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su MMARY 

A freeze-drying and non-aqueous extraction technique has been used to record 
the salt content of chloroplasts in leaf segments of Limonium vul~are. Changes in 
the level of K +, Na~ and C1- were observed when leaf segments were treated with 
NaC1 or KC1 solutions which induce pumping of the salt glands. The effects of treat- 
ments designed to inhibit glandular activity are also recorded. 

Net accumulation of ions into chloroplasts is shown to be a process in vivo. 
The results provide evidence for a direct effect of glandular activity on cytoplasmic 
ion levels and they provide intracellular evidence for the induction of glandular 
activity after a certain lag period. 

INTRODUCTION 

There is good evidence that the gland-cell complex of the leaves of Limonium 
species constitutes a mechanism for lowering ionic activities in the photosynthetic 
parenchyma 1-~. However, the complex compartmentation of salts in plant cells 
in general and the difficulty of studying the problem in this tissue, in particular, 
makes the proof of this statement difficult. I t  is interesting from the point of view 
of the physiology and ecology of these plants to know which of the compartments 
is most affected by the pumping mechanism of the gland-cell complex and what 
is the critical concentration in this compartment at which the pumping mechanism 
is triggered, 

It has been possible to analyse the kinetics of ion transport through the gland 
complex, and this analysis indicates direct connection with the leaf cytoplasmic 
compartmenO a. An experimental test of this would be to show that the ionic content 
of a cytoplasmic organelle responds directly to glandular activity. Recently it has 
been shown that chloroplasts constitute a compartment of high salt concentration 
in green cells G. Kinetic analysis in the giant algal cell of Tolypdla intricata with 
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rad ioac t ive  C1 has indica ted  t ha t  the chlorot)lasts exchange CI- with a compar tmen t  
of the cy top lasm 7. This exchange was nmeh faster  than the exchange of C1 between 
the vacuole and a c o m p a r t m e n t  of the cytoplasm.  The chh)roplast  compar tmen t  
therefore reflects {'hanges in the labell ing of the cytoplasm.  However,  in these exper-  
iments  condit ions of flux equi l ibr ium were ina in ta ined  as far as t)ossible and n{} net  
change in the ion concentra t ion  of any  compar tmen t  was found. In  the leaf t issue 
{)f Limonium wtlgarc under  condit ions such as are found during t r ea tmen t  of leaf 
discs of low salt  s ta tus  with high external  salt  concentra t ions  full secretory ac t iv i ty  
of the salt  glands is reached only after  a period of 3 4 h (ref. 8), during which t ime 
it can be assumed tha t  the ionic act ivi t ies  in the various c{mlpartments  of the paren-  
chvma {'ells are undergoing changes. 

( 'hanges 111 the levels of K ,  Na ~, and C1 were indeed found in the chloroplasts  
during the ear ly stages of salt  t r ea tment .  These results  together  with s{mae further  
da ta  on tissue where the salt  g lands have been pa r t i a l ly  inhibi ted provide  evidence 
{m the imp{wtant question of the ionic relat ions of this system. 

METHODS 

L. vu/garc Mill collected from au Eas t  Anglian sa l tmarsh  was grown on soil 
watered with t ap  water.  The salt  s ta tus  of the p lants  was therefore low and leaf 
discs taken s t ra ight  from the p lan t  showed no secretion unless p re t r ea ted  with a 
salt  solution. P r e t r e a t m e n t  was effected by  floating 5o g fresh weight per  t r ea tmen t  
{}f freshly cut  leaf segments  onto aera ted  salt  solutions,  usual ly  I(}(} mM K('I or 
Nat1.  The t r ea tmen t s  were kept  under  e{mditions of constant  i l luminat ion during 
each exper iment  at  a t empera tu re  of 25 ~ . 

Sampl ing of mater ia l  dur ing the t ime-course of each exper iment  was effected 
by  rap id ly  freezing in liquid N,,. ( 'h loroplas ts  were ex t rac ted  from freeze-dried 
tissue in the  manner  described previously  using a non-aqueous technique ~i. 

Anal \Ms of the chh}roplast mater ia l  was carr ied out on fresh ext rac ts  st{wed 
in a vacuum dess icator  in darkness.  C1- was measured by an electrometr ic  method:' ,  
K -  and Na~ were es t imated  by  flame pho tomet ry .  Freezing point  depressions were 
measured  using the technique and appa ra tus  of RAXISA¥ AND BROWN TM. ( /hlorophyll  
was es t imated  by  the method  of MAcKINNEY 11, and the packed  volume of aque{mslv 
isolated chlor{@asts was found using the technique previously  described 6. 

RESULTS 

Trea tmen t  {}f leaf segments  of low salt  s ta tus  with a solut ion of Io(} mM NaCI 
(Expt .  I ,  Fig. i)  resul ted in a rise in the  NaCI content  of the  chloroplasts  fr(m~ o.I 9 
to o.6I /~mole/nlg dry, weight (Fig. i) ,  i.e. an increase of over  3oo %. The init ial  
content  of K~ was high, compara t ive ly ,  and  this level was ma in ta ined  th roughout  
except  for a sl ight reduct ion over  the  I s t  h. However ,  af ter  3 h a reversal  in the rise 
in NaCI content  is evident .  I t  is a t  approx.  3 h tha t  the  sal t  g lands reach their  full 
secretory' capac i ty  in NaC1 solution and the marked  changes in NaC1 content  a round 
this t ime t)eri~)d are t aken  to be a reflection of this  ac t iv i ty  on the ion content  of 
the  parencbynaa l  cytoplasm.  

Since it is appa ren t  from previous work 6 tha t  the level of K -  in chloroplasts  
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is controlled to a greater extent  than Na ~ it was of great  interest to carry out another  
experiment using IOO mM KC1 in place of NaC1 (Expt.  2). The results are shown 
in Fig. 2. I t  is evident tha t  the K + level does not va ry  to such a great extent  as the 
Na-  level in the previous experiment. Nevertheless an inflexion in the curve at 
4 h is again taken as a reflexion of the induct ion of full act ivi ty of the salt glands. 
It  is interesting that  the Na + level, initially quite low, does not decrease to any 
great extent,  being reduced to about  7 ° °a of its previous level ; this level is maintained 
for 6 h despite the changes in the K + level and the act ivi ty  of the salt glands. 
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Fig .  [ .  C h a n g e s  in  t h e  N a  +, K + a n d  C I -  c o n t e n t  of  c h l o r o p l a s t s  in  l ea f  s e g m e n t s  of  L. wtlgare 
( l u r i n g  i n c u b a t i o n  o n  a s o l u t i o n  of i o o  m M  NaC1. T h e  e x p e r i m e n t a l  p o i n t s  a r e  t h e  a v e r a g e  v a l u e s  
f r o m  t w o  r e p l i c a t e s  r u n  s i m u l t a n e o u s l y .  T h e  s e g m e n t s  w e r e  k e p t  u n d e r  c o n s t a n t  i l l u m i n a t i o n  
a t  a t e m p e r a t u r e  of  25° .  

F i g .  2. C h a n g e s  in  t h e  N a  +, K + a n d  C1- c o n t e n t  of  c h l o r o p l a s t s  in  l ea f  s e g m e n t s  of  L. vulgare 
d u r i n g  i n c u b a t i o n  o n  a s o l u t i o n  of  i o o  m M  KC1. E x p e r i m e n t a l  d e t a i l s  as  fo r  F i g .  i .  
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I : ig .  3- C h a n g e s  in  t h e  N a  +, K + a n d  C1 c o n t e n t  of  
d u r i n g  i n c u b a t i o n  o n  a s o l u t i o n  of  5 ° m M  NaC1 ~ 5 ° 

c h l o r o p l a s t s  in  l ea f  s e g n l e n t s  of L. wdgare 
m M  KC1. E x p e r i m e n t a l  d e t a i l s  a s  fo r  F i g .  I. 

In a further  experiment (Expt. 3, Fig. 3) the bathing solution of IOO mM 
NaC1 was changed at 5 h for a solution of 5 ° mM NaC1 + 5o mM KC1. The initial 
changes are similar to those found in the first experiment (Fig. I), but  the effects of 
the changeover of composition of the bathing solution at 5 11 indicate tha t  a period 
of cation readjustment  takes place in the chloroplast, similar to tha t  of the cytoplasm. 

I t  is possible to inhibit the electrogenic component  of the glandular  CI- efflux 
by, incorporat ing benzenesulphonate ions into the bathing medium. In Table I the 
results of two experiments (Expts. 4 and 5) are shown in wlfich the composition 
of the medium was IOO mM NaCI, IOO mM choline benzenesulphonate.  The data  
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T A B L E  ] 

T H E  E F F E C T  O F  B A T H I N G  S O L U T I O N S  W H I C H  S T I M U L A T E  OR I N H I B I T  S A L T - G L A N D  P U M P I N G  O N  

TIIF  SALT C O N T F N T  OF Ct{LOROI)LASTS IN L E A F  SI~2GMIr*NTS OF 1~. Ult[~Yttlzt' 

T h e  v a l u e s  a r c  t h e  a v c r a o c  of t ~ o  r e p l i c a t e  t r e a t m e n t s .  
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show that  in both experiments the inhibition causes high levels of Na ~ in the chlor(> 
plasts while the K level is maintained constant.  In Expt.  4 the difference in levels 
()f Nat + (n.5o/llnole.i-ng dry weight) is matched by the difference in C1- (o.5o/,mole). 
The charge imbalance between the K: { N a  level and tile CI level (o.25 /,mole 
less anion) is twobably the result part ly of fixed negative charge groups and part ly 
of other, unidentified anions. It  is evident from the previous experiments that  the 
imbalance between K - .Na aud C1 varies between experiments and sometimes 
during an experiment. It is possible tha t  organic anions play a role in maintaining 
charge neutrality.  In Expt.  5 the low N a  and C1 contents after e4 h indicate that  
C I  and benzenesulphonate ions may be replacing other ions in the chloroplast. 

The packed volume of chloroplasts isolated in a buffered sorbitol solution l~ 
was found to be IOI.I 2} 4.8 (S.E., tz : 6) #I/rag chlorophyll (corrected for 26% 
interspace volume of tile packed chloroplasts). The non-aqueously isolated chloro- 
plasts weighed 35-3 ± o.0 (S. E., ,l 6) rag/rag chlorophyll {corrected for an estimated 
Io °o loss of chlorophyll during the extraction procedure). Therefore unit  dry  weight 
of chloroplasts (rag), the basis on which the ion contents have been expressed, is 
equivalent to a volume of 2.86 ,ul of aqueously isolated chloroplasts. Of this volume, 
up to I ¢zl will represent the contribution of structural,  non-osmotic material  (assuming 
an overall specific gravi ty  of this material of unity). I t  is therefore probable that  
the osmotic space of the chloroplasts is about  2 #l /mg dry  weight. On this basis the 
range of concentrations in the chloroplasts encountered in the previous experiments 
were: K: ,  2oo 35 o raM; Na~, 5 o 500 raM; CI , 250-700 raM. Freezing-point-depres- 
sion d e t e r m i n a t i o n s  on chloroplast material (NaC1 t reatment  of Expt.  4, Table 1) 
gave a value of zzo mM for z mg dissolved in zo/~1 water. This represents for the 
intact chloroplast a total concentrat ion of all solutions of 6oo raM, which is only 
ioo mM greater than the mean estimated K: 1- Na ~ concentration of this t reatment.  
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This difference m a v  be made  up  b y  Ca 2~ and  Mg "2~ de te rmined  previousl3*. These 
five ions mus t  cons t i tu te  the  ma jo r  pa r t  of the  osmot icum of ti le chloroplas ts  in 
these exper iments .  

]/ISCUSSION 

Tile observat ion  of numerous  p lasmodesmata -connec t ing  gland cells to the 
cy top lasm of the neighbouring ch lo renchyma le, and the kinet ic  analysis  of t rans i t  
fluxes la in Limonium indicate  tha t  the  gland cells d i rec t ly  control  tile cy toplasmic  
content  ill this  tissue. The work on chloroplasts  of g iant  algal cells; indicates  tha t  
at  least  pa r t  of the cy top lasmic  CI- exchanges fair ly r ap id ly  with par t  or all of the 
chloroplas t  C1 . If tile same re la t ionship  holds for K + and Na- ,  then the chloroplast  
ion content  would reflect qui te  r ap id ly  changes in the cy toplasmic  content  which in 
turn would reflect the  pumping  ac t iv i ty  of the  salt  glands. 

In an analvsis  of the  ionic spaces in L imonium there appears  a C1 space 
in te rmedia te  between cy top lasm and vacuole with a half - t ime of approx.  I3o rain;  
such an ex t ra  space is not  observed however  for Na ~ (ref. I3). If this  space represents  
the chloroplas t  c o m p a r t m e n t  then the result  would be in agreement  with the 
observat ions  of SALTMAN C'I aI. 14 who found tha t  the chloroplasts  of Xih'lla o#aca 
have an efltux half- t ime of approx.  Ioo rain for hal ide ion and eo rain for Na ;. A 
Na ~ half - t ime of this  magni tude  would be unde tec tab le  in Limonium as it differs 
l i t t le  from tha t  of the cytoplasm.  There are indicat ions  tha t  t i le ions of the chloroplas t  
are not  alt()gether freeh" exchangeable ,  however.  The results  on ('1 exchange in the  
g ian t  algal (-ell ()f Toh~flella inlricala t e n t a t i v e l y  point  to an ion compar tmen t  within 
the chloroplas t  which is only  very  slowly exchangeable  with the cyt()plasm. In 
Exp ts .  I and 2 (Figs. I and  2, respect ively)  tile rise of t i le to ta l  salt  level in the 
chloroplas t  is a r res ted  af ter  3 4 h and is subsequen t ly  held at  a s t eady  level. In 
Exp t .  I the  K- declines from its ini t ial  level to give a s t eady  value, and likewise 
Na" in Exp t .  2. We in te rpre t  these results  in the  following way:  when presented  
with a salt  load the cy top lasm fills to a level de te rmined  by  the p l a sma lemma pumps,  
with a half- t ime of about  2o min~a; the  chloroplasts  however cont inue t() accunmla te  
NaC1 in a l inear  fashion for a t  least  3 h, and  this indicates  tha t  there  are inwardly-  
d i rec ted  ion pumps  at  a chloroplast  surface. The slow ra te  of filling is not  inconsis tent  
with ti le long t ime cons tan t  of the in te rmedia te  C1 space la, which would suggest  
C1- pumping  to be ra te  controll ing.  I : rom about  IOO rain the  g landular  t r anspor t  
mechanisms  become effective, rising to m a x i m u m  values th roughou t  another  Ioo 
rain s, and bringing the cy top lasmic  concent ra t ion  to a new lower s t eady  state .  The 
longer t ime cons tan t  of t i le chloroplas t  phase then causes an overshoot  in chloroplas t  
ion content ,  because for a t ime the chloroplasts  will still  be accunmla t ing  ions whils t  
the cy toplasmic  conten t  is falling. The slight rises abou t  the  7th h are prot)ably 
due to a fall off in g land pumping  rate ,  which is often observed as a slight fall 
in shor t -c i rcui t  cur rent  in a vol tage  c lamp exper iment .  The sl ight  fall in endogenous 
K~ in Exp t .  I and  Na  + in Exp t .  2 nmst  be due in pa r t  to their  rep lacement  by  the 
complemen ta ry  ion, and  thei r  s t eady  levels thereaf te r  to tile buffering effect of the  
vacuolar  compar tmen t .  Expts .  I and  2 also indicate  t ha t  t r e a t m e n t  of tissue with 
NaC1 does not  appear  to induce K~ t ranspor t ,  and  vice versa. 

In Exp t .  3 (Fig. 3) the  medium changeover  at  5 h to 5o mM NaC1 ~ 5 o mM 
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KCI so lut ion  causes  a fall  in chloroplast  N a -  and a rise in K ' ,  as one in ight  expec t ;  
t he  C1- c o n t e n t  h o w e v e r  r ema ins  a p p r o x i m a t e l y  c o n s t a n t  at  i ts s t e a d y  s t a t e  va lue ,  

which aga in  suggests  con t ro l  by a C 1  pump .  

The  ca l cu l a t ed  ionic c o n c e n t r a t i o n s  in the  chlorot) last  are  qu i t e  high and  it  

m i g h t  well  be supposed  t h a t  the  g l a n d u l a r  p u m p s  are  no t  rea l ly  con t ro l l ing  the  

level  ~f ch lo rop las t  sa l t ;  if the  ch lorop las t  u p t a k e  m e c h a n i s m  is c o n s t i t u t i v e  how- 

ever ,  a n y  apprec iab le  rise in the  c y t o p l a s m i c  c o n c e n t r a t i o n  would  lead to t ) rohib i t ive ly  

high ch lo rop las t  ion ac t iv i t ies .  I t  can be seen f rom Tab le  I t h a t  pa r t i a l  inh ib i t ion  

of g l a n d u l a r  C1 t r a n s p o r t  does in fact  lead to m u c h  h igher  levels  of Na  ~ and  CI 

in t he  ch loroplas t .  
To s u m m a r i s e  we would  say  t h a t  the  d a t u m  here indica tes  d i rec t  changes  

in the  cy to t ) lasmic  ion levels  due  to g l a n d u l a r  t r a n s p o r t ;  t h a t  it shows ne t  a c c u m u -  

la t ion  in to  ch lorop las t s  as a process  in viv0; and  t h a t  it p r o v i d e s  in t race l lu la r  

ev idence  of the  induc t ion  of g l a n d u l a r  t r a n s p o r t  a f t e r  a ce r ta in  lag period.  
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