO Wageningen, The Netherlands. 

Systemic spread of plan! viruses is achieved by movement of an infeclious complex 
from cell to cell through plasmodesmata followed by long-distance transport through 
the vascular system. Plan! 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 ofthe plasmodesmal structures, which is established by one or more 
viral proteins, to enable such translocation. An apparent mecharúsm 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 ofvirions through tubules. These tubules are assembled 
inside the plasmodesma, thereby replacing the desmotubule, and consist ofthe 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 ofthe tubule (from the 
infected cell towards the uninfected cell). For severa! viruses it has been shown that 
this process oftubule formation does not necessarily rely on the presence of 
plasmodesmata or even requires specific plant proteins, as tubules are also formed in a 
sinúlar fashion at the surface ofheterologous insect cells expressing the MP. Cowpea 
mosaic virus (CPMV) best exemplifies this mecharúsm oftubule-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 soldy ofthe 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 la ter time points of infection, as a result 
of continuous production of the MP (MP and CPs are produced in equimolar 
amounts), tubules often extend severa! microns from the surface ofprotoplasts or, in 
plant tissue, through plasmodesmata into the cytoplasm ofthe neighbouring cell. 
Sinúlar observations ha ve 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 fanúly ofBromoviridae, were also capable of 
inducing virion-occluding tubular structures at the surface ofinfected protoplasts 
(Kasteel et al., 1997). This observation suggests that these viruses also employ a 
tubule-guided movement mecharúsm to achieve systemic infection, although up till 
now, no reports exist on tubules in plasmodesmata of plan! tissue infected by either 
virus. In sorne aspects, however AMV movement differs from CPMV. In AMV 
infected mesophyll tissue the MP could only be detected in a narrow !ayer of3-4 cells 
at the advancing front ofinfection 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 tront 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 diamcter su eh plasmodesmata lacked the dcsmotubule, 
however, virion-containing tubules (as werc found in AMV-infected protoplasts) were 
not clearly discerned in thesc modified plasmodesmata. The mechanism by which 
plasmodesmata are (transiently) modified to facilitate tubule-guided virus movemcnt is 
not understood. Observations of an increase in the number of plasmodesmata in 
mcsophyll 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., Janscn, K.A.J ., Goldbach, R.W. and van Lent, 
J.W.M. (1997). Tubule-forming capacity ofthe 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 accumulatc in structurally 
modified plasmodesmata. Virology 244, in press. 
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MUT ATIONAL ANAL YSIS OF THE MOVEMENT PROTEIN OF COWPEA 
MOSAIC VIRUS 
loan Wellink. Peter Bertens, Kodetham Gopinath, Jan Verver and Ab van Kammen 
Laboratory of Molecular Biology, Agricultura! University, Dreijenlaan 3, 6703HA 
Wageningen, The Netherlands 

The diameter of plasmodesmata ex eludes molecules o ver l 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 inforrnation of cowpea mosaic virus is divided among two plus-strand 
RNA molecules. The RNA2-encoded 48K movement protein (MP) is capable of 
forrning 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 perforrned on the MP. Two domains ha ve 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 tu bu le. 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. U pon inoculation of pinto beans, a 1ocallesion host for 
CPMV, lesions which developed with most mutant viruses were smaller compared to 
wildtype virus. 
To investigate whether we could use GFP asan intracellular marker for the MP, severa! 
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 sorne 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, AG. Roberts, KM. Wright, G. Duncan, I.M. Roberts, 
D.A.M. Prior and K.J. Opar1<a 

Unil of Cell Biology, Oepartment of 
Virology, Scottish Crop Research lnstitute. lnvergowrie, Oundee 002 
SDA, UK. 

Cell-to-cell movement of plant viruses results from the combined 
processes of intracellular transport, from sites of synthesis lo 
sites of export, and intercellular transport, 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 dear distinction 
between movement strategies is seen in the requirement for viral coal 
protein (CP) in the movemenl process. Thus, whereas TMV requires lhe 
virus encoded 30 kDa prole in bul nol CP for cell-to-cell movement, 
cowpea mosaic virus moves as a virion through plasmodesmata. For 
other viral groups both the mechanisms of cell-to-cell movement and 
the forms in which viral nucleic acids are transported have not yet 
been established. 

In the case of patato virus X (PVX), type member of the potexviruses, 
!he viral genome encodes five proteins of which tour are directly 
involved in effecting cell-to-cell movement. Of these tour proteins 
required for movement three are encoded by a so called triple gene 
block (TGB}, typical of severa! 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 oras 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. lmmunoelectron microscopy was used to 
investigate the distribution of virus encoded proteins, both in 
infected tissues and protoplasts, in arder to determine the possible 
role(s) of !he viral proteins. In addition, protoplasts infected with 
!he PVX mutants were used to investigate the contribution of 
different viral proteins to the characteristic ultrastructure of PVX 
infected cells. These experiments demonslraled that of !he PVX 
encoded proteins only the CP and 12 kDa TGB protein could be 
immunolocalized to plasmodesmata. In contras! 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 fluorescenlly labelled probes, demonstrated that 
whereas !he TGB proteins can modify the plasmodesmatal size exdusion 
limit the CP is not involved in plasmodesmatal modification. 
Furthermore, microinjection of fluorescenlly labelled CP showed thal 
lhis prole in was unable to traffic between cells in the absence of 
other virus-coded proleins. 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 plasmodesmata, lead us lo condude lhat the TGO proteins 
orchestrate the transport of PVX virions via plasmodesmata {3]. 

(11 13aulcombe, O.C. , Chapman, S.N. and Santa Cruz, S. (1995). 
Jel lyfi sh green fluorescent protein as a reporter for virus 
infections. Plant J . 7,1045-1053. 

[2] Santa Cruz, S., Cl1apman, S., Roberts, AG., Roberts, I.M., Prior, 
DAM. and Oparka, K. (1996} . Assembly and movement of a plan! virus 
ca~ry in g a green fluorescenl protein overcoat. Proc.Nali.Acad.Sci.USA 
93,6286-6290. 

{3] Santa Cruz, S., Roberts, A.G., Prior, D.A.M., Chapman, S. and 
Oparka, K.J. (1998}. Cell to cell and phloem-mediated movement of 
po:ato virus X: the role of virions. Plan! Cell (in press}. 
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The potyvirus Cl protein acts transiently in aiding virus movement 

A.J. Maule\ LM. Roberts2
• and K. Rndlay' 

1. John lnnes Centre. Norwich Research Park. Colney, Norwich NR4 7UH. UK . 
2. Scottish Crop Research lnstitute. lnvergowrie, Dundee 002 SDA. 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 nudeic acid and/or virus 
particles. OiHerent viruses achieve this In different ways bllt, in all cases, it is 
through the action of virus-encoded proteins. called movement proteins (MPl. 
Classically. these MPs have been identified as proteins. which after mutation, block 
virus spread from cell to cell but have no eHect on virus repfication 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. 1 O kb) 
ANA 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 IPSbMV) potyvirus-infected pea 
cotyledons to study the dynamic state of the Cl protein in relation to virus 
movement (Roberts et al, 1998). lnitially, 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 eral, 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 (Le. 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 wlthin 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 in 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 ANA was detected in advance of cells 
containing discernible Cls, particular1y within the plasmodesma! 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 callase in the vicinity of the plasmodes mata . Other ultrastructural changes were 
observed exclusively in cells at the infection front. This highlighted the 
asynchronous nature of virus infection in intact tissuc and emphasized the 
importance of building temporal and spatial factors into experimental design . 

References 
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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 
Rodríguez-Cerezo (1) 

(1) Centro Nacional de Biotecnología-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 ANA 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 
(CI) 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. T o 
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 Cl 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 Cl 
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 Cl protein for cell wall targeting and suggest that 
additional factors induced by TVMV 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 

~obert Turgeon and Jessica Plant 
Section of Plant Biology 

Cornell University 
lthaca, 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 severa! other families, the pd of 
certain companion cells (intermediary cells) in the minar vein phloem have a 
characteristic structure that evidently allows the cells to actas traps for sugar (1) . 
We hope to extend our understanding of pd function by ana!yzing 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 portian 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 minar vein 
ultrastructure of a well known rnember 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 rnany on the intermediary cell side and one-fifth 
as many on the bundle sheath side. A desrnotubule runs through the center of 
each of the p!asrnodesmatal 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 forma 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 severa! respects, the characteristics of phloem loading in C. roseus are 
midway between those of tobacco, an apoplastic phloern loader, and Coleus 
blumei, a symplastic phloem loader. For exarnple, loading of exogenous sucrose 
is sensitive to the inhibitor PCMBS in tobacco, insensitive in C. blumei, and 
partially sensitive in C. roseus. It seerns 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. 
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The ins and outs of systemic virus transpor·t. 

1 
K.J. Oparka, P. Boevink, A.G. Roberts, L. Blackman , P. Palukaitis, S. McFarlane and 
S. Santa Cruz 
Unit ofCell Biology, Scotti sh Crop Research lnstitute, lnvergowrie, Oundee 002 50A, 
UK 
1 School ofBiological Sciences, University ofSydney, Sydney, Australia 

The exact points of entry and exit of systemic viruses into and from the host phloem 
ha ve remained an elusive target dueto the inaccessibility of vascular networks. lt 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 tu bes. However, there is no a priori reason asto why 
virus movement into and out of the phloem system should be identical to that of solutes. 

Using a battery ofGFP-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 oftrafficking directly 
into minor vein sieve elements (SEs) where it accumulates in elaborate formations in 
the SE parietallayer. 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 !ayer. 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 ofthis 
fluorescent virus with phloem-unloaded carboxyfluorescein (CF) we have been able to 
show that both salutes and virus are unloaded from class III veins, providing strong 
evidence that in sink lea ves of N. benthamiana the exit pattem for PVX escape closely 
mirrors that of phloem-delivered salutes. 

Recently, we ha ve 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 pattem 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 complete! y different escape 
pattem to that found for TRV. In the case ofTMV, 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 TMV into single root cells was 
followed by extensive redistribution ofthe virus along the root system, exit once again 
occurring at apparently random sites. These marked differences in virus di stribution 
demonstrate that virus escape in roots cannot be predicted entirely from solute 
unloading pattems. It appears that the exit and subsequent cell-cell spread ofTRV may 
be an adaptation to nematode transmission. 
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Mobility of Structural Protcins in thc Phlocm 

Alexander Schulz and Bettina Golecki, Botanisches Institut der Universitat, 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 patlern 

in SDS-PAGE. The main components are two structural proteins: the phloem filament protein PPl and 

the phloem Jectin PP2. Localisation studies in developing phloem indicated that PP! and PP2 are synthe­

sised in companion cells (CC) and move into sieve elements (SE) via the porelplasmodesma contacts 

where they accumulate as P-protein bodies and filaments. 

Recently, we ha ve used intergeneric and interspecific grafts to demonstrate the mobility of these structural 

and other exudate proteins in the phloem. The proteins wete 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 tu bes. 

Polyclonal antibodies against Cucurbita maxima PPI and PP2 specifically immunolocalised these pro­

teins to both SE and CC in the Cucunzis 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 PPJ 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 PPJ and PP2 genes in Cucunzis 

species with Cucurbita probes. 

Severa! 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 PPl 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. 
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New methods to observe sieve elements in action 

Aart J. E. van Bel 1>, Michael Knoblauch 1> and Ronald Kempers2
l 

1
> Institut fiir Allgemeine Botanik, J ustus-Liebig-Universitat, Senckenbergstrasse 17, 35390 

Giessen, Germany 
2
> Molecular Probes Europe, Poortgebouw, Rijnsburgerweg 1 O, 2333 AA Leiden, the Netherlands 

lntracellular 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-L YCH-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 darnage, a method was designed for in vivo observation of sieve element/companion 
cell complexes by using CLSM ln 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. ln 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. ln response to 
mechanical darnage (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 darnage, 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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Shmucl Wolf 
The Hebrew University of Jerüsalem. Faculty of Agricultura! 
Dep!. ofField Crops, Vegetables and Genetics, P .O . Box 12 

Rehovot 76100 (I srael) 

I'LAS.\IOOESMATA: ORGAN ELLES INYOLVEO IN TI! E CONTROL OF 

PIILOE/\1 TRANSPORT 

1: is now wcll cstablishcd that most if not all viruscs movc from ccll to ccll via 

plasmw.-smata . This proccss rcquirc-s an intcraction bctwccn a spccific virally cncodcd protcin. 

tcnncd r.:vvcn>cnt protein (MP) and proteins within the host plan!. Evidcncc accumulatcd over 

rccent ' eJrs has cstablishcd that these viral MPs have the capacity to alter plasmodesmal 

functior. ILucas and Gilbcnson, 1994) . Pursuant thc hypothcsis that ccll -to-cell movcment of 

sueros,· r'rom thc sitc of synthcsis to thc sitc of phlocm loading within the vascular bundle 

follo" ' o symplasmic pathway. wc havc uscd transgcnic tobacco plants that cxprcss the 

tobacc..- r.10saic virus (TMV) MP to study thc role of plasmodcsmal function in controll ing 

sugar tr-'.1Sport and photoassimilatc panitioning bctwcen the various plam organs . Analyscs of 

diumal ooccumulation of carbohydratcs and expon ratcs from sourcc !caves, combincd \\ith 

microic._- :.:tion experiments in 1\nich plasmodesmal function was determincd, established that 

thc TMY-MP has a plciotropic effeet on lcaf physiology. Thesc findings suggested that this 

proteir. bve at least two sites of action: one that modifies plasmodesmal size cxclusion limit 

and an .,~~e r that affects carbohydrate metabolism and allocation (Balachandran et al.. 1995: 

Olesin;.;;i et al. , 1995). 

T ransgenic patato plants expressing the TMV -MP under the control of severa! tissue 

specifi.: promoters were employed to funher explore the mode by which this viral protein 

interaru with ccllular metabolism to change carbohydrate aJlocation. When restricted to 

phot~nthetic tissues, the TMV-MP induced a reduction in the leve! of sugars and starch in 

sour~ k:lves compared with control patato fines (Oiesinski ct al., 1996). However, \\·nen the 

TMV-'-!P was expressed predominantly in phloem parenchyma and companion cclls, sucrose 

and 51-'-'Ch accumulated lo higher levcls, whereas the rate of sucrose export from exciscd 

petiob was lower than that observed with control plants (Almon et al., 1997). Pcrhaps the 

most s;gnificant result obtained from cxperiments performed on these patato plants was tl1e 

disco''"0" that thc influcnce of the TMV-MP on carbohydrate metabolism within sourcc lea ves 

'"'as u~ ~ r dcvclopmcn(al control and was cxerted only aftcr tuber initiation . 

Ultrastructural studics indicatcd that plasmodesmata cxist bctwecn the phlocm 

parcncb·ma and companion cclls in ;!!.! spccies cxamined. Bascd on thcsc obscrvations, 

togcth:: wi th thc rcccnt find ings tha t plasmodc-smata fucilitatc thc ccll-to-<:ell transport of 

macro:nolccu lcs including protcins and nuclcic acids. wc advanccd thc hypothcsis tha t 

trafficl.ing of rcgulatory (infomution) molccu lcs through plasmodcsmata may cstablish a 

spcci.al supraccllular communication nctwork bctwccn thc companion and mc-sophyll ccll s_ 
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\\ilich opcra tc to rcguiJtc ca rbon panitioning (Lucas ct al. . 1996. Wolf and Lucas, 1997). 

According to thi s modcl. thc supraccllula r communication systcm facilitatc-s efficient 

orchcstration of the nctwork o f biochcmical and physio logical proccsscs in photosynthatc 

mctabo lism and transpon Thc TMV-MP may intcrfcrc at severa! loci within this putat ivc 

communication nctwork. and thcn:forc can induce and ahcration in carbon mctabolism within 

sourcc lea ve-s. cithcr whcn cxprcsscd in thc mcsoph,-11 or within thc ph locm . 

ll1c challcngc now is to clucidatc thc mcchanism(s ) by \\ilich thc TMV-MP affccts this 

putati vc cndogcnous cont rol systcm invol vcd in rcgulating photosynthatc transpon in thc 

phlocm. 

Almon. E .. M. Horowitz. H-L . \Vang. W.J . Lucas. E. Zamski and S. \Volf 1997. 

Phlocm-spccific exprcss ion o f thc tobaeco mosaie virus movcmcnt protcin ahcrs carbon 

mctabolism and panitioning in transgcnic patato plants. Plant Ph)-siol. 115, 1599-1607 . 

Balachandran. S ., R. Hull , Y. Vaadia. S. Wolfand W.J . Lucas 1995 . Aheration in carbon 

panitioning induced by thc movcmcnt protein of tobacco mosaic virus origina tes in the 

mesophyll and is independent of change in plasmodesrnal sizc exclusion limit. Plant Cell 

Enviran . IR, 1301-1310. 

Lucas, W .J . and R. L. Gilbcnson 1994 . Plasmodesrnata in relation to viral movcmcnt \\1thin 

lcaftissue. Annu . Rev. Ph)10pathol. 32, 387-411 

Lucas, W.J ., S. Balachandran, J. Park and S . Wolf 1996. Plasmodesrnal companion 

cell-mesophyll communication in the control over carbon metabolism and phlocm 

transpon: insight gained from viral movement pr01eins . J. Exp. Bol. 47, 1119-1128. 

Olesinski , A .A. , W.J . Lucas, E. Galun and S. Wolf 1995. Pleiotropic effects ofTMV-MP on 

carbon mctabolism and expon in transgenic tobacco plants. Planta 197, 118-126. 
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Tissuc-spccific cxpn...-ss ion ofthc tobacco mosaic virus movemcnt protcin in transgenic 

patato plants ahers plasmodesmal function and carbohydrate panitioning. Plant Ph)-s iol. 
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A systemic, gene specitíc signa! of gene silencing in plants: transgenic 
arlefact or novel communication syslem in plants? 

David Baulcombe 
The Sainsbury Laboratory 
Norwich UK NR4 7UH 

phone (44)1603 452571 
fax (44)1603 250024 
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 signa] 
production is initiated by ectopic interactions of transgenes with 
homologous DNA in just one or a few cells of the affected plant The 
signa! is then able to move rapidly away from the initiation site and 
actívate a relay of signal production that eventually affects the whole 
plant. The timing and pattem of spread of the signa! indicates that there is 
movement through the phloem. There is also cell to cell movement of the 
signal through plasmodesmata. 

The signa! molecule has not yet been characterized. However, ó:om 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 again.st 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 signa! of gene silencing. Supporting that speculation it has recently 
been descnbed how double stranded RNA can mediate systemic gene 
silencing in nernatodes (Pire et al., 1998). 

lt remains possible that this signa! is an artefact of transgenic plants. 
Alternatively it could be that the signal is implicated in protection against 
viruses and transoposons. The signa! could also be involved in control of 
flowering or other developmental switches in plants. 

References 
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(1998). Po!ent and specific genetic intafercncc: by double-stranded RNA in 
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RNA-BINDING PROPERTIES, IDENTIFICATION OF AN RNA-BINDING 
DOMAIN ANO DETECTION IN INFECTED TISSUE OF THE P7 PUTATIVE 
MOVEMENT PROTEIN FROM CARNATION MOTILE CARMOVIRUS 
(CARMV). 

Marcos, J. F.,(1) Vilar, M.,(2) López-García, B., (2) Pérez-Payá, E.,(2) and 
Pallás, V.(l) 

1 .. Departamento de Mejora y Patología Vegetal, CEBAS (CSIC), Murcia, 
Spain 
2 .. Departament de Bioquímica i Biología Molecular, Universitat de Valencia, 
Valencia, Spain. 

The functional and structural characterisat ion 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 e-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 arder 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 ANA 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., Balázs, E., Jonard, G., Richards, K., & Morris, T. (1985) . 
Nucteic Acids Res. 13: 6663. 
Hacker, D., Petty, 1., Wei, N., & Morris, T. (1992). Virology 186: 1. 
Marcos, J . F., Beachy, R. N., Houghten, R., Blondelle, S., & Pérez-Payá, E. (1995). 
Proc. Natl. Acad. Sci. USA 92: 12466. 



Instituto Juan March (Madrid)

Virus Movement Strategies 
Chair: Peter Palukaitis 



Instituto Juan March (Madrid)

61 

Virus Movement and Phloem Development: Studies on a Phloem-Limited Gerninivirus . 

Sondra G. Lazarowitz•1, Brian M. Ward1, Christina M. Laukaitisl, Tracey Smith1 
and Richard Medville2. 1Department 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 dime nsion to the 
cytoplas mic trafficking is provided by the ssDNA geminiviruses which replicate 
in the nucleus, thus requiring that a movement protein also acts a s 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 patato 

virus X, among others, have examined movement protein function in affecting 

plasmodesmal gating properties during viral invasion of the leaf (4, 5, 11) and 
in a few c ases have shown that virus entry into the phloem to propagate 

additiona1 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 ge~n1virus squash leaf curl 
virus (SqLCV) has shown that the two viral-encoded movement proteins BRl and BL1 
act cooperatively to move the viral genome(6, 6, 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 SqLCV 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 SqLCV invasion of the leaf is 
coordinated with phloem developmént. Details of these! 

studies and of the functional domains of BRl and BLl will be reported. 
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Phloem movement ofvirus particles 

Laureano Simón-Buela and Fernando García-Arenal. E.T.S.l. Agrónomos. 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 severa! 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 ofthe experimental approaches that have been carried out analyze the ability of 
natural and engineered mutan! viral strains to infect distal leaves. Inmunohystochemical 
analysis have also been undertaken to discover at which cell type the mutan! viruses 
stop befare reaching the sieve elements. 

Direct infom1ation about how (i.e. in which structural form) virus moves through 
the phloem is lacking. 1l1e 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 ha ve 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 ofthis experimental system are the possibility 
of collecting moderate amounts of phloem sap from sectioned intemodes of cucumber, 
and the high titers that tobamoviruses reach in the tissues oftheir host plants. 

In phloem exudates of CGMMV-infected plants, virus was readily detected in 
westem 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 CGMMV virions were used as 
controls. It was found that CGMMV RNA in the phloem is more resistan! to RNAse 
digestion than virion-encapsidated RNA. lt 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 al so 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 fom1 of"stabilized" virus particles. 
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Long distance transport of RCNMV requires movement protein as well as capsid 
protein possibly in the fonn 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, 0. 1

, Vaewhongs, A. A.\ 
Wang, H. L 2, and Lucas, W. J .2 

10epartment of Plant Pathology, North Carolina State University, Raleigh, NC 27695-
7616, USA; 2Section of Plant Biology, University ofCalifomia, 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 et 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). enooded 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 et 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 celfs 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-tíH:ell 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). 

lt has long been established genetically that CP is required for long distance transport 
and systemic infection. A portian, if not all, of the RCNMV origin of assembly sequen ce 
(OAS) has been identitied. Oestruction 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-
nudeotide 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-nudeotide 
element trans-activates subgenomic RNA synthesis (Sit et al., 1998). Consequently, 
this RNA-2 trans-activator is required to drive the expression of CP, which is required 
for long distance transport. 



Instituto Juan March (Madrid)

65 

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 indudes MP interactions that are 
distinct from those for cell-to-cell movement. 

Fujiwara, T., Giesman-Cookmeyer, D .. Ding, B., Lommel. S. A. and W. J . Lucas. 1993. 
Cell-to-cell trafficking of macromolecules through plasmodesmata potentiated by the 
red clover necrotic mosaic virus movement protein. Plant Ce/15: 1783-1794. 

Giesman-Cookmeyer. D., Kim, K. H., and S. A. Lommel. 1995. Dianthovirus. In 
"Pathogenesis and host-parasite specificity in plant diseases: Histopathological, 
Biochemical, genetic and molecular" Vol. 111. Pergamon Press. pgs 157-176. 

Giesman-Cookmeyer, D., and S. A. Lommel. 1993. Alanine scanning mutagenesis of a 
plant virus movement protein identiftes three functional domains. Plant Ce/1 5: 973-
982. 

Sit. T. L.. Vaewhongs, A. A., and S. A. Lommel. 1998. RNA-mediated trans-activation 
of transcription from a viral RNA. Submitted. · 

Sit, T. L. , Mackie, S. J . W., and S. A. Lommel. ldentification of the red clover necrotic 
mosaic virus origin of assembly. Unpublished. 

Vaewhongs, A. A. and S. A. Lommel 1995. Virion formation is required for the long­
distance movement of red dover necrotic mosaic virus in movement protein 
transgenic plants. Virology212, 607-613. 

Wang, Y., Giesman-Cookmeyer, D., Wang, H. L, Lomrnel, S. A., and W. J. Lucas. 
1998. Mutations in viral movernent protein restrict viral host range and identify an 
intercellular barrier to entry into the phloem long~istance transport system. Virology. 

in press. 
Xiong, Z., K. H. Kirn, Giesman-Cookmeyer, D .• and S. A. Lornmel. 1993. The roles of 

the red dover necrotic mosaic virus capsid and cell-to-cell movement proteins in 
systemic infection. Virology 192:27-32. 
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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, lnstitute of Molecular Agrobiology, 1 
Research Link, Singapore 117604 

The tripartite ssRNA 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' portian 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 severa! 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 patato 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. 



Instituto Juan March (Madrid)

Plant Responses to Virus Movement 
Chair: David Baulcombe 



Instituto Juan March (Madrid)

69 

TMV REPLICATION AND VIRUS MOVEMENT: LINKED PHENOMENA? 

Richard S. Nelson, Yiming Bao, Xin Shun Ding, Shelly A. Cartcr and Chlka Katagi 

The Samuel Roberts Noble Foundation, Plant Biology Division, P .O . Box 2180, 
Ardmore, OK 73402, U.S.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-<alled "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 ha ve 
utilized mutant viruses altered in the 126 kDa protein orf to adúeve 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 th.e 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, 
WFP, 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-<iependent 
accumulation of the resultant viruses. W AP (the nomeclature for the mutant virus 

altered from F~ A) was unable to replicate in N. tabacum protoplasts, while WYP 
accumulated. However, WYP produced only a small necrotic lesion on a 
hypersensitive host indicating that cell-to-cell movement of this virus was 
compromised. The altered accumulation of WYP and W AP was correlated with a 
host-specific instability of transiently-expressed 126 kDa protein fused to GFP in 
plant leaves. We have further ch.aracterized the movernent 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~l1 movement 

Deom, CM., Quan, S. and He, X.Z. (1997) Protoplasma 199: 1-8. 
Derrick, P.M., Carter, S.A. and Nelson, RS. (1997) Molecular Plant-Microbe 

Interactions 10: 589-596. 
Ghoshroy, S., Lartey, R., Sheng, J- and Citovsky, V. (1997) Annal Review of Plant 

Physiology Plant Molecular Biology. 48: 27-50. 
McLean, B.G., Hempel, F.D. and Zambryski, P.C. (1997) Plant Cell9: 1043-1054. 
Nelson, R.S. and van Bel, A.].E. (1998) Progress in Botany 59: 476-533. 
Shintaku, M.H., Carter, S.A., Bao, Y. and Nelson, R.S. (1996) Virology 221: 218-225. 



Instituto Juan March (Madrid)

71 

INVOLVEMENT OF CLASS 1 ~-1,3-GLUCANASES IN VIRAL 
MOBILITY. 

Alejandro Iglesias', Gregor Bucher', Roland Beffa2
, and Fred Meins 

Jr.' 
1 Friedrich Miescher lnstitute, P.O.Box 2543, CH-4002 Basel, 
Switzerland. 
2 lnstitute of Plant Biology and Plant Physiology, Biology Building, 
University of Lausanne, CH-1 015 Lausanne, Switzerland. 

Antifungal class 1 ~-1,3-glucanases (~-GLU 1) are believed to be part 
of the defense reaction of plants against fungus infection. Studies of 
~-GLU 1 deficient tobacco and N. sylvestris generated by antisense 
transformation suggest that ~-GLU 1 also plays a role in viral 
pathogenesis. ~-GLU 1 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 oc. These 
effects were inversely correlated with ~-GLU 1 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 ~-GLU 1, can restrict 
virus spread. Callase 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. Callase deposition in response to TMV is earlier and 
upto ca. 40-fold greater in ~-GLU 1 deficient transformants than in 
wild-type plants. A similar increase was observed for wound-induced 
callase formation indicating that the antisense effect on callus is not 
limited to virus infection. Direct evidence that 13-GLU 1 deficiency can 
decrease intercellular transport was obtained by measuring the 
movement of microinjected, FITC-Iabeled dextrans between adjacent 
leaf-trichomes cells. Taken together, the results suggest a working 
hypothesis for the decreased virus susceptibility of I3-GLU 1 deficient 
transformants. We propase that the extent of callase deposition in 
response to TMV depends on the balance of ~-1,3-glucan synthesis 
and degradation mediated by 13-1,3-glucanases. Thus, 13-GLU 1 
deficiencies could reduce callase degradation and, hence, increase 
callase deposition. This results in decreased intercellular transport via 
plasmodesmata, which helps decrease the spread of virus from cell 
to ceiL 
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Akx M. Mu11>hy 

Salicvlic acid and virus movement 

Salicylic acid (SA) is a key component of the signa! 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 treatrnent 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"CO:cfeeding experiments showed that 

SA treatrnent does not interfere with the movement of newly synthesised radiolabelled carbon 

compounds, nor change the boundary of the carbon sinklsource transition in young, expanding 

leaves. Thus, SA-induced inhibition of long distance virus movement is not due to perturbation of 

carbohydrate translocation. 

Recen~y. it was reported that SA interference of TMV replication is. induced via a novel 

branch of the defensive signal transduction pathway that is sensitive to inhibition by 

salicythydroxamic 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) under1ying inhibition of virus long-distance movement 

Chivasa, S., Murphy. A.M., Naylor, M. and Carr, J. P. (1997). P/ant Cel/9, 547-557. 
Leisner, S.M., Turgeon, R. and Howell, S.H., (1992). MPMI 5: 41-47 
Roberts, A.G., Cruz, S.S., Roberts,I.M., Prior, O .A.M., Turgeon, R. and Opar1<a, K.J. (1997). Pfant Ce/19 , 1381-1396 
Staskawicz, B.J., Asubel, F.M., Baker, B.J., Ellis, J.G. and Jones, J.D.G. (1995). Scíence 268, 661-667 
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Plasmodesmal targeting of the maize Pathogenesis-Related PRms protein 
l. Murillo, L Cavallarin and B. San Segundo. 
Dep. Genética Molecular, Centro de Investigación 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. lmmunocytochemical 

localization studies revealed that the PRms protein was detected not only in !hose ce lis 

where PRms gene expression oca.Jrred, but al so in distan! 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. 

lmmunoelectron 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 contras! 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 plasmodesmallocalization 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 plan! 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 

PLASMO DESMATA 

Leila M. Blackman, John D. I. Harper and Robyn L. Ovcrall 

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 aigae (Salisbury, 1995). This ubiquitous protein has been loca1ised to the 

forming cell plate in a number of higher plant species (Del Vecchio et al., 1997). In this present 

study, we have used inununolocalisation techniques to determine if centrin is a component of 

plasmodesmata. On cryosectioned cauliflower florets, centrin was inununofluorescently 

localised to the cell walls in a punctate manner. In double immunolabelling experiments, 

centrin colocalised with callose indicating that centrin ora 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 inununoelectron rnicroscopy. 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 1and 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 prorninently associated with the 

developing cell plate. Protoplasma 196: 224-234 

Overall, R. L. & Blackman, L. M. ( 1996) A mode1 of the macromolecular structure of 

plasmodesmata. TIPS 1: 307-311 

Salisbury, J. L. (1995) Centrin, centrosomes, and rnitotic spindle poles. Curr. Opin. Cell 

Biol. 7: 39-45 
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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 patato virus X (PVX) requires its coat 

protein anda set ofthree 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 ofthe mutations on the virus 

movement to be monitored visually. A virus canying a mutation that removed the 

initiating AUG codon ofthe 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 ofthe 8K protein was deleted was still capable of cell-to-cell movement 

ata much reduced rate. The movement ofthis virus was restricted to the inoculated leaf. 

Examination ofthe 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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Deteclion of severa! mRNA species from rice phloem s a p 

Takaaki Sasaki, Yutaka Ishiwatari, Akari Fukuda, Toru Fujiwara*, Hiroaki 

Hayashi, Mitsuo Chino 

Department of · Applied Biological Chemistry, Graduate School of 

Agcicultural and Lifc Scicnces, The University of Tokyo , Yayoi, Bunkyo-ku, 

Tokyo 113, Japan 

* Presenting author 

Rice Phloem sap collected by the insect laser method contains a 

number of proteins including thioredoxin h (lshiwatari et al. 1995). Rice 

phloem thioredoxin h is capable of dilating plasmodesmata in tobacco 

mesophyll cells upoo microinjection aod this capacity is associated with 

structural characteristics of the protein (Ishiwatari et al., in prcss) . 

Hcrc wc prcscnt cvidcnces suggesting the presence of severa! 

mRNA spices in the rice phloem sap. Rice phloem saps were subjectcd to 

PCR amplification using three sets of primen; corresponding to thioredoxin 

h, oryzacystatin. and actin. The thioredoxin h and actin primer sets 

amplified DNA fragments of cxpected sizes, whereas the cyst.atin set failed 

to detect any band. 

Phloem sap were also coUected from transgenic rice plants 

cxpressing GUS activity under the control of the rice thioredoxin h 

promoter. The sap did not show detectable GUS activity. GUS activities 

were detected strongly in companion cells. GUS rnRNA, oo the other hands, 

was detected from the phloem sap. 

These findings suggest presence of several mRNA species in rice 

phloem sap and the complex nature of sorting process of macrornoleculcs 

through plasmodesmata at the sieve element-companion cell houndary in 

rice. 
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INSITUANDINVIVOSUBCELLULARLOCALIZATIONOFOLIVE 
LA TENT OLEA VIRUS2 PUT ATIVE MOVEMENT PRO TE IN 

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 Virus e le 

Virosi delle Colture Meditenanee, University ofBari, 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. Viri.ons encapsidate four majar RNA 
species all ofwhich were sequenced. RNAl (3126 nt) and RNA2 (2734 nt) are both 
monocistronic molecules coding for replication-related proteins, with conserved 
motifs of helicase, methyltransferase (RNAl) and RNA polymerase (RNA2). RNA3 
(2438 nt) codes for a 36.5 leDa polypeptide with conserved motifs for the 30kDa 
supelfamily movement proteins (MP), and the 20 leDa viral coat protein (CP). RNA4 
(2078 nt) is co-terminal with RNA3 with undetennined biological function. A 
subgenornic 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 leDa 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 antiserurn. According to time course accumulation study of the MP 
protein in Nicotiana benthamiána-iofected leaves the maximum accumulation level 
was reached at the early stage of infectioo (c. one day post inoculation). With 
westem immunoblots of subcellular .fnictions ·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 past inoculation and in later stages of infection could contain virus-Iike 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 labellingof 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 (GFP5) coding sequences and cloned in a plasmid vector 
containing a 35S promoter (pGYI). 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 these findings on the role of the OLV-2 36.5 leDa protein 
in the cell-to-cell movement ofthe virus is discussed. 
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TARGETING ANO 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 Baset Switzerland; 

The Scripps Research lnstitute, Department of Cell Biology, BCC 206, 10550 

North Torrey Pines Road., La }olla, California 92037, USA; 

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

The movement protein (MP) of tobacco mosaic virus (TMV) facilita tes 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 propase 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 (WClMV) triple 
gene block (TGB) transport proteins (26, 13 and 7 kDa products) 
individually and as multicistronic constructs in Nicotiana benthamiana. 
Functional complementation of WClMV 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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Thc frcgucncv of plasmodcsmata incrcascs carly in thc wholc apical mcristcm of 
Sinapis alba L. during floral transition 

S. Ormenese, A. Havdange, R Dcllour and G. Bernier 
(Labono1oirc de PhysK>Iog;e et Morphologie, Dépanemenl de Biologie Végét.ale. Uni•-="i de Liége San T;lnan, Bclgiwn) 

In higher plants, the most common way that cells communicate among each other is through 

plasmodesmata (Pds). Recenlly, Lucas et al. (1995) have observed that Pds facilitare the cell-to-«:11 

transport of a plan! encoded transcription factor in the maize shoot apical meristem (SAM). During the 

floral transition, in the SAM, the synchronization ofthe cell divisions in several species (Bemier, 1988) 

and the relationships between different genes which are expressed in distinct rones (Bradley et al., 1996) 

have led to the idea lhat specific inlercellular 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) 

plan! Sinapis alba L. during the floral transition induced by a single LD. 

In this system, previous works showed that (ll floral signals (sucrose, cytokinins, ... ) of foliar origin 

are transported to the SAM between 1 O and 24 h after lhe start of lhe LD, <ll a first wave of cell division 

occurs at 26-30 h and 01 the first floral meristem is initiated by the SAM at 62-70 h (Bemier, 1989). 

A pi cal buds of both induced and noninduced plants were collected at various times after the start 

oflhe 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 of20 non contiguous cells from 

each meristem were examined and periclinal and anticlinal wall lenglh of each cell were measured. 

In lhe whole meristem, cells were interconnected by groups of unbranched Pds. Occasionally, 

branched Pds were also observed. 

The Pds were counted into lhe upper three cell layers (Ll, L2 and L3) of meristems and lheir 

frequency was determined by dividing the number of Pds encountered at a cell-to-«:11 interface by the 

interface cell wall length. We observed that the frequency of Pds became more importan! between cells 

of lhe L3 at 28 h after lhe start of lhe LD and that Pd frequency was markedly increased in lhe whole 

meristem, including Ll and L2, 4 h later. This increase culminated at 36 h after lhe start of lhe LD. All 

these changes start to decrease at 48 h after lhe start ofthe 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 lhe numero us 

metabolic, cellular and molecular changes lhat are known to occur during the floral transition of this 

species (Bemier, 1989). 

Bcrnkr, C . (1988) Ann. Rev. Plant Phy<H>I. Mol. Biol. J,, 175-219. 
Bcnúcr, C. (1989) From Flontllnduction 10 Pol.lin.tion. El~th Lonl ondCi<o'Xa lknWr, Eds. Thc: Amcrian Socidy ofPlanc Phys~sts Symposiwn 

Serie.. Vol. l. 
Bndky~ D.., Carpenccc~ R.,c.p.c,·, l_ Vinoent,C.. Rodtskia.,S. -d Cecn.. S. (1996) N.lturc ~. 7'91 ·7Yi. 
Loau, W.J, Boud.c-PiU..., S,Jacb-, D.P, Npym. L.. Bal«r, L , Dio;, B._, Hakc, S. (1995) Sci= 27<1, 1980-1983 
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INTRACELLULAR LOCALIZATION OF COAT PROTEIN ANO GENOMIC 
RNAS OF CHERRY LEAF ROLL VIRUS ANO ITS INVOLVEMENT TO VIRAL 
MOVEMENT ANO REPLICATION 

M. A. Sánchez-Pina, P. Más and V. Pallás 

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

Systemic viral infection needs to gel 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 lo the adjacent healthy one (short distance) 
and secondly, lo the rest of the plan! (long distance) using the plan! vascular 
system. Two mechanisms have been described for the short-distance 
movement of plan! viruses: The TMV-Iike mechanism that involves the 
formation of a ribonucleoprotein complex (Citovsky and Zambrysky, 1993; 
Annu. Rev. Microbio!. 47:167-197), and the CPMV-Iike mechanism which 
consists in the formation of tubules through cell walls and/or plasmodesmata, 
that transport the virions to the adjacent cell (Carring1on el al. 1996, Plant Cell 
8:1669-1681). Severa! types of plan! viruses including como-, nepo-, caulimo-, 
gemini- and tosposviruses, induce these specific viral tubular structures. In 
addition to the MP, and in sorne 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. Viral. 65:2807-2815; Nelson et al. 
1993, Mol. Plant-Microbe lnteract. 6:45-54; Gai-On et al. 1994, Virology 
205:280-289) and can be considered as modulators of cell-to-cell or long­
distance movement (Carring1on et al. 1996). Genome replication in positive­
stranded RNA viruses takes place in clase 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 leal roll virus (CLRV) belongs to the plant nepovirus 
genus within the Comoviridae family. lis 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 (Más and Pallás 1995, J. Vi rol. 
Methods 52:317-326, 1996, J.Gen.Virol. 77:531-540; Balsalobre et al. 1997, 
Mol. Plant-Microbe lnteract. 10, 784-788) . 

In this study we show that CLRV induces the appearance of severa! 
characteristic cytopathological structures: cytoplasmic paramural bodies (Pb's), 
abundan! membranous vesicles and tubular structures which are associated 
with the cell wall. lntracellular 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. 8oth 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 wor1< was supported by grant 81096-0459 from the Spanish granting 
agency DGYCIT. 
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Expression of the MP genes of maize slreak virus and bean yellow dwarf virus in host and non­
host transgenic plants produces virus-like symptoms and affects virus infectivity. 

C. Pitaksutheepong, M. l. Boulton, G. Kotlitzl<y, B. Epel and J. W. Davies 

The single-stranded DNA-containing geminivirus, maize streak virus (MSV) infects cereals and 
grasses and requires both the coa! 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 (1YDV) and bean yellow dwarf 
virus (BeYDV) have been characterised and shown to possess a genome organisation similar 
to MSV, although both infect dicots. The V1 gene product of both viruses has a secondary 
structure similar lo that ofthe MSV MP [2], the BeYDVand MSV proteins have 54% amino acid 
seque.nce similarity. The BeYDV V1 protein has been shown to be necessary for efficient 
infedion of Nicotiana benfhamiana plants (3]; the protein has been suggested to fuction as a MP . 

. Recen! studies showing the presence of the MSV protein in plasmodesmata In lnfected maize 
and the movement of a MP-green fluorescent protein (GFP), but not GFP alone, between 
plasmodesmata of maize epidermal cells, ha ve 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 Nicofiana tabacum plants containing the MSV or BeYDV MP genes 
under the control of the CaMV 35S prometer have been generated. All plants expressing the 
MSV MP are phenotypically abnormal, and the protein appears to be toxic as N. benth<mliana 
plantlets expressing large amounts of the proteln were unable to survive transplantation to the 
glasshouse. In N. benthamiana, leaf distortion and curling and veinal chlorosis, resembling !he 
symptoms of geminivirus infedion, are apparent, plants are female sterile and must be used as 
the pollen donar to produce a further generation. Fewer abnormalíties are seen with N. tabacum 

and the plants are fertile. Most plants transformed with the BeYDV V1 gene were phenotypically 
normal except for one plan! which showed leaf curling and chlorosis. For one line in which the 
F0 ptant hada normal phenotype, approximately 30% of the F1 plants showed Jeaf distortion and 
chlorosis. Antiserum to the BeYDV V1 protein is not yet available and this precludes us from 
determining whether the "symptom" phenotype correlates with the presence of the BeYDV 
prole in. 

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 lnfected compared to plants transgenic for vector sequences only ( approx 17-
30% infection compared to 70-80% for control fines). The reason for the decreased susceptibility 
of the plants is currenUy 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 exdusion limits or the movement of a BeYDV V1- (or MSV MP-) 
GFP construct through plasmodesmata. 

1. Boulton et al, 1989. J. Gen. Viro/. 70, 2309-2323. 
2. Boulton et al, 1993 Viro/ogy 192, 85-93. 
3. Uu, .1998. PhO thesis, University of East Anglia, UK 
4. Oickinson et al., 1996 Viro/ogy 220, 51-59. 
S. Kotlizky et al., 1998 (submitted to J. Viro/ogy) 
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Transgenic expression of oilseed rape mosaic tobamovirus movement 

protein in Arabidopsis thaliana confers resistance to ORMV 

Isa bel AguiJar, David Martínez-Herrera, Flora Sánchez, Fernando Ponz. 

INIA. Dpto. Mejora Genética y Biotecnología, 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 sorne 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). 

Severa! 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. Severa! independent transgenic lines were obtained differing 

in both gene dosage and gene orientation. Al! the transgenic lines analyzed by 

Southem hybridization showed the presence of the transgene. However, when 

analyzed by Northem hybridization, different levels of MP transcript 
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accumulation were found. Moreover, different transgenic lines showed different 

behaviour, including resistance, u pon challenge with the homologous virus, 

ORMV. The analysis of the biological effects of ORMV MP on transgenic 

Arabidopsis should allow to exploit the poten tia! of this model plant to identify 

and study host components involved in the interaction. 
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PILARSÁENZ 
Centro Nacional de Biotecnología, CSIC 

Campus Universidad Autónoma, Cantoblanco 
28049 Madrid (Spain). Tel.: 34 91 585 45 27 Fax: 34 91 585 45 06 

E-mail : psaenz@CNB. UAM.ES 

The helper componen! protcin of plum pox virus as a limiting factor for 

virus long distance movcmcnt in Nicotiana tabacum plants. 

Plum pox virus, a member of the Potyvirus genus, is unable to infect systenúcally sorne 

herbaceous hosts such as Nicotiana tabacum althouth it can replicate in the inoculated 
lea ves. Sorne 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 

severa! 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 systenúcally spread very 

efficiently, they were notable 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 PI 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 P 1 cistron 5' half from TVMV was infectious, 

but it resembled wild type PPV in its inability to infect systenúcally tobacco. N. tabacwn 

transgenic plants expressing the 5' end of the TEV genome, including the PI and the 

helper componen! (HC) cistrons (U68 line•), the coat protein (CP) gene of the same 

virus (FL3.3line•), the 5' end ofthe TVMV genome, including the PI, HC, P3 and part 

of 6K¡ cistrons (88 line*), or the TVMV CP gene (CP4 Iine•) were inoculated . with 

PPV. U68 plants, but not the rest ofthe transgenic plants resulted systenúcally infected. 
Transgenic plants expressing the same TEV 5' end fragment, but mutated in different 

positions of the transgene (8, C, E, L K, L lines•) were also analyzed. PPV infected 

systenúcally transgenic plants with mutations in the P 1 gene or in the amino-ternúnal 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 linúting factor for N. t abacum plant infection. 

* TEV transgenic plants were a gift from James C. Carrington. TVMV transgenic plants 
were kindly provided by Enúlio Rodríguez-Cerezo and were obtained by Arthur Hunt . 
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by the 
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* : Out of stock. 

*246 Workshop on Tolerance: Mechanisms 
and lmplications. 
Organizers: P. Marrack and C. Martínez-A. 

*247 Workshop on Pathogenesis-related 
Proteins in Plants. 
Organizers: V. Conejero and L. C. Van 
Loon. 

*248 Course on DNA - Protein lnteraction. 
M. Beato. 

*249 Workshop on Molecular Diagnosis of 
Cancer. 
Organizers: M. Perucho and P. García 
Barreno. 

*251 Lecture Course on Approaches to 
Plant Development. 
Organizers: P. PuigdomEmech and T. 
Nelson. 

*252 Curso Experimental de Electroforesis 
Bidimensional de ·Alta Resolución. 
Organizar: Juan F. Santarén. 

253 Workshop on Genome Expression 
and Pathogenesis of Plant ANA 
Viruses. 
Organizers: F. García-Arenal and P. 
Palukaitis. 

254 Advanced Course on Biochemistry 
and Genetics of Yeast. 
Organizers: C. Gancedo, J. M. Gancedo, 
M. A. Delgado and l. L. Calderón. 

*255 Workshop on the Reference Points in 
Evolution. 
Organizers: P. Alberch and G. A. Dover. 

*256 Workshop on Chromatin Structure 
and Gene Expression. 
Organizers: F. Azorín, M. Beato and A. 
A. Travers. 

257 Lecture Course on Polyamines as 
Modulators of Plant Development. 
Organizers: A. W. Galston and A. F. 
Tiburcio. 

*258 Workshop on Flower Development. 
Organizers: H. Saedler, J. P. Beltrán and 
J. Paz-Ares. 

*259 Workshop on Transcription and 
Replication of Negative Strand ANA 
Viruses. 
Organizers: D. Kolakofsky and J. Ortín. 

*260 Lecture Course on Molecular Biology 
of the Rhizobium-Legume Symbiosis. 
Organizar: T. Ruiz-Argüeso. 

261 Workshop on Regulation of 
Translation in Animal Virus-lnfected 
Cells. 
Organizers : N. Sonenberg and L. 
Carrasco. 

*263 Leeture Course on the Polymerase 
Chain Reaction. 
Organizers : M. Perucho and E . 
Martínez-Salas. · 

*264 Workshop on Yeast Transport and 
Energetics. 
Organizers: A. Rodríguez-Navarro and 
R. Lagunas. 

265 Workshop on Adhesion Receptora in 
the lmmune System. 
Organizers : T. A. Springer and F. 
Sánchez-Madrid. 

*266 Workshop on lnnovations in Pro­
teases and Their lnhibitors: Funda­
mental and Applied Aspects. 
Organizar: F. X. Avilés. 
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267 Workshop on Role of Glycosyi­
Phosphatidylinositol in Cell Signalling. 
Organizers: J. M. Mato and J. Lamer. 

268 Workshop on Salt Tolerance in 
Microorganisms and Plants: Physio­
logical and Molecular Aspects. 

Texts published by the 

Organizers: R. Serrano and J. A. Pintor­
Toro. 

269 Workshop on Neural Control of 
Movement in Vertebrates. 
Organizers: R. Baker and J. M. Delgado­
García. 

CENTRE FOR INTERNATIONAL MEETINGS ON BIOLOGY 

Workshop on What do Nociceptors *10 Workshop on Eng i neering Plants 
Tell the Brain? Against Pests and Pathogens. 
Organizers: C. Belmonte and F. Cerveró. Organizers : G. Bruening , F. García-

Olmedo and F. Ponz. 
*2 Workshop on DNA Structure and 

Protein Recognition. 11 Lecture Course on Conservation and 
Organizers: A. Klug and J. A. Subirana. Use of Genetic Resources. 

*3 Lecture Course on Palaeobiology: Pre- Organizers: N. Jouve and M. Pérez de la 

paring for the Twenty-First Century. Vega. 

Organizers: F. Álvarez and S. Conway 
12 Workshop on Reverse Genetics of Morris. 

Negative Stranded ANA Viruses. 
*4 Workshop on the Past and the Future Organizers : G. W. Wertz and J . A. 

of Zea Mays. Melero. 
Organizers: B. Burr, L. Herrera-Estrella 
and P. Puigdomenech. *13 Workshop on Approaches to Plant 

Hormone Action 
*5 Workshop on Structure of the Major Organizers: J. Carbonell and R. L. Jones. 

Histocompatibility Complex. 
Organizers: A. Arnaiz-Villena and P. *14 Workshop on Frontiers of Alzheimer 
Parham. Disease. 

*6 Workshop on Behavioural Mech-
Organizers: B. Frangione and J. Ávila. 

anisms in Evolutionary Perspectiva. 
*15 Workshop on Signal Transduction by 

Organizers: P. Bateson and M. Gomendio. 
Growth Factor Receptors with Tyro-

*7 Workshop on Transcription lnitiation sine Kinase Activity. 
in Prokaryotes Organizers: J. M. Mato andA. Ullrich. 
Organizers: M. Salas and L. B. Rothman-
Denes. 16 Workshop on lntra- and Extra-Cellular 

*8 Workshop on the Diversity of the 
Signalling in Hematopoiesis.' 
Organizers: E. Donnall Thomas and A. 

lmmunoglobulin Superfamily. Grañena. 
Organizers: A. N. Barclay and J. Vives. 

9 Workshop on Control of Gene Ex- *17 Workshop on Cell Recognition During 
pression in Yeast. Neuronal Development. 
Organizers: C. Gancedo and J. M. Organizers: C. S. Goodman and F. 
Gancedo. Jiménez. 
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18 Workshop on Molecular Mechanisms 
of Macrophage Activation. 
Organizers: C. Nathan and A. Celada. 

19 Workshop on Viral Evasion of Host 
Defense Mechanisms. 
Organizers: M. B. Mathews and M. 
Esteban. 

*20 Workshop on Genomic Fingerprinting. 
Organizers: M. McCielland and X. Estivill. 

21 Workshop on DNA-Drug lnteractions. 
Organizers: K. R. Fox and J. Portugal. 

*22 Workshop on Molecular Bases of Ion 

Channel Function. 
Organizers: R. W. Aldrich and J . López­
Bameo. 

*23 Workshop on Molecular Biology and 
Ecology of Gene Transfer and Propa­
gation Promoted by Plasmids. 
Organizers: C. M. Thomas, E. M. H. 
Willington, M. Espinosa and R. Díaz 
Orejas. 

*24 Workshop on Deterioration, Stability 
and Regeneration of the Brain During 
Normal Aging. 
Organizers: P. D. Coleman, F. Mora and 
M. Nieto-Sampedro. 

25 Workshop on Genetic Recombination 
and Detective lnterfering Particles in 
RNA Viruses. 
Organizers: J . J . Bujarski, S. Schlesinger 
and J . Romero. 

26 Workshop on Cellular lnteractions in 
the Early Development of the Nervous 
System of Drosophila. 
Organizers: J . Modolell and P. Simpson. 

• 27 Workshop on Ras, Differentiation and 
Development. 
Organizers: J . Downward, E. Santos and 
D. Martín-Zanca. 

28 Workshop on Human and Experi­
mental Skin Carcinogenesis. 
Organizers: A. J . P. Klein-Szanto and M. 
Quintanilla. 

• 29 Workshop on the Biochemistry and 
Regulation of Programmed Cell Death. 
Organizers: J. A. Cidlowski, R. H. Horvitz, 
A. López-Rivas and C. Martínez-A. 

•.30 Workshop on Resistance to Viral 

lnfection. 
Organizers: L. Enjuanes and M. M. C. 
Lai. 

31 Workshop on Roles of Growth and 
Cell Survival Factors in Vertebrate 
Development. 
Organizers: M. C. Raff and F. de Pablo. 

32 Workshop on Chromatin Structure 

and Gene Expression. 
Organizers: F. Azorín, M. Beato and A. P. 

Wolffe. 

33 Workshop on Molecular Mechanisms 
of Synaptic Function. 
Organizers: J. Lerma and P. H. Seeburg. 

34 Workshop on Computational Approa­
ches in the Analysis and Engineering 
of Proteins. 
Organizers: F. S. Avilés, M. Billeter and 
E. Querol. 

35 Workshop on Signal Transduction 
Pathways Essential for Yeast Morpho­
genesis and Celllntegrity. 
Organizers: M. Snyder and C. Nombela. 

36 Workshop on Flower Development. 
Organizers: E. Coen, Zs. Schwarz­
Sommer and J . P. Beltrán. 

37 Workshop on Cellular and Molecular 
Mechanism in Behaviour. 
Organizers: M. Heisenberg and A. 
Ferrús. 

38 Workshop on lmmunodeficiencies of 
Genetic Origin. 
Organizers: A. Fischer and A. Arnaiz­
Villena. 

39 Workshop on Molecular Basis for 
Biodegradation of Pollutants. 
Organizers: K. N. Timmis and J . L. 

Ramos. 

40 Workshop on Nuclear Oncogenes and 
Transcription Factors in Hemato­
poietic Cells. 
Organizers: J. León and R. Eisenman. 
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41 Workshop on Three-Dimensional 
Structure of Biological Macromole­
cules. 
Organizers: T. L Blundell, M. Martínez­
Ripoll, M. Rico and J. M. Mato. 

42 Workshop on Structure, Function and 
Controla in Microbial Division. 
Organizers: M. Vicente, L. Rothfield and J. 
A. Ayala. 

43 Workshop on Molecular Biology and 
Pathophysiology of Nitric Oxide. 
Organizers: S. Lamas and T. Michel. 

44 Workshop on Selective Gene Activa­
tion by Cell Type Specific Transcription 
Factors. 
Organizers: M. Karin , R. Di Lauro , P. 
Santisteban and J. L. Castrillo. 

45 Workshop on NK Cell Receptors and 
Recognition of the Major Histo­
compatibility Complex Antigens. 
Organizers: J. Strominger, L. Moretta and 
M. López-Botet. 

46 Workshop on Molecular Mechanisms 
lnvolved in Epithelial Cell Differentiation. 
Organizers: H. Beug, A. Zweibaum and F. 
X. Real. 

47 Workshop on Switching Transcription 
in Development 
Organizers: B. Lewin, M. Beato and J. 
Modolell . 

48 Workshop on G-Proteins: Structural 
Features and Their lnvolvement in the 
Regulation of Cell Growth. 
Organizers: B. F. C. Clark and J. C. Lacal. 

49 Workshop on Transcriptional Regula­
tion at a Distance. 
Organizers: W. Schaffner, V. de Lorenzo 
and J. Pérez-Martín. 

50 Workshop on From Transcript to 
Protein: mANA Processing, Transport 
and Translation. 
Organizers: l. W. Mattaj, J. Ortín and J. 
Valcárcel. 

51 Workshop on Mechanisms of Ex­
pression and Function of MHC Class 11 
Molecules. 
Organizers: B. Mach and A. Celada. 

52 Workshop on Enzymology of DNA­
Strand Transfer Mechanisms. 
Organizers: E. Lanka and F. de la Cruz. 

53 Workshop on Vascular Endothelium 
and Regulation of Leukocyte Traffic. 
Organizers: T. A. Springer and M. O. de 
Landázuri. 

54 Workshop on Cytokines in lnfectious 
Diseases. 
Organizers: A. Sher, M. Fresno and L. 
Rivas. 

55 Workshop on Molecular Biology of 
Skin and Skin Diseases. 
Organizers: D. R. Roop and J. L. Jorcano. 

56 Workshop on Programmed Cell Death 
in the Developing Nervous System. 
Organizers: R. W. Oppenheim, E. M. 
Johnson and J. X. Comella. 

57 Workshop on NF-KBIIKB Proteins. Their 
Role in Cell Growth, Differentiation and 
Developmenl 
Organizers: R. Bravo and P. S. Lazo. 

58 Workshop on Chromosome Behaviour: 
The Structure and Function of Telo­
meres and Centromeres. 
Organizers: B. J. Trask, C. Tyler-Smith, F. 
Azorín and A. Villasante. 

59 Workshop on ANA Viral Quasispecies. 
Organizers: S. Wain-Hobson, E. Domingo 
and C. López Galíndez. 

60 Workshop on Abscisic Acid Signal 
Transduction in Plants. 
Organizers: R. S. Quatrano and M. 
Pages. 

61 Workshop on Oxygen Regulation of 
Ion Channels and Gene Expression. 
Organizers : E. K. Weir and J . López­
Bameo. 

62 1996 Annual Report 
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63 Workshop on TGF-~ Signalling in 
Development and Cell Cycle Control. 
Organizers: J . Massagué and C. Bemabéu. 

64 Workshop on Novel Biocatalysts. 
Organizers: S. J . Benkovic and A. Ba­
llesteros. 

65 Workshop on Signa! Transduction in 
Neuronal Development and Recogni­
tion. 
Organizers: M. Barbacid and D. Pulido. 

66 Workshop on 100th Meeting: Biology at 
the Edge of the Next Century. 
Organizer : Centre for lnternational 
Meetings on Biology, Madrid. 

67 Workshop on Membrane Fusion. 
Organizers: V. Malhotra and A. Velasco. 

68 Workshop on DNA Repair and Genome 
lnstability. 
Organizers: T. Lindahl and C. Pueyo. 

69 Advanced course on Biochemistry and 
Molecular Biology of Non-Conventional 
Yeasts. 
Organizers : C. Gancedo, J . M. Siverio and 
J . M. Cregg. 

70 Workshop on Principies of Neural 
lntegration. 
Organizers: C. D. Gilbert, G. Gasic and C. 
Acuña. 

71 Workshop on Programmed Gene 
Rearrangement: Site-Specific Recom­
bination. 
Organizers: J . C. Alonso and N. D. F. 
Grindley. 

72 Workshop on Plant Morphogenesis. 
Organizers: M. Van Montagu and J. L. 
Mico l. 

73 Workshop on Development and Evo­
lution. 
Organizers: G. Morata and W. J . Gehring. 

74 Workshop on Plant Viroids and Viroid­
Like Satellite RNAs from Plants, 
Animals and Fungi. 
Organizers: R. Flores and H. L. Sanger. 

* · Out of Stock. 

75 1997 Annual Report. 

76 Workshop on lnitiation of Replication 
in Prokaryotic Extrachromosomal 
Elements. 
Organizers: M. Espinosa, R. Díaz-Orejas, 
D. K. Chattoraj and E. G. H. Wagner. 

77 Workshop on Mechanisms lnvolved in 
Visual Perception. 
Organizers: J . Cudeiro and A. M. Sillito. 

78 Workshop on Notch/Lin-12 Signalling. 
Organizers: A. Martínez Arias, J . Modolell 
and S. Campuzano. 

79 Workshop on Membrane Protein 
lnsertion, Folding and Dynamics. 
Organizers: J . L. R. Arrondo, F. M. Goñi , 
B. De Kruijff and B. A. Wallace . 
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The Centre for Intemational Meetings on Biology 
was created within the 

Instituto Juan March de Estudios e Investigaciones, 
a private foundation specialized in scientific activities 

which complements the cultural work 
of the Fundación Juan March. 

The Centre endeavours to actively and 
sistematically promote cooperation among Spanish 

and foreign scientists working in the field of Biology, 
through the organization of Workshops, Lecture 

and Experimental Courses, Seminars, 
Symposia and the Juan March Lectures on Biology. 

From 1989 through 1997, a 
total of 109 meetings and 9 

Juan March Lecture Cycles, all 
dealing with a wide range of 
subjects of biological interest, 

were organized within the 
scope of the Centre. 



The lectures summarized in this publication 
were presented by their authors at a workshop 
held on the 201h through the 22nd of April, 1998, 
at the Instituto Juan March. 

All published articles are exact 
reproduction of author's text. 

There is a limited edition of 450 copies 
of this volume, available free of charge. 


