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Summary 

The fluorescent dyes 6-carboxyfluorescein and fluorescein 
glutamylglutamic acid, which move freely in the Egeria densa leaf 
symplast, fail to move from cells subjected to plasmolysis, 
demonstrating that plasmolysis disrupts symplastic continuity. Dye 
movements begins again within 10 minutes of removal of the 
osmoticum and becomes more extensive with increasing recovery 
time. The re-established symplastic links show a number of distinctive 
features compared to untreated leaves: dyes of up to 1678 dalton can 
pass, compared to the normal limit of 665 dalton; and Ca 2 + ions, 
which completely inhibit dye movement in untreated cells, only 
reduce the extent of dye movement. Aromatic amino acids and their 
fluorescein conjugates prevent intercellular movement in untreated 
cells. In deplasmolysed cells the aromatic conjugates move freely. The 
increased symplast permeability persists for at least 20 hours. Thus, 
after plasmolysis followed by deplasmolysis, the symplast shows a 
marked increase in permeability associated with an increased 
molecular exclusion limit, indicating an increase in pore size, and 
symplast permeability becomes relatively insensitive to Ca 2 + ions or 
to the aromatic conjugates. 

Keywords: Aromatic amino acids; Egeria densa; Fluorescent probes; 
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1. Introduction 

Plasmolyzed  p lan t  cells have the p l a s m a l e m m a  pul led  

away  f rom the cell wall,  and  it is thought  tha t  

p l a s m o d e s m a t a l  connec t ions  between cells are  severed 

and hence symplas t ic  con t inu i ty  is broken.  This  

technique has repea ted ly  been used to s tudy the 

impor t ance  o f  symplas t ic  cont inui ty;  for  example  to 

* Correspondence and Reprints: Department of Agronomy and 
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de termine  the mode  o f  auxin  t r anspor t  (CANDE and  

RAY 1976, DRAKE and  CARR 1978), o f  ion t r anspo r t  in 

roo ts  (JARvIS and  HOUSE 1970, VAN IREN and  BOERS-VAN 

DER SLU~JS 1980), amino  acid t r anspor t  in Vallisneria 

leaves (BRXuTIGAM and  M~LL~R 1975), and  o f  ph loem 

loading  (GEIGER et al. 1974); to s tudy electrical  

coupl ing  between cells (DRAKE et al. 1978), v i rus-host  

in terac t ions  (COUTTS 1978, GULYAS and  FARKAS 1978) 

and  for deve lopmenta l  studies (reviewed by  CARR 

1976). However  no definit ive evidence is avai lable  to 

show tha t  symplas t ic  con t inu i ty  is lost  when cells are 

p lasmolyzed ,  or  rega ined  once cells are deplasmolyzed .  

Hech t i an  s t rands  are found  between p ro top las t s  o f  oa t  

coleopt i le  even though  cells are severely p lasmolyzed  

(DRAKE et al. 1978). W e  have de te rmined  direct ly  w h a t .  

effect p lasmolys is  and  deplasmolys is  have on 

symplas t ic  cont inu i ty  by  inject ing into cells dyes which 

do no t  pass the p l a sma lemma.  

2. Materials and Methods 

Egeria densa (Planch.) was collected from a pond in the Royal 
Botanical Gardens, Sydney. Healthy young leaves z/s fully expanded 
(approximately 10 mm in length) were removed from the shoot apex 
and washed in bathing medium (0.1 mM MgC12, 0.1 mM CaClz, 
0.1mM KC1, 0.5mM NaC1, 0.05mM NaSO 4 and 1.0mM 3-[-N- 
morphaleno]propanesulfonic acid) pH 7.0 prior to plasmolysis. 
Leaves were plasmolyzed by soaking the leaves for 2 hours in a 0.7 M 
mannitol solution, after which time the protoplasts had drawn away 
from the cell wall and rounded up. Leaves were deplasmolyzed either 
rapidly, by immediate transfer to bathing medium, or slowly, by 
stepwise transfer through 0.5, 0.35, 0.25, and 0.175 M mannitol, 30 
minutes each, before transfer to bathing medium. 
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Fluorescein isothiocyanate isomer I[F] and lissamine rhodamine B 
[LRB] conjugates with L-glutamylglutamic acid [(Glu)2], L- 
hexaglycine [(GlY)6], insulin A chain, L-leucyl-diglutamylleucine 
[LGGL], phenylalanine [Phe], the pentamer (propyl-propylglycine)5 
[(PPG)s], tyrosine [Tyr] and tryptophan [Trp] were synthesized as by 
GooDwlN (1983). Electrophysiological techniques and iontophoretic 
injection of dye were carried out as previously described (EgWEE and 
GooDwIN 1983). Five minutes after injection the leaf was observed 
under an epifluorescence microscope. F conjugates were observed 
with a blue excitation filter K490 with a TK510 dichroic beam 
splitter mirror and a K 515 suppression filter. LRB conjugates were 
observed with green excitation filters KP 560 and BG 36, with a 
TK580 dichroic beam splitter and a K580 suppression filter. 
Photographs were taken on Ektachrome 400 daylight film rated at 
1,600 ASA. Injections where the dye moved into the injected cell only, 
or where the injected and adjacent cells were equally heavily loaded 
with dye, but there was no dye in other cells, were recorded as non- 
movement of the dye. Data were analyzed using an analysis of 
variance on log transformed data and Z2-test. 

3. Results 

3.1. Plasmolysis  

After  2 hours  of  plasmolysis  in 0 . 7 M  manni to l  the 

p r o t o p l a s m  had pulled away  f rom the cell wall and 
rounded  up (Fig. 1). Plasmolysis  s topped  cytoplasmic  
s t reaming and suppressed chlorophyl l  fluorescence. 
Injections into pro toplas ts  were very difficult to 
achieve, but  in those few cases where F(Glu)z was 
successfully injected, the dye remained within the 
protoplas t .  Plasmolysis  o f  cells after  injection with 6- 
carboxyf luorescein  resulted in numerous  pro toplas ts  
containing the dye, while no dye was seen in the cellular 

space outside the pro toplas ts  (Figs. 2 and 3). Again no 
dye m o v e m e n t  was seen after plasmolysis ,  showing that  
symplast ic  cont inui ty  had been disrupted.  Manni to l  at 
0.25 M neither caused plasmolysis  nor  in terrupted dye 
movement .  Thus  the inhibi t ion of  cell-to-cell com-  
munica t ion  is due to plasmolysis,  ra ther  than  to a 
specific response to manni tol .  

3.2. Deplasrnolysis 

The t ime course of  recovery of  m o v e m e n t  of  F(GIu)  2 
after  rapid  deplasmolysis  is summar ized  in Tab.  1. Dye  
m o v e m e n t  occurred f rom only 31% of  cells which had 
been deplasmolyzed for  5 minutes,  even though  by this 
t ime the.. p l a s m a l e m m a  was resting against  the cell wall 
(Figs. 6 and 7). Dye  m o v e m e n t  f rom cell-to-cell was 
c o m m o n  within 10 minutes  after  deplasmolysis  (Fig. 8), 
tlhough the extent  o f  dye m o v e m e n t  was limited. The 
extent  o f  dye m o v e m e n t  increased as the recovery time 
increased, so that  after  120 minutes  dye m o v e m e n t  was 
to 15.2 cells on average as c o m p a r e d  to 9.1 cells in the 
control  leaves (Fig. 9). This suggests that  plasmolysis  

and subsequent  deplasmolysis  increases symplas t  

permeabil i ty.  This could be due to a substantial  

increase in the n u m b e r  of  funct ional  p la smodesmata ,  or  

to the newly reestablished p l a smodesma ta  being more  
permeable .  The  latter was the case (Tab. 2) since 
F(Gly)6 (749 dal ton) which does not  move  in control  

leaves moves  freely in treated leaves. M o v e m e n t  of  
other  large molecules which never move  in untreated 

leaves was noted.  The  smallest  non-mobi le  dye was 
L R B  insulin A chain (4,158 dalton; Figs. 10 and 11). 
This is a substantial  increase in symplas t  permeabil i ty .  
The increase in symplas t  permeabi l i ty  is not  due to 
injury caused by the speed of  deplasmolysis ,  as even 

with slow deplasmolysis,  F (PPG)s  moved  in 87% of  
injections one hour  after  t ransfer  to ba th ing  buffer. The  

increased symplast ic  permeabi l i ty  lasted for  at least 20 
hours,  F (PPG)s  still moving  f rom cell-to-cell af ter  this 
t ime period. Leaves exposed only to low (non-plas-  
molysing)  concentra t ions  o f m a n n i t o l  before  t ransfer  to 
bath ing buffer  showed the same symplast ic  

characteristics as control  leaves. 
Plasmolysis  and deplasmolysis  m a y  alter p lasmo-  
desmata l  physiology and hence alter symplas t  
permeabil i ty.  To  test this, cells were injected with Ca  2 § 
(CaC12 10 .2  M in the electrode tip) pr ior  to F(Glu)  2 
injection. Ca  2 + has been shown to inhibit  m o v e m e n t  of  

this dye in untreated leaf cells (ERWEE and GooDw~y 
1983). In t reated cells Ca  2 § did not  significantly inhibit  

the frequency o f  dye m o v e m e n t  but  did reduce the 
extent o f  dye movemen t ,  dye moving  to an average of  
7.2 cells as compa red  to 15.2 cells wi thout  Ca  z+ 
injection. The  difference is statistically significant. The 
molecular  exclusion limit was apparen t ly  unal tered by 

Table i. Recovery of movement ofF ( Glu ) 2 in the leaf of Egeria densa 
with time,following 120 minutes of plasmolysis ( 0.7 M mannitol ). R is 
the fraction of injections where dye movement occurred. The 
numbers in ( ) are the total number of injections per treatment. The 
average cell number is the average number of cells containing dye, 
including only those injections where movement occurred. ~ Values of 
R significantly different from the control at the 1% level; for average 
cell number, means with the same superscript are not significantly 
different from one another 

Deplasmolysis time R Average cell number 
(minutes) 

Control 0.93 (15) 9.1 b 
5 0.31 (16) 1 5.4 b 

10 0.75 (16) 6.4 b 
30 0.93 (15) 11.6 a 

120 1.00 (15) 15.2 a 



Fig. 1. Egeria densa cells after 2 hours of plasmolysis in 0.7 M mannitol. The protoplasts have drawn away from the cell wall and rounded up. Bar 
is 25 gm 

Fig. 2.6-carboxyfluorescein was injected prior to plasmolysis with 1.0 M mannitol. The dye is located in the protoplasts of the abaxial cell layer. 
The fluorescence in the background is due to protoplasts in the adaxial cell layer. Photographed after 15 minutes of  plasmolysis. Bar is 50 ~m 

Fig. 3. A light photograph matching Fig. 2 showing the extent of plasmolysis. Bar is 50 gm 

Fig. 4. F(Tyr) co-injected with LRB into leaf cells of Egeria densa, using F settings of filters to show location of F(Tyr). Dyes move across the 
tonoplast but not intercellularly. Bar is 50 gm 

Fig, 5. A photograph matching Fig. 4 showing LRB location. It has not left the injected cell. LRB injected by itself moves freely from cell-to-cell. 
Bar is 50 lam 



Fig. 6. Non-movement of F(GIu)2 in deplasmolyzed Ieaf cells ofEgeria densa. Cells have been plasmolyzed for 2 hours in 0.7 M mannitol and then 
removed from the osmoticum for 5 minutes. Bar is 50 ~tm 

Fig. 7. A light photograph matching Fig. 4 showing cells have returned to full turgor with the plasmalemma lying against the cell wall. Bar is 
50 gm 

Fig. 8. Movement of F(GIu)z 10 minutes after removal of the osmoticum. Leaves were subjected to 120 minutes ofplasmolysis in 0.7 M mannitol 
and then placed in bathing medium. Bar is 50 gm 

Fig. 9. Movement of F(Glu)2 120 minutes after removal of the osmoticum. Bar is 50 gm 

Fig. 10. Non-movement of LRB-Insulin A chain in leaves subjected to plasmolysis and allowed to recover for 120 minutes. Bar is 25gin 

Fig. 11. A light photograph matching Fig. 8. Bar is 25 gm 
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Table 2. Movement of dyes in leaves of Egeria densa which have been subjected to plasmolysis (120 minutes in 0.7 M mannitol) and deplasmolysis 
(120 minutes in bathing solution). R, (),  average cell number as in Tab. 1 

Dye Molecular R Average cell number 
weight (deplasmolyzed only) 
(dalton) Control Deplasmolyzed 

F(Glu)2 665 0.93 (15) 1.00 (i5) 15.2 
F(GlY)6 749 0.00 (15) 1.00 (15) 10.9 
F(LGGL) 874 0.00 (15) 0.50 (20) 5.0 
F(PPG)s 1,678 0.00 (14) 0.75 (16) 3.7 
LRB-insulin A chain 4,158 0.00 (10) 0.00 (14) 0.0 

Table 3. Movement of amino acid-dye conjugates in Egeria densa leaves. R, (),  as in Tab. 1 

Control Deplasmolyzed 

Dye R Average cell number R Average cell number 

F(Tyr) 0.13 (15) 5.0 
F(Phe) 0.07 (15) 2.5 
F(Trp) 0.13 (16) 3.5 

1.0 (8) 16.3 
1.0 (8) 22.8 
1.0 (8) 20.0 

Table 4. Movement of F(Glu) in Egeria densa after intracellular 
injection of aromatic amino acids and glutamic acid (lOmM in the 
electrode tip). R, (),  1 as in Tab. 1 

R Average cell number 

Control 1.0 (15) 10.5 
Glutamic acid 0.73 (15) 15.4 
Tyrosine 0.14 (14) 1 7.0 
Tryptophan 0.33 (15) 1 7.4 
Phenylalanine 0.21 (14) 1 7.0 

Ca 2 +, F(PPG) s moving in 71% of injections after Ca z + 

injection. 
Dye conjugates with aromatic amino acids rarely move 
from the injected cell in Egeria (Tab. 3). Lissamine 
rhodamine and F(Glu) normally moved freely from 
cell-to-cell. However, when co-injected with the 
aromatic dye conjugates LRB fails to move (Figs. 4 and 
5), indicating that the aromatic amino acid conjugates 
fail to move because, like group II  ions, they reduce 
symplast permeability. Similarly coinjection of the non- 
conjugated aromatic amino acids with F(Glu) inhibits 
the movement  of  the dye (Tab. 4). Coinjected glutamic 
acid has no significant effect. The site of  aromatic 
amino acid control of symplast permeability is not 
directly accessible from the external solution, since 
soaking leaves for 90-120 minutes in a 10 mM solution 

of phenylalanine has no effect on F(Glu) movement.  
After plasmolysis followed by deplasmolysis the 

aromatic dye conjugates move freely from cell-to-cell 
(Tab. 3). 

4. Discussion 

Plasmolysis usually results in a number of plasmo- 
desmata being ruptured, the number depending on the 

severity of protoplasmic shrinkage (BURGESS 1971). 
Symplastic continuity in E. densa, as detected by dye 
movement  from cell-to-cell, is broken when cells are 
plasmolyzed. No dye was seen to move between 
protoplasts even when protoplasts were in mutual 
contact with a cell wall. Membrane integrity remained 
intact since no dye was seen to enter or leave the 
protoplasts. Concentrations of mannitol insufficient to 
cause plasmolysis had no effect on symplastic 
continuity. 
Removal  of the osmoticum resulted in rapid cell-turgor 
recovery. There is some confusion in the literature as to 
whether symplastic continuity is restored once cells 
have been plasmolyzed and then deplasmolyzed. 
STRASBUP, GER (1901) thought that no plasmodesmata 
were reformed after disruption by plasmolysis. DRAKE 
et al. (1978) found that electrical coupling between cells 
which had undergone plasmolysis and deplasmolysis 
was non-existent within 60 minutes of  deplasmolysis, 
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but they could detect some coupling 6 hours after 
recovery. On the basis of viral transmission symptoms 
COUTTS (1978) doubts that symplastic continuity is 
restored after plasmolysis, at least within 48 hours after 
treatment. In E. densa symplastic continuity was not 
fully re-established 5 minutes after removing the leaves 
from the osmoticum, even though cell turgor had 
recovered. However, within 10 minutes frequent dye 
movement occurred, and dye movement become more 
extensive with increasing recovery time. Within 30 
minutes dye movement exceeded that in untreated 
leaves. It appears that plasmolysis followed by 
deplasmolysis causes plasmodesmata to show increased 
permeability, associated with a larger molecular 
exclusion limit, probably reflecting a larger pore size. 
This state of increased symplast permeability persists in 
cells for at least 20 hours after treatment. 

Whether these re-established plasmodesmata are struc- 
turally identical to normal plasmodesmata is unknown. 
However, they do show differing physiological 
characteristics. In untreated cells dye conjugates of 
aromatic amino acids do not pass out of the injected 
cell. In cells which have undergone plasmolysis and 
deplasmolysis, the aromatic conjugates move freely 
from cell-to-cell. They no longer reduce symplast 
permeability. Similarly Ca 2+ has been shown to be 
effective in reducing symplast permeability, so that 
even low molecular weight dyes such as 6- 
carboxyfluorescein (376 dalton) do not move out of the 
injected cell. In deplasmolyzed leaves a Ca z § injection 
prior to F(Glu) 2 injection reduces the average cell 
number containing dye from 15.2 to 7.2, but the 
frequency of movement of this and of larger dyes is 
unaffected. Thus the reformed symplast links in 
deplasmolyzed leaves appear to be relatively insensitive 
to regulation. 

Failure of conjugates of fluorescein and aromatic 
amino acids to move from ceil to cell was reported by 
TUCKER (1982), working with staminal hairs of 
Setcreasea purpurea. In Egeria the aromatic conjugates 
move through both the vacuole and cytoplasm of the 
injected cell, so the tonoplast is not the barrier. Since 
co-injected LRB or F(Glu) do not move, it appears that 
the aromatic amino acid conjugates restrict plas- 
modesmatal permeability in some manner. Since co- 
injected unconjugated aromatic amino acids inhibit 
F(Glu) movement, it appears that certain aromatic 
molecules are able to reduce intercellular communica- 
tion whether or not they are conjugated to fluorescein. 
Bathing the tissue with phenylalanine had no effect on 
dye movement, indicating that these compounds act 

within the cell, presumably at the plasmodesmata. The 
aromatic amino acids and related compounds which 
reduce intercellular permeability are not likely to be 
able to move in the symplast. 
The increase in plasmodesmatal permeability after 
deplasmolysis suggests that studies on tissues which 
have been deplasmolyzed need to be reassessed. For 
example the abnormal branching of filamentous fern 
(Pteris vittata) gametophytes following plasmolysis is 
proposed to be due to a disruption of cell-to-cell 
communication (NAKAZAWA 1963). However, the 
phenomenon may be due to an increase in symplastic 
permeability, which allows for exchange between cells 
of chemical stimuli which otherwise would not be able 
to move, this causing abnormal development. 
Plasmolysis appears to be a valid method to study 
cellular isolation and symplastic transport phenomena, 
at least in E. densa, since we have shown that no dye 
movement occurs between plasmolyzed protoplasts. 
Plasmolysis followed by deplasmolysis offers an 
addition to techniques for studying the symplast: a 
simple method to increase symplast permeability. 
Should this prove to be a general phenomenon, it may 
be a valuable addition to methods for studying the role 
of symplast continuity and cell isolation in transport 
and differentiation in plants. 

Acknowledgements 

M. G, ERWEE acknowledges the support of the Thomas Lawrance 
Pawlett Postgraduate Scholarship. This work was supported by the 
Australian Research Grants Committee. 

References 

BR,~UTIGAM, E., M~LLER, E., 1975: Transport processes in 
Vallisneria leaves and the action of kinetin and colchicine. II. 
Symplastic transport of ct-aminoisobutyric acid in Vallisneria 
leaves and the action of kinetin. Biochem. Physiol. Pflanzen 167, 
17- 28. 

BURGESS, J., 1971: Observations on structure and differentiation in 
plasmodesmata. Protoplasma 73, 83--95. 

CANOE, W. Z., RAY, P. M., 1976: Nature of ceil-to-cell transfer of 
auxin in polar transport." Planta 129, 43--52. 

CARR, D. J., 1976: Plasmodesmata in growth and development. In: 
Intercellular communications in plants: Studies on 
plasmodesmata (GUNNING, B. E. S., ROBARDS, A. W., eds.), pp. 
243--283. Berlin-Heidelberg-New York: Springer. 

COUTTS, R. H. A., 1978: Suppression of virus induced local lesions in 
plasmolysed leaf tissue. Plant. Sci. Lett. 12, 77--85. 

DRAKE, G., CARR, D. J., 1978: Plasmodesmata, tropisms, and auxin 
transport. J. exp. Bot. 29, 1309--1318. 

- -  - -  ANDERSON, W. D., 1978: Plasmolysis, plasmodesmata, and 
the electrical coupling of oat coleoptile cells. J. exp. Bot. 29, 
1205--1214. 



168 M.G.  ERWEE and P. B. GOODWlN: Characterization of the Egeria densa Leaf Symplast 

ERWEE, M. G., GOODWife, P. B., 1983: Characterization of the Egeria 
densa symplast. Inhibition of the intercellular movement of 
fluorescent probes by group II ions. Planta 158, 320--328. 

GEIGER, D. R., SOVONICK, S. A., SHOCK, T. L., FELLOWS, R., 1974: 
Role of free space in translocation in sugarbeet. Plant Physiol. 54, 
892--898. 

GOODWIN, P. B., 1983: Molecular size limit for movement in the 
symplast of the Elodea leaf. Planta 157, 124--130. 

GULY~.S, A., FARKAS, G. L., 1978: Is cell-to-cell contact necessary for 
the expression of the N-gene in Nicotiana tabacum cv. Xanthi 
plants infected by TMV. Phytopath. Z. 91, 182--187. 

JARVIS, P., HOUSE, C. R., 1970: Evidence for symplastic ion transport 
in maize roots. J. exp. Bot. 21, 83--90. 

NAKAZAWA, S., 1963: Role of the protoplasmic connections in the 
morphogenesis of fern gametophytes. Sci. Rep. Tohoko Univ. 
Ser. IV (Biol.) 29, 247--255. 

STRASBUR~ER, E., 1901: f0ber Plasmaverbindungen pflanzlicher 
Zellen. Jb. Wiss. Bot. 36, 493--610. 

TUCKER, E. B., 1982: Translocation in the staminal hair of Setcreasea 
purpurea. I. A study of cell ultrastructure and cell-to-cell passage 
of molecular probes. Protoplasma 113, 193--201. 

VAN IREN, F., BOERS-VAN DER SLUIJS, P., 1980: Symplasmic and 
apoplasmic radial ion transport in roots: cortical plasmalemmas 
lose absorption capacity during differentiation. Planta 148, 13(g- 
137. 


