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SUMMARY 

The analysis of 22Na+ and 3~C1- efflux from Limonium leaf tissue has revealed 
several compartments for each ion. The transit of labeled ions from medium to 
glandular exudate is described by an exponential function with a single time constant 
for each ion. This transit half-time for an ion correlates with the half-time of the 
second tissue compartment, assumed here to be the cytoplasm. The transport path- 
way can thus be quantitatively described, and the gland cells must directly control 
the level of ions in this space. 

INTRODUCTION 

The salt gland of Limonium is a multicellular structure which transports Na~ 
and C1 , amongst others, from some internal compartment in the leaf tissue to the 
exterior. The aim of this paper is to demonstrate that this compartment is the cyto- 
plasm of the surrounding cells and to determine the half-time of filling of this space 
when subjected to a NaC1 load. This analysis is required for two reasons. In the first 
place, step changes in the concentration of the medium usually involve changes in the 
pumping rates which attain steady values only after several hours; the analysis of 
these changes requires a knowledge of the time constants of the system before anything 
definite can be said about their nature. Secondly, it is of interest to know that the 
gland directly controls the ionic activity of the cytoplasm rather than that of the 
free space. Structurally the glands are connected to the cytoplasm of surrounding 
cells by numerous plasmodesmata which leave the gland complex at specific gaps in 
its insulating cuticle. 

METHODS 

All experiments were done with Limonium vulgate, cultured in the laboratory 
without salt water. 

E ~ux experiments 
Limonium leaf discs, with lower cuticle removed by abrasion, were pretreated 

overnight in solutions of 22NaC1 or Na36C1 at IOO mM concentration; a disc was then 
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quickly rinsed (I sec) and put into a glass vial containing I00 mM NaC1 solution 
maintained at 20 ° by a water jacket. Solution was drawn from this vial through a 
scintillation flow cell and returned to the bulk solution. The total solution volume was 
approx. IOO ml, and the conditions of turbulent flow caused excellent mixing. The 
counts/rain in the washing solution were automatically recorded at I-rain intervals. 
At the end of the counting sequence the vial was removed; IO g of solid NaC1 were 
added, and a reflux condenser attached; the contents were than boiled for 30 rain to 
extract all radioactive label. After refluxing the vial was returned to the flow system 
and the counts/rain of the solution recorded; this was constant and represented the 
total initial radioactivity in the disc. 

Effluxes into a salt-free medium were also studied, 200 mM mannito] solution 
being used as the washing solution to avoid any immediate osmotic effects. 

Transit fluxes 
Leaf discs were pretreated overnight in IOO mM NaC1 solution and mounted as 

for a short-circuit experimenO; they were voltage clamped at zero and allowed to 
attain steady states. The solution in the inner chamber from which the glands 
transport ions, was then changed to ioo mM ~eNaC1 or Na36C1 solution, and the outer 
chamber sampled for emergent radioactivity as a function of time. The rate of change 
of activity in the outer chamber represents the rate of change of specific activity in 
the leaf compartment to which the glands are directly connected. There are no con- 
centration changes, merely the movement of isotopic label through the system in the 
steady state. 
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Fig. i ,  The  efflux of 2~Na+ f rom a sample  disc, p re loaded  in ioo  m M  22NaCl. The  expe r imen t a l  
curve  ha s  been b roken  down into th ree  c o m p o n e n t s  by  graphica l  sub t rac t ion .  Ord ina te  is t h e  
l oga r i t hm of t he  r ema in ing  fract ion.  
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R E S U L T S  

In  Fig. I is p lo t ted  the result of a Na + washout  experiment in which the log 
fraction of the act ivi ty  remaining in the disc is plot ted against t ime ; the CI- efflux has 
been similarly analysed but  is not  plot ted here. The curve has been broken down 
graphical ly into several exponentials, and the tota l  content  can be represented by  
their  sum 2 ; 

c - -  ~Y7 K i e - ~ i t  
! 

T A B L E  1 

I O N  S P A C E S  I N  L I M O N I U M  R I ~ V E A L E D  B Y  E F F L U X  A N A L Y S I S  

H a l f  t i m e s  (iv._,) f o r  e f f lux  i n t o  NaC1 or  w a t e r  a r e  s h o w n ,  t o g e t h e r  w i t h  t h e  t o t a l  n l e a n s .  All t i n I e s  
a r e  ill r a in .  

Space 22Na+ efflux "~6C1- efflux 

t~,2(NaC1 ) t~l~(H20 ) t~(mean) t}~(NaCl) tl~(H~O) t~A(mca~z ) 

i 2 .0  1.22 1. 5 ± 0. 5 i . o  0 .93  o .05  ~ 0.2 
2 27. 3 33.1 29.2  ~ 4 . 3  9 .2  lO.5 9 .7  ~ 2 . I  
3 359  ° 599  ° 493  ° i 169o  136.1 [ 2 1 . 6  ~29.8 :+ 26.3 
4 423  ° 3x5  ° 3678  ± 125 ° 
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Fig .  2 ( u p p e r ) .  T r a n s i t  f l ux  of  36C1 a c r o s s  a s t e a d i l y  p u m p i n g  d i sc  s h o r t - c i r c u i t e d  in  IOO m M  N a C I .  
T h e  e x t r u d e d  f lu id  s o o n  a t t a i n s  t o  t h e  spec i f i c  a c t i v i t y  of  C1- in  t h e  b a t h i n g  m e d i u m  ( T a b l e  IV) ,  
so  t h a t  t r a n s i t  r a t e s  a r e  h e r e  r e p r e s e n t e d  as  r i ses  in  spec i f i c  a c t i v i t y .  T h e  h a l f - t i m e  is i n d i c a t e d .  

F ig .  3 ( lower) .  T r a n s i t  f l ux  f o r  2ZNa+ a c r o s s  a s t e a d i l y  p u m p i n g  d i s c  s h o r t - c i r c u i t e d  in  i o o  m M  
NaC1.  See l e g e n d  of  F ig .  2 fo r  f u r t h e r  d e t a i l s  r e p l a c i n g  CI -  b y  N a  +. 
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each exponential component contributes to the total  efflux from a loaded disc; the 
K ' s  are the space contents and the k's are the respective rate  constants. The half- 
t imes of the ionic compar tments  are given by  the relationship t½ = (loge2)/k. Some 
were obtained with I00 mM NaC1 as the washing liquid and others with 2oo mM 
mannitol  solution (Table I). 

In Figs. 2 and 3 are shown plots of the rate  of transfer of Z2Na+ and 38C1- from 
the inner chamber to the outer, i.e., transit  fluxes from t = o. These figures represent 
integral plots of the curves obtained by sampling the outer chamber at fixed t ime 
intervals. 

D I S C U S S I O N  

What  are the leaf spaces of Table I ? I would argue tha t  they are the free space, 
the cytoplasm and the vacuole, i.e., Spaces I, 2 and 3 for Na + and 1,2 and 4 for C1-. 
This is in general agreement with other published data  for plant cells, including 
giants where the cytoplasmic spaces can be individually sampled; the magnitudes of 
the half-times are quite similar 3-6. The free space half-time has been calculated from 
the ionic diffusion coefficient as given by  the relationship, 

D = u R T  

By taking 

D t / r  z = 0 . 2  

when the fractional distance from equilibrium, 

ct/co = 0.5 (ref. 7) 

the diffusion resistance factor (tortuosity) can be calculated for efflux from a sheet 
of thickness 2r, equal to tha t  of the leaf disc (O.Ol 7 cm) with one impermeable surface 
(Table II). The tortuosi ty factors for Na + and C1- are almost identical, indicating 
tha t  the fastest space for the two ions is indeed the same compartment ,  the free space. 
The C1- space No. 3 remains unidentified; a candidate for this may  well be the chloro- 
plasts, for they constitute a membrane-bounded compartment  in the cytoplasm 
occupying a substantial  fraction of its volume. 

From the analysis of transit  fluxes for Na+ and C1- (Figs. 2 and 3) it is apparent  
that  the ion transfer mechanisms in the Limonium gland are sampling from a com- 
par tment  in which the specific activity appears to rise as an exponential function: 

S = St=oo (I - - e - ~ O  

T A B L E  I I  

CALCULATED TORTUOSXTY FOR H a  + AND C1- IN THE FASTEST TISSUE SPACE 

T h e  t o r t u o s i t y  f a c t o r  u s e d  h e r e  is t h e  r a t i o  of  c a l c u l a t e d  t o  a p p a r e n t  d i f f u s i o n  h a l f - t i m e s ,  

Ion t½ Tortuosity 
.factor 

Calculated Apparen t  

N a  + 4 .95  9 0  18.2 
C1- 3-3 57 17-3 
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T A B L E  I I I  

T R A N S I T  H A L F - T I M E S  F O R  x~NTa + A N D  e l -  

Ion Transit half-time 
(rain) 

Na + 26.i  ± 5.I 
C1- 12.83 ~= 4.2 

By graphical inspection we can obtain the half-time of this rise, and this appears 
different for the two ions (Table III) .  

We can now see that  these t ime constants show a correlation with those of the 
second slowest leaf compartment ,  i.e., the cytoplasm, obtained from the efflux 
analysis; the active transfers of the two ions by the gland cells are therefore operating, 
as one would expect, from a common cytoplasmic space. 

Following a step change in specific act ivi ty of the medium, the specific activity 
in this space will rise to a quasi-steady state given by  the equation : 

S = Sc (I - - e -k2 t )  

where Se is the quasi-steady level. How near Se approximates to So, the external 
act ivi ty at any time, depends upon the transfer constants of any slower spaces 
connected directly to Space 2, and upon their initial ion contents. In the excretory 
system of the mangrove Aegiali t is  annulata ATKINSON et al. s have adduced tha t  there 
is probably a movement  of C1- to the gland cells, via the free space of the leaf tissue, 
but their demonstration that  the specific act ivi ty of the exudate is higher than that  
of the leaf tissue as a whole is of less importance than the demonstration that  the 
specific activity of the fluid reaches a plateau at about 5 ° % of the activity of the 
medium. This is consistent with a transfer of ions from a cellular space in which Se, 
the quasi-steady s tate  specific activity, is held considerably below S O by equilibrium 
with the considerable CI- pool of the leaf. During open-circuit experiments the 
specific act ivi ty of Na + and C1- in the extruded fluid of Limonium is always close 
to S o, Na + balancing CI-, Table IV. For the case where the second compartment  is 
connected in the following manner  to the vacuole 

3 (=  4 for CI-) 
qb 

- - - ~ -  I 2 - - - +  
i g 

T A B L E  IV 

S P E C I F I C  A C T I V I T I E S  O F  L I M O N I U M  G L A N D U L A R  E X U D A T E  C O L L E C T E D  O V E R  I 2  h ,  R E L A T I V E  £ O  T H A T  

oF MEDIUM (= 1.0) 

Leaves  were s tood in beakers  of r ad iosa l t  so lu t ion  and the  e x u d a t e  washed  off w i th  water .  

Ion Relative specific 
activity 

N a  + i .oi ~ 0.08 
C1- 0.98 ~ o.I5 
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i being the intake from the medium and g the glandular extrusion, the value of Se is 
given in the steady state (dSe /d t~  o), by:  

i 
Se = So 

Ja* J3So] 
I J2* J2* 1 

+ 

where: Ja* = radioisotope flux from Space 2 to 3, J 2 * =  radioisotope flux from 
Space 2 via glands (g) and Ja = net ion flux from Space 2 to 3- The specific activity 
of the free space (i) is assumed equal to S 0. J2* can be directly measured in tile 
steady state, and Ja* is given by the magnitude of the initial content of the vacuole 
during the washing out of a disc that  has been preloaded for a known fraction of the 
vacuolar half-time. Ja*/J2* has a mean value of near o.I for these experiments. 
Se cannot therefore be lower than 0. 9 S 0. The t e r m J a . J 2 *  is difficult to quantity, but 
its maxinmm value cannot exceed Ja*/J2*;J3 is almost certainly non-zero as the leaf 
discs are from low-salt plants and leaf tissue accumulates salt in spite of glandular 
activity, a fact seeming to require explanation. The experimental fact that the 
specific activity of the exudate approximates to S o therefore argues that the term 
JaSo/J2* is near maximum, and that  the cytoplasmic ion concentration can be 
controlled by the glands independently of a net flux into the vacuole. The content of 
the latter is large enough to mask the contents of the other spaces. The fact that  the 
short-circuit current also correlates well with the total net ion flux in the steady 
state, again indicates that  the radioactive fluxes are true measures of the ion fluxes, 
and that  the specific activity of the conlpartment from which the glands are pmnping 
is similar to that  of the solution in the inner chamber, i.e., S o . 

When a Limonium disc of low-salt status is mounted in the chambers with IOO 
mM NaC1 solution we may therefore assume that the salt concentration will rise in the 
cytoplasm with a time constant intermediate (i.e., bounded) between those of Na + 
and Cl-, with the following proviso: that  the net influx rate of ions down a chemical 
concentration gradient into the cytoplasm, is equivalent to the influx rate of radio- 
active label in the steady state, i.e., chemical fluxes and tracers fluxes are equivalent 
where kinetic parameters are concerned. From Table I it can be seen that replacement 
of the washing solution by 200 mM mannitol has no apparent effect on the half-times 
of the second spaces for either ion. This indicates therefore that the cytoplasm fills 
with salt as assumed, and that  specific concentration effects (between o and ioo mM) 
on the net influx to this compartment are negligible. 

To summarise we can say that  both efflux analysis and the analysis of transit 
fluxes indicate that  the transit half-times of both ions correlate with those of cyto- 
plasmic filling, and that  the half-times for salt loading and extrusion should therefore 
lie between these times. Knowledge of the kinetic constants of the process enables 
us to predict the form of the diffusive lag to be expected when the concentration of 
the medium is changed, an essential prerequisite to any analysis when metabolic 
effects are also present. I t  further indicates that  the second tissue compartment is the 
cytoplasm, and that  the gland cells directly control the ionic activity therein. 
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