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   Extrusion of  protons as a  response  to high-NaCl stress in intact mung  bean roots  was  in-
vestigated  at different extern.al concentrations  of  Ca2+ ions ([Ca2'],D. The extrusion  of  protons
was  gradually enhanced  in the roots  exposed  to 1oo mM  NaCl, and  high [Ca2'],, diminished this
enhancement  of  the extrusion.  Vesicles of  plasmalemma and  tonoplast were  prepared from the

roots  and  the  H+-translocating ATPase  (H'-ATPase) activities associated  with the two  types of

membrane  and  the H+-pyrophosphatase (H'-PPase) activity  of  the tonoplast were  assayed.  The

plasrnalemma ATPase was  stimulated  in parallel with  dramatic increases in the intracellular con-

centration  of Na'([Na+]iO. High [Ca2'],. prevented the increase in [Na']i. and  diminished the
stirnulation  of  ATPase  activity. The tonoplast ATPase showed  a  rapid  response  to salt  stress  and

was  similarly stimulated  eyen  at high [Ca2+].. The activities of  both ATPases were,  howeyer,
insensitive to concentrations  of  Na+ ions up  to 1oo mM.  By contrast,  H+-PPase activity of  the

tonoplast was  severely  inhibited with  increasing [Na+]i, under  salt stress and  recovered  with  high

[Ca2'],.. These findings suggest  that high-NaCl stress increases the intracellular concentration  of

Na'  ions in mung  bean roots,  which  inhibits the tonoplast H'-PPase, and  the activity of  the plas-
malemma  H'-ATPase  is thereby stimulated  and  regulates  the cytoplasmic  pH.
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 Salt stress.

   Many  species of higher plant suffer inhibition of

growth  in saline (generally high-NaCl) environments  (salt
stress).  The salt stress is the result  primarily of  two  fac-
tors: a  decline in water  uptake  caused  by the increase in ex-
ternal osmotic  pressure (osmotic stress); and physiological
disturbances in plant cells caused  by an  ionic imbalance in
the cytoplasrn  of  the plant cells (ionic stress) (Greenway

   Abbreviation$: ATPase, adenosine  triphosphatase; BSA,

bovine serum  albumin; [Ca2+]ex, external  concentration  of  ca2+

ions; DCCD,  IV;IV'-dicyclohexylcarbodiimide; DTT,  dithio-

threitol; EGTA, ethyleneglycol-bis-IV; N; IV; IV', tetraacetic acid;

[Na+]i.,intracellularconeentrationofNa+ions;PPase,pyrophos-
phatase.

and  Munns  1980, Flowers et  al. 1977). The  plant cells can
become adapted  to osmotic  stress via increases in the inter-
nal  osmotic  pressure of  the c'ells, a  process that is facilitat-
ed  by the accumulation  of  solutes  in their vacuoles.

Osmotic adjustment  is also a  fundamental response  of

plant cells to salt stress.

   Many important metabolic  processes in living plant
cells take place in the cytoplasm  of  the cells and  are affected

by levels of  various  cations,  such  as, Na', K', H+, Mg'
andCa2'ions.  Intracellularcompartmentalizationofions
is, hence, an  important component  of  salt adaptation  of

plant cells. It is widely  assumed  at present that the death
of  plant cells  exposed  to saline  conditions  is caused  by a

high ratio of  Na'  to K'  ions in the cytoplasm,  which  is due
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to drastic increases in the influx of  Na'  ions into the cells
and  in the eMux  of  K+  ions from the cells (Katsuhara and

Tazawa 1986, 1988). The ability of  plant cells to survive

under  saline  conditions  can  be summarized  as the ability

to maintain  normal  ionic conditions  (high K+, low Na',
neutral  pH,  and  so on)  in the cytoplasm  of  the cells.

Plants have various  mechanisms  for controlling  the cyto-

plasmic concentration  of  Na+  ions, such  as sequestra-

tion  of  the Na'  ions into the vacuole  via  the action  of  a

Na'IH'  antiporter  at the tonoplast (Blumwald and  Poole

1987, Garbarino and  DuPont  1988) and  pumping  out  Na'
ions across  the plasmalemma  through  Na'IH'  exchange

mechanisms  (Katz et al. 1986, Watad et  al. 1986). Thecon-

trol of  ion transport across  the plasmalemma  and  the

tonoplast is a key factor in salt tolerance of  plant cells. In
recent  years, intensive studies  of  mechanisms  of  salt toler-

ance  in plants have been conducted  at  the cellular level, and

the importance of  the control  of  ion transport across  the

plasmalemrna  and  tonoplast in salt adaptation  of  plants
has been demonstrated (Lerner 1985, Cramer et al. 1985,
1986, 1987, Katsuhara  and  Tazawa 1988, 1990, Katsuhara
et al. I989).

   Numerous  studies  in recent  years have proved  evidence

for the widespread  existence  of  an  electrogenic  H'-translo-
cating  ATPase in the plasmalemma and  the tonoplast

of  higher plant cells (Sze 198S, Marre  and  Denti 1985,

Kasamo  1986a). The enzyme  generates an  electrochemical

potential gradient of  protons, which  is believed to serve  as

the driving force for the transpOrt of  other  solutes  across

both types of  membrane  (Poole 1978, Spanswick 1981).
The H+-ATPase  plays a  central  role  in the control  of  ion
transport in plant cells. The enryme  also plays an impor-
tant role  in the homeostatic regulation  of  the conditions  in-

side  plant cells in response  to environmental  changes,  for
example,  regulation  of  intracellular pH  (Raven and  Smith
1976, Smith and  Raven 1979). It is to be expected  that H'-
ATPases  associated  with  the plasrnalemrna and  tonoplast

also  make  a significant contribution  to salt adaptation  of

plant cells. There have been some  investigations of  the

effects of  external  salinity on  H'-ATPase  activity in salt-
tolerant halophytes (Lerner et al. 1983, Braun et al. 1986,
Matsumoto and  Chung  1988, BrUggemann and  Janiesch
1988): However, only  studies have been performed using
salt-sensitive plants (Chung and  Matsumoto  1989).

   The essential role  of Ca2+ ions has been extensively
documented with  respect  to various  cellular  functions that

are associated  with  the growth and  development of  plants
(Bangerth 1979, Roux  and  Sloeum 1982, Hepler and

Wayne  1985). In particular, regulation  ofmembrane  func-
tions is thought to be one  of  the most  important roles  of

Ca2' ions in plant cells  (Tazawa et  al.  1987). Ca2' ions
have a sigriificant effect on  osmotic  adjustment  and  on  ion-
selective  transport,  influencing the regulation  of  ion trans-
porters such  as K+-channels and  H+-ATPase  (Yapa et al.

1986, Tazawa  et  al.  1987, Katsnhara  et al. 1989, Okazaki
and  Tazawa 1990). Ca2' ions facilitate the salt tolerance

of  plant cells by controlling  membrane  permeability to Na'
and  K'  ions (Cramer et al. 1986, 1987, Katsuhara and
Tazawa 1986). We  described in a previous report  the pro-
tective effect  of  high [Ca2+],, on  the  elongatlon  and  main-

tenance of  [K+]i. in intact mung  bean roots  (Nakarnura et

al. 19oo),

   In this study, we  investigated the effect  of  salinity  on

the extrusion  of  protons from intact mung  bean roots  and

the activities of  H'-ATPase  and  H'-PPase associated  with

the plasmalemma  and  the tonoplast of  the root  cells at

different [Ca2'],,. A  discussion is presented of  the-role of

H"-ATPase  in salt tolerance of  mung  bean roots  in rela-
tion to the mitigating  effects of  Ca2+ ions on  salt stress.

Materials and  Methods

   Plant materials-Intact  roots  of  mung  bean [Vigna
mungo  (L.) Hepper] were  used  for experiments.  Seedlings
were  cultivated  for 48 h at 300C in the dark, as described
by Itoh et  al. (1986). The  cultivation  medium  consisted  of

a  solution  of  O.1 mM  KCI and  O.5 mM  CaC12. Two-day-old
seedlings  were  then subjected  to osmotic  stress or  to salt
stress  by transfer to the experimental  cultivation  medium

which  contained  2oo rnM  mannitol  or  1oo mM  NaCl.  The

seedlings  were  further incubated for 1 to 12 h under  stress

or  under  control  conditions  at 30eC in the dark.

   Iixtntsion ofprotons from intact roots-Two-day-old
seedlings  were  divided into three groups and  transferred to

three kinds of  cultivation  medium  to serve  a  control,

osmotic-stressed  and  salt-stressed seedlings.  At 1, 3, 6 and
12 h after  the transfer, 1oo seedlings  in each  group  were

transferred to 300 ml  of  one  of  three kinds of  experimental

medium  which  had the same  composition  as the medium

used  for cultivation.  The  pH  of  the experimental  medium

was  initially adjusted  at 7.0 with 1 mM  MES-Tris. The
decrease in the pH  of  the medium  after the transfer was

measured  with  a  glass combination  pH-sensitive electrode

and  an  estimation  of  the protons extruded  was  made  by
titration of  the medium  to pH  7.0 with  O.1 N  KOH.

   Rreparation of membranes--About  4g  fresh weight

of  apical  segments  of  5 mm  in length were  collected  from
about  1 ,OOO  intact roots  kept respectively  under  the control

(O.1 mM  KCI and  O.5 mM  CaCID, osmotic-stress (plus 2oo
mM  mannitol)  and  sait-stress (plus 1oomM  NaCl) condi-

tions and used  for preparation of membranes.  Plas-
malemma  and  tonoplast vesicles were  prepared by a  modi-

fied version  of  the rnethod  of  Kasamo  (1988a). The
segments  of  roots  were  homogenized in a grinding medium
which  consisted  of  O.25 M  mannitol,  2S mM  HEPES-Tris

(pH7.5), 2mM  EGTA,  1 mM  DTT  and  1%  (wlv) BSA.

The hornogenate was  centrifuged at 1,5oo × g for 10 min
and  the supernatant  was  recentrifuged  at 10,OOO × g for 30

'
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min  to generate a tonoplast-enriched pellet. The  resulting

supernatant  was  centrifuged  at 80,OOOxg for 30 rnin for

preparation of  a  rnicrosomal  pellet. The two  different

pellets, for preparation of  tonoplast and  plasmalemma,  re-

spectively, were  suspended  in a  gradient rnixture  which  con-

tained O.25 M  mannitol,  2,5 mM  HEPES-Tris (pH7.3), 1
mM  EDTA  and  1 mM  DTT  and  subjected to centrifugation
on  a step  gradient of  dextran T70 (1%f8%) in the gradient
mixture  at 10S,OOOxg  for 90min.  The  plasmalemma-
enriched  and  tonoplast-enriched membrane  fractions were

localized in the 8%  dextran pellet and  at the interface be-

tween 1%  and  8%  dextran, respectively  (Mandala and  Taiz
1985, Kasamo 1988a). The interface was  collected  and  this

fraction was  further centrifuged  at 140,OOO × g for 40 min
for preparation of  the tonoplast fraction. The membrane

fractions were  stored  at  -20"C  for 12 h before the assays
of  ATPase  and  PPase activity.

   Assay ofAT:Pase activity-The  activity of  H+-ATP-
ases  was  measured  by the rnethod  described by Kasamo

(1986), The reaction  medium  consisted  of  3mM  Tris-

ATP,  3 mM  MgSO,, 50mM  KCI, 30mM  MES  and  2pM

gramicidin D, and  the  pH  of  the medium  was  adjusted  to

6.5 and  7.0 for assays  of  the plasmalemma  afid tonoplast,

respectiyely.  Activities of  ATPases associated  with the

plasmalemma and  the tonoplast were  assayed in the pres-
ence  of  100 mM  KN03  and  50"M  Na3V04, respectively,  to

inhibit the other ATPase  activity.

   Assay ofRPase activity-The  activity of  H'-PPase  as-

sociated  with  the tonoplast was  assayed  in a reaction  medi-

um  that contained  1 mM  MgS04, 50 rnM  KCI, 40 mM  Tris-
MES  (pH 8.0) and  2"M  gramicidin D. The reaction  was

incubated for 30 min  at 380C, as in the case  of  the assay  for
ATPase  activities,

   Protein determination-Protein in the membrane  vesi-

cles was  quantitated by the method  of  Bradford (1976) with

BSA  as the standard.

   Measurement of the intracellular concentration  of
IVb' ions-One  to two  hundred two-day-old seedlings  culti-

vated  for 24 h with  100 mM  NaCl  and  various  concentra-

tions of  CaC12 were  transferred to a  cold  solution  of  O.1
mM  KCI  in order  to wash  away  Na'  ions in the apoplast  of

the rootS. After this solution  had been blotted from the
root  surface,  two  kinds of  segment  were  cut  off with  a  razor

blade: one  from O-5 mm  (elongating region)  and  one  from

10-15mm  (mature region)  from  the root  tip. Cell sap
from the segments  was  sampled  and  the concentration  of

Na+  ions in the cell sap  was  measured  by flarne photometry
as previously described (Nakamura et al. 1990).

Results

   Extrusion ofprotons .from  intact mung  bean roots-
The  extrusion  of  protons from  intact mung  bean roots  was

investigated after  1, 3, 6 and  12h of  incubation under

various  conditions.  Figures l-A and  l-B show  the acidifica-

tion of  the experimental  medium  by the roots  after  3-h and
12-h incubations, respectively.  The  roots  incubated with

100 mM  NaCl  for 12 h markedly  promoted the acidification
of  the mediurn,  whereas  the roots  incubated with  200 mM
mannitol  had only  a slight effect on  the acidification.

   Figure 2 shows  the time course of changes in the rate
of  extrusion  of  protons, which  was  calculated  on  the basis
of  the fresh weight  of  the roots  for [Ca2']. of  O.5 and  5
mM.  The rate  of  extrusion  of  protons from the control
roots  was  almost constant,  about  O.3"mol  (g fr wt)'S
min-i,  except  after an  1-h incubation with  a high [Ca2+],.
(5 rnM), In the NaCl-stressed roots,  the rate  of  extrusion

of  protons gradually increased to twice that in the control
roots  during the course of a 12-h incubation. Increasing

[Ca2'],, from O.5mM  to 5mM  suppressed  the enhance-

ment  of  the extrusion  of  protons under  the high-NaCl
stress. A  similar  increase in the external  osmotic  pressure,
achieved  by addition  of  2oo mM  rnannitol  to the cultivation

medium,  had no  significant  effect  on  the rate of  extrusion

of  protons, regardless  of  [Cal']ex･
   The rate  of  extrusion  of  protons from the root  cells

under  non-saline  conditions  was  estimated  for a range  of

[Ca2+],, from  OmM  to 10mM,  The  extrusion  of  protons
was  slightly enhanced  with  increases in ICa2'],. from O.5
rnM  to 5mM  and  was  suppressed  when  [Ca2+I,, was

higher than 8mM.  The  absence  of  Ca2' ions from the
medium  repressed  the extrusion  of  protons to a considera-
ble extent, via  injury to membranes  that was  induced by
depletion of  Ca2' ions (Fig. 3).
   The effects of inhibitors of H+-ATPase  on  the extru-
sion  of  protons from intact mung  bean roots  were  in-
vestigated  (Fig. 4). The  addition  of  DCCD  at 50"M  to the

 7.0E.]vmE-dic

 6.9ts"o6=n

  6.8

Time (min) Time (min)

Fig. 1 Typical time course  ofdecreases  in the pH  of  thc external

medium  when  intact mung  bean roets  were  incubated for 3 or  12 h

under  control  (O.1 mM  KCI, O,S mM  CaC12), osmotic-stress  (plus
2oo mM  mannitol)  and  salt-stress  lplus 1oo rnM  NaCl) conditions.

The experiments  were  conducted  six time$ and  simi1ar  results  were

obtained,
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Fig. 2 Time  course  of  changes  in rates  of  extrusion  of  protons
frorn intact mung  bean roots  incubated under  various  conditions

in the presence of  O.5 mM  (A) and  5 mM  (B) Ca2' ions. Values

are the means  of results  from 6 experiments  and  the vertical  bars

represent  standard  deviations (SD).
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Fig. 4 Effbct of  inhibitors of  H'-ATPase  activity  on  extrusion

of  protons  from intact mung  bean roots  under  control  (O,1 mM

KCI, O.S mM  CaCID  and  salt-stress  fplus 1oo mM  NaCl  for 12 h)

conditions,  Data show  the kinetics typical of  those obtained

in three separate  individual experiments.

external  medium  completely  suppressed  the decrease in pH
of  the medium  in the case  of  both control  and  salt-stressed

roots.  Moreover,  vanadate  (NH4V03) at O.5 mM  also sup-
pressed the acidification  of  the external  medium  by the

roots.

   H+-AT:Pase activities associated  with  the plasma-
lemma and  tonoplast-Vesicles of  plasmalepama and  tono-

plast were  prepared from the control  and  stressed  roots

after 1, 3, 6 and  12 h of  incubation in medium  that contain-

ed  O.5 mM  Ca2' ions. The ATPase activities associated
with  the plasrnalemma increased substantially  during the
high-NaCl stress, although  the activity gradually increased
even  under  the non-saline  conditions  (Fig. 5). The tono-

ttgEa4"m`iEeO.3.E3g

 o.2i+eoO.1ti[o

     

      Concentration ot Ca2+ ln the lnoubation medium  (mM}

Fig. 3 Effects of the external  concentration  of  Ca2+ ions on  the
rate  of extrusion of protons from two-day-old mung  bean roots  in-
cubated  for 12 h under  non-saline conditions. Values are  the

means  of results  from 5 individual experiments  and  the vertical

bars represent  SD.

plast ATPase showed  a more  rapid  increase in activity just
after  the start of  exposure  to high-NaCl stress (after a 1- to
3-h incubation), and  then it decreased to that in the tono-

plast of  control  roots  after 12 h of  NaCl  stress.  Increased

external  osmotic  pressure, achieved  by addition  of  2oo mM
mannitol  to the medium,  had no  significant effect on  the

ATPase  activities of  either type of  membrane  throughout

the incubation.

   The stimulatory  effect  of  external  salinity on  the H'-
ATPase  activity of  mung  bean roots  incubated for 3 or 12 h
with  IOOmM  NaCl was  compared  for external levels of
Ca2'  ions between O.5 mM  and  5 rnM  (Table 1). At  O.5 mM

Ca2', the activity  of  the plasmalemma  ATPase  increased
by 21%  and  49%  after  incubation for 3 h and  12 h, respec-

Fa5l･

g o.4amEi

 a3

:/ 
ange

 O･13ik

  oO369
 12

  lnoubatien peried (h) Inoubafon peried (h)

Fig. 5 Time  course  ofchanges  in H+-ATPase  activity  associated

with  the plasmalemma and  thc tonoplast of  mung  bean roots

under  various  conditions  with an  external  concentration  of  O.5
mM  Ca2+ ions.

NII-Electronic  



The Japanese Society of Plant Physiologists

NII-Electronic Library Service

The  JapaneseSociety  of  Plant  Physiologists

Stimulation of  H+-ATPase  under  salt stress 143

Table 1 Effects of  salinity on  H'-ATPase  activities  associated  with  the plasmalemma  and  tonoplast of  intact mung  bean
roots  incubated at low and  high external  concentrations  of  Ca2+ ions

ATPase  actiyity (ttmol Pt (mg protein)-i min-')

[Ca2+]ex plasmalemma tonoplast

O rnM  NaCl
 (control)

1oo mM  NaCl
(saltstress)

OmMNaCl
 (control)

1oo mM  NaCl
(salt stress)

3-h treatment

12-h treatment

O.5 mM

5 mM

O.5 mM

5 rnM

O,IS6± O.O17
   (5)

O.193± O,O17
   (11)
O.183± O.024
   (5)

O.188±O.O16
   (5)O.l47

±O.O12
   (5)O.287

±O,037
   (7)O.212

±O.O18
   (7)

O.M3 ± O.021
   (5)

O.295± O,024
   (11)
O,251± O.046
   (5)

O.343± O.023

   (5)O.155
±O.O14

   (5)O.387

± O.030

   (7)O.362
± O.061

   (D
ATPase  activity  was  assayed  in membrane  fractions prepared from two-day-old  roots  incubated for 3 or  12 h with  O or  1oo mM  NaCl,

Data are  shown  as  the  mean ±SD  with  the number  of  experiments  giyen in parentheses,

tively. The ATPase  aetivity of  the tonoplast increased by
more  than 40%  and  30%  after  3 h and  12 h of  incubation,

respectively. By contrast,  at 5 mM  Ca2+, the plasmalemma
ATPase  was  slightly inhibited after a 3-h incubation and  it
was  stimulated  by only  10%  after the 12-h incubation,
Furthermore,  the ATPase  activity of the tonoplast  was

significantly depressed after  a  3-h incubation and  increased
by about  20%  after 12 h of  the salt stress.

   Figure 6 shows  the effects of  [Ca2'],, on  the H'-ATP-
ase  activity associated  with  the plasrnalemrna and  tonoplast

of  the  root  cells  under  non-saline  conditions.  The activity

of  the H+-ATPases associated  with  the plasmalemma  and

the tonoplast remained  almost  constant  at [Ca2']. from

O.5 mM  to 8 mM  and  activities were  inhibited at [Ca2'],, of

O and  lO mM.

   Addition of  NaCl to the assay  medium  had less effect

on  the activities of  the H'-ATPases associated  with  the

plasmalemma and  the tonoplast of  control  and  sa!t-stress-

ed  roots  (Fig.7).
   Activity ofH"-PPtxse associated  with  tonoplast-The

effects of  high-NaCl stress on  the activity of  H+-PPase asso-

ciated  with  the tonoplast were  examined  at !ow (O.5 mM)
and  high (5 mM)  external  levels of  Ca2+ (Table 2). At

[Ca2']. of  O,5 mM,  the activity of  the tonoplast H'-PPase
decreased to 78%  and  to 49%  of  that of  the tonoplast of
control  roots  (incubated with O mM  NaCl) after 3 h and  12

:.100E5*v

 80s26pt$e

 oo?o

 

 Concentration of Ca2+  in the incubation medium  (mM}

Fig. 6 Effects of  the external  concentration  of  Ca2+ ions on
ATPase  activities associated with  the plasmalemma arid the

tonoplast in mung  bean roots  incubated with O,1mM  KCI,

The control  values  fer ATPase  activities  of  the  plasmalemma and

tonoplast were  O. 199 and  O.260 pmol  Pt (mg protein)-' min-',  re-

spectively. The  results  are  typical ofthose  obtained  in two  identi-

cal  experiments.

   -  

   
-I

   )
   

'E'
   9
   a

   g   s

   E
   5
   E
    ±

   i
   E
   ?
     
     

         CoRoentration ot Na+ in the reacrtion  medtun  CmM)

Fig. 7 Effects of  the concentration  of  Na+  ions in the reaction

medium  on  the ATPase  activity  in mung  bean roots  incubated

under  saline  and  non-saline  conditions  at O,5 mM  Ca2+. Actiy-

ity at  O mM  NaCl is the control (1oo%). Values are  the means  of

results of 3 individual experiments  and  the vertical  bar represents
the maximum  standard  deviation in all experiments.
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Table 2 EffeetsofsalinityonH'
centrations  of  Ca2+ ions

-PPase actiyity of  the tonoplast ofintact  rnung  bean roots  at  low and  high external  con-

PPase actiyity (stmol Pi (mg protein)"-i min-i)

[Ca2+].
3-h treatment 12-h treatment

O mM  NaCl
 (control)

1oo mM  NaCl
 (salt stress)

O mM  NaCl
 (control)

1OO mM  NaCl
 (salt stress)

O,5 mM

5 mM

O.233± O.027
    (3)

O.182± O.021

    (3)O.230
± O.025

    (3)

O.241± O.023

    (3)
O.117± O.oo9

    (3)O.282
± O.039

    (3)
PPase activity was  assayed  using  tonoplast-enriched fractions prepared from roots  conditioned  as  described in Table 1 .
as the mean ±SD  with  the number  of  experiments  given in parentheses.

Dataareshown

h of  salt stress, respectively.  At  [Ca2'],. of  5 mM,  the H+-
PPase was  completely  protected from the high-NaCl stress.

   Figure 8 shows  the effects of  Na+  ions on  the activity

of  the H'-PPase  associated  with  the tonoplast of  the roots
undercontrolconditions.  lncontrasttotheresultsforH'-ATPase
activity, increasing concentrations  of  NaCl  in the assay  me-

dium seriously  inhibited the PPase activity of  the tonoplast

in the presence of  50 mM  KCI.

   opects of high tCb2+L. on  the intrace"ular concentra-

tion of IVb+ ions in mung  bean roots  under  high-IVZiCl
stress-Figure  9 shows  the time course  of  changes  in in-
tracellular concentrations  of  Na'  ions in apical elongating
and  mature  regions  of  intact mung  bean roots  exposed  to

salt  stress  of  1oo mM  NaCl.  The  intracellular concentra-

tion of  Na+  ions increased dramatically after the roots  had
been exposed  to salt  stress  at [Ca2'],. of O.5 mM  (closed
symbols).  High  levels of  external  Ca2' ions (5 mM)  were

effective in preveriting an  increase in INa']i. during at least
18 h of  salt stress (open symbols).  The effects  of  [Ca2+],,

TtEo.3･.=-di9g=

 a2aiEeb1:.

 O.16dieva-a

   oO
 20 40  60 80  100

Concentration of Na+  in thereaction medium  (mM}

fig. S EffectsoftheconcentrationofNa+ionsintheassaymedi-

umonthePPaseactivityofthetonoplastofmungbeanrootsincu-

bated under  non-saline  conditions, Values are the means  of

results  from duplicate samples  and  the  vertical  bars represent  SD,

on  the intracellular concentration  of  Na'  in mung  bean
roots  subjected  to salt stress at 1oomM  NaCl  are  repre-

sented  in Figure 10. Ca2' ions at SmM  in the medium
were  able  fu11y to protect the root  cells from increases in
the intracellular concentration  of  Na+  ions.

Dis(ussion

Stimulation of H"' -A 7:Pases associated with  the plas-

AEIOOEv+tuZ6gttsE8=8:.!8gE

80

60

ro

20

o

Timeaftertransfer(h)

Fig. 9 Changes in intracellular concentrations  of  Na+  ions in

the elongating  region  of  mung  bean roots  incllbated with  O.S mM

(e) and  5 mM  (o) Ca2' ions, and  in the mature  region  of  the roots

incubated with  O,5 mM  (i) and  5 mM  (A> Ca2' ions under  high-

NaCl  conditions  (1oo mM  NaCl). The  symbol  O  represents  the
concentration  of Na+ ions in elongating and  mature  regions of

roots  before the treatment with  1oomM  NaCl, Values are  the

means  of  results  of  3 individual experiments  and  the vertical  bar
represcnts  the maximal  SD in al1 experiments.
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 concentratien of ca2+ in the inoubation medium  (mM)

Fig. 10 Effects ofthe  external  concentration  ofCa2+  ions on  in-

tracellular coneentrations  of  Na+  ions in mung  bean roots  incubat-

ed  for 2 or  12h  under  salt stress (1oo mM  NaCl).  Values are

the means  of  results  of  4 individual experiments  arid the vertical

bar represents the maximal  SD,

malemma  and  tonopllzst in intact roots  under  high-IVdCl
stmss-The  proton-extrusion activity of  mung  bean root
cells was  markedly  stimulated,  in a  tirne-dependent man-

ner,  under  saline conditions  (Figs.1, 2). Salt stress  in-

cludes  an  osmotic  effect, and  some  evidence  for osmotically
induced extrusion  of  protons from plant cells has been

presented (Reinhold et al. 1984, Reuveni et al. 1987). In
the present study,  however, no  obvious  effects of  increases
in external  osmotic  pressure on  the extrusion  of protons

were  observed  in the case  of  intact mung  bean roots  incu-

bated with  2oomM  mannitol,  namely,  in a  solution  that

was  isotonic to a solution  of  100 mM  NaCl.  Moreover, 50
mM  Na2S04  had a similar  effect on  the extrusion  of  protons
to that  of  1oo mM  NaCl  (data not  shown).  Therefore, the
enhancement  of  the extrusion  of protons from root  cells

that had been conditioned  with  1oo mM  NaCl  is due to the
ion-specific effect of  Na'  ions. Nunes et al. (1983) and

Watad  et al. (1986) also  reported  the Na'-induced stimula-
tion of  the eMux  of  protons from  higher plant cells.

   It has been suggested  that the extrusion  of  protons in-
volves  the action  of  a  proton-translocating ATPase (H'-
ATPase) that is associated with  the plasmalemma (Mengel
and  Schubert 1985, Matsumoto 1988, Chen et al. I990).
In mung  bean  roots,  specific inhibitors of  H+-ATPases,
namely,  DCCD  and  vanadate,  completely  suppressed  the

extrusion  of  protons from the control  and  the salt-stressed

roots  (Fig. 4). This observation  suggests  a  close  relation-

ship between the extrusion of  protons from the intact mung

bean roots  and  the H'-ATPase  actiyity  in the root  cells.

However, Watad et al. (1986) reported  the vanadate-insensi-

tive extrusion  of  protons, which  they suggested  was  driven

by a Na'IH+  antiport  at the plasmalemma, in tobacco
cultured  cells incubated with  1oo mM  NaCl.

   Figure S shows  the substantial  stirnulation  of  the H'-
ATPase  activity associated  with  the plasmalemma  and  the

tonoplast under  the high-NaCl stress.  The stimulation  of

ATPase  activity associated  with  plasmalernma  was  cor-

related  with  the enhancement  with  time of  the extrusion  of

protons from the roots  under  saline conditions  (Fig. 2A).
The tonoplast ATPase  showed  an  even  more  rapid  re-

sponse  to the high-NaCl stress. Kasamo  (1988b) reported

that  the  H+-ATPase  associated  with  the tonoplast respond-

ed  to low temperature prior to the response  of  the ATPase
in the plasma  membrane  of  rice  cultured  cells. The

tonoplast H'-ATPase  seems  to be more  sensitive to

changes  in external  conditions  than the plasmalemma  H'-
ATPase. TherapidstimulationofthetonoplastH'-ATP-
ase under  salt stress might  be advantageous  for operation
of  the Na'IH'  antiport  across  the tonoplast.

   Substitution of  1oo mM  NaCl by SO mM  Na2S04  had a

similar stimulatory  effect on  the ATPase activities of  both
the plasmalemma  and  tonoplast (data not  shown),  even

though  it has been reported  by others  that the tonoplast

ATPase  is stimulated  by  Cl- ions (Churchill and  Sze 1984,
GriMth et al, 1986). The  stimulation  of ATPase  activities

associated  with  both types of  mernbrane  appears  to be a
Na'-induced  phenomenon.
   Diminishing qfiiect ofhigh levets ofexternal CZT?' ions
on  the stimulation  of H'v4  7:Pase activities under  suline

conditions  in intact mung  bean roots-The  increase in

[Ca2"],. to 5 mM  diminished the extent  of  stimulation  of

H'-ATPase  activity under  high-NaCl conditions  (Table
1). The enhancement  of  the extrusion  of  protons from the
roots  under  the high-NaCl stress was  also suppressed  by
high [Ca2+],. (Fig.2). The  initial transitory activation  of

the extrusion  of  protons observed  in the control  and  the

stressed  roots,  has been suggested  to be attributable  to an

influx of  Ca2' ions through  the Ca2+IH'  antiport  at the

plasmalemma (Zocchi and  Hanson 1983, Rasi-Caldogno  et

al.  1982, Sze 1985). Ca2'  ions were  reported  to have an  in-
hibitory effect on  the H+-ATPase  activity associated  with

the plasmalemma (DuPont et al. 1982, Bennett et al. 1985,
Torimitsu et  al.  1985), and  it is possible that high [Ca2+],.
may  increase intracellular levels of  Ca2+ ions and  thereby

suppress  the ATPase  activity in mung  bean roots  under

saline conditions.  However, the cytoplasmic  level of  Ca2'
ions in plant cells is said to be tightly regulated  by various
mechanisms  (Williamson 1981): Indeed, no  significant

effects of [Ca2'],. on  the extrusion  of  protons and  the H'-
ATPase  activity were  observed  in the mung  bean roots  over

a  range  of  concentrations  from O.5 mM  to 8 rnM  (Figs.3,
6). High  [Ca2+],. indirectly afftcts the ATPase activities in
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mung  bean roots  under  NaCl-stress, with  the effects being
mediated  by some  other  factors.

   The interaction between Na'  and  Ca2+ ions at the plas-
malemma  of  plant cells is considered  to be an  important
factor in the effects of  salt  stress  on  plant: high external
Na+  ions displace Ca2+ ions from the plasmalemma and,
thus, disrupts the membrane  integrity, disturbing the mech-
anisms  for the selective  transport of  ions across  the mem-

brane; and  high [Ca2+],. protect the plant membrane  from
the adverse  effects of  Na' ions and  regulates  the permeabili-
ty of  the membrane  (Crarner et al. 1985, 1986, Crarner and
Lauchli 1986). High [Ca2+],, is known  to control  the in-
flux of  Na'  ions into salt-stressed plant cells (Jacoby and
Hanson 1985, Katsuhara  and  Tazawa 1986, Cramer et al.
1987). The treatment of  mung  bean roots  with  high

[Ca2'],, under  the salt stress of  100mM  NaCl  brought
about  the  control  of  intracellular levels of  Na+ ions in the
roots  (Figs.9, 10). Unfortunately, we  were  unable  to ob-

tain any  information about  the ionic environment  in the
cytoplasm  and  vacuoles  ofthe  root  cells separately.  How-
ever,  since less of  the volume  of  the cells in the elongating
regions  was  occupied  with  vacuoles  (Torimitsu et al. 1985),
we  can  speculate  that the measurements  from the elongat-
ing regions  (O-5 mm  from  the root  tip) and  those from the
mature  regions  (10-15 mm  from the root  tip) redect,  to a

considerable  extent, the concentration  of  Na'  ions in the
cytoplasm  and the vacuole,  respectively.  It is suggested
that the diminished stimulation  of  H+-ATPase  activity

under  high-NaCl stress with  high [Ca2'],, is correlated  with

the control  of  the intracellular concentration  of  Na+ ions
that is induced by high [Ca2']..
   Mlechanismsfor activation  ofV-A T:Pase activities as-
sociated  with  the plasmalemma  and  tonoplast in mung

bean roots  under  high-IVbCl stress-As  mentioned  above,

the activity of H+-ATPases is expected  to be affected  by
Na'  ions. However, the ATPases  associated  with  theplas-
malemma  and  the tonoplast in mung  bean root  cells are

rather  insensitive to Na'  ions at concentrations  up  to 1oo
mM  (Fig.7). Some  factors other  than a direct effect of
Na'  ions must  stimulate  the H'-ATPase  activities in salt-
stressed  mung  bean roots.
   Katsuhara et al. (1989) reported  a  decrease in cytoplas-
mic  pH  in salt-sensitive Nitella cells treated with  100 mM
NaCl,  They  ascribed  this cytoplasmic  acidification  to the

inhibition of  H'-translocating pyrophosphatase (H'-PP-
ase)  in the tonoplast that was  induced by increases in the
concentration  of  Na+  ions with  concomitant  decreases in
the concentration  of  K+  ions in the cytoplasm  of  the salt-

stressed  cells. Takeshige and  Hager (1988) showed  that the

PPi-dependent transport of protons was  seriously  inhibited
by a  high concentration  of Na'  ions, whereas  the ATP-de-

pendent transport was  relatively  insensitive to high levels of
Na'  ions. Shimmen  and  MacRobbie (1987) also pointed
out  the essential role  of  K'  ions in the PPi-dependent trans-

port of  protons across  the tonoplast of  enatzT. In mung

bean roots,  the tonoplast H'-PPase was  also  inhibited by
Na+  ions, even  in the presence of adequate  leyels of  K+
ions (Fig.8), and  high-NaCl stress induced dramatic in-
creases  in the concentration  of  Na'  ions (Figs.9, 10),
which  were  accompanied  by a  remarkable  decrease in the
concentration  of  K+  ions (Nakamura et al. 1990) in the
root  cells. The severe  inhibition of  H'-PPase activity in
the tonoplast of  rnung  bean roots  under  the salt  stress  of

100 mM  NaCl (Table 2) can,  therefore, be putatively ascrib-
ed  to the increase in levels of  Na' ions in the root  cells.

High [Ca2'],, prevented the inerease in the intracellular
concentration  of  Na+  ions (Figs. 9, 10) and,  consequently,

the H'-PPase activity was  maintained  under  the salt stress

(Table 2). It is suggested  that the inhibition of  H+-PPase
activity leads to the suppression  of  the transport of  protons
across  the  tonoplast  and  results  in cytoplasmic  acidification

in mung  bean roots  under  high-NaCl stress. Moreover,
operation  of  a Na'IH+  antiporter  at the tonoplast, for se-
questration of  Na'  ions in the vacuole  in order  to avoid

what  from salt stress, is also partly responsible  for cytoplas-
mic  acidification. Further investigations of  proton-pump-
ing activity across  the tonoplast and  changes  in in-
tracellular pH  in mung  bean roots  under  saline conditions

are  necessary.  The cytoplasmic  pH  in cells of  rnung  bean
roots  was  estimated  to be about  7.2 under  normal  condi-

tions (Torimitsu et al. 1984). The optimal  pH  for activity
of  the H'-ATPase  associated  with  the plasmalemma  in
higher plants has been recognized  to be about  6.5 (Anthon
and  Spanswick 1986, Kasamo 1986b). Thus, the decrease
incytoplasrnicpHcanbeas(mTbedtostimulationoftheH'=ATPase
associated  with  the plasmalemma in mung  bean roots  at

ICa2'],, of  O.5 rnM  under  the high-NaCl stress due to the
presence of  100 mM  NaCl. Stimulation of  proton-pump-
ing activity  at the plasmalemma,  induced by cytoplasmic

acidification, has been reported  in other  plant materials

(Sanders et al. 1981, Felle and  Bertl 1986). Bniggemann
and  Janiesch (1987) also  suggested  that an  optimal  pH  for
activity of  the plasmalemma ATPase  on  the acidic side

would  be advantageous  for the regulation  of cytoplasmic

pH  in salt-tolerant plants.
   ThestimulationofthetonoplastATPasecannot,how-
ever,  be explained  in terms of  cytoplasmic  acidification

since the  optimal  pH  for the tonoplast ATPase is around
7.2, being alkaline  rather  than acidic  (Bennett et  al. 1984,

Poole  et al. 1984). Furthermore, the activity of  the tono-

plast ATPase increased rapidly  prior to any  significant in-
crease  in [Na+]i,, and  high [Ca2+],. is less effbctive for the
suppression  of  stimulation  of  ATPase activity in the tono-

plastthanintheplasmalemma(Table1). Theseresultssug-

gest that the ATPase  activity of  the tonoplast is stimulated
via  some  mechanisms  different from those that stimulate
the ATPase  activity  ofthe  plasmalemma.  The stimulation

of  the ATPase  activity of  the tonoplast might  be related  to
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the operation  of  a  Na'IH'  antiport  systern in the tono-

plast for the control  of  the cytoplasmic  concentration  of

Na'  ions that is regulated  for salt adaptation  of  plants

(Matsumoto and  Chung 1988, Reuveni et al. 1990).
   The  increase in activities of  H'-ATPases  associated

with  the plasrnalemma and  tonoplast and  the decline in ac-
tivity of  the tonoplast H+-PPase were  detected in reaction
media  specific for each  enzyme,  in the absence  of  Na+  ions

(Table 2), suggesting  the modulation  of  certain properties

of  these enzymes,  such  as the aMnity  for their respective
substrates  and  the rate  ofturnover.  Further investigations
are  needed  of  the mechanisms  of  the catalytic activities of

H+-ATPase  and  H+-PPase in mung  bean roots  under  the

salt stress.

   In summary,  stirnulation  of  the H+-ATPase  activities

associated  with  the plasmalemma and  tonoplast was  ob-

seryed  concornitant  with  dramatic increases in intracellular
concentrations  of  Na+  ions in intact mung  bean roots

under  salt stress due to the presence of  100 mM  NaCl.
High [Ca2"],. prevented the influx of  Na'  ions into the
root  cells and  diminished the stimulation  of  the ATPase  ac-

tivity associated  with  the plasmalemma. H'-ATPases in
both types of  membrane  were  insensitive to the concentra-

tion of  Na'  ions, whereas  the tonoplast H'-PPase was

severely  inhibited by increases in the intracellular concentra-

tion of  Na'  ions under  salt  stress,  The stimulation  of  H'-
ATPase  activity of  the plasmalemma  in mung  bean root
cells under  high-NaCl stress appears  to be correlated  with

cytoplasmic  acidification, via  the inhibition of  the H'-PP-

ase  activity of  the tonoplast by a dramatic increase in the in-
tracellular concentration  of  Na'  ions under  high-NaCl
stress.
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