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Abstract 

Experiments were conducted to determine if salt-induced changes in the plasma-membrane H+-ATPase could ac- 
count for decreased shoot growth in Lycopersicon esculentum Mill. cv Heinz 1350. The plasma membrane was isolated 
from mature and young leaves of untreated (control) and salt-stressed leaves using the aqueous polymer two-phase 
technique. Analysis of ATP hydrolytic activity showed that salt stress reduced the lima ~ of H+-ATPase specific activity 
in mature leaves but had no effect in young, growing leaves. These findings are consistent with measurements of ade- 
nine nucleotide levels. We observed a large decrease in adenylate energy charge (AEC) in mature leaves following salt 
stress. AEC in young leaves remained unaffected. In addition, a dramatic increase in K, the adenylate kinase mass ac- 
tion ratio, from 0.18 to 1.53 was measured in mature leaves following salt stress. These results indicate that salt stress 
did not reduce growth of young, growing leaves by decreasing H ÷-ATPase activity and support our earlier hypothesis 
that salt stress affects mature leaves and, as a consequence, their ability to supply essential metabolites for growing 
regions of both shoot and roots. 
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1. Introduction 

Recent  studies have focused on the cellular  and 
molecular  mechanisms involved in the adap ta t i on  
o f  plants  to saline environments .  These studies in- 
dicate that  while many  o f  the fundamenta l  res- 
ponses o f  glycophytes  to salt  adap ta t ion  are 
similar to halophytes ,  salt adap t a t i on  in the 

g lycophy te  involves fewer mechanis t ic  processes. 
In a recent report ,  Binzei et al. [I] suggested that  
the salt to lerance of  the ha lophyte  may  be based 
on several features including unique genes as well 
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as unique regulatory properties of the genes in- 
volved in the adaptation process which are present 
in both the glycophyte and halophyte. 

Previous workers have established that NaC1 in- 
duces the accumulation of plasma membrane H +- 
ATPase in cultured cells of Atriplex nummularia 

[2] and tobacco [3]. A subsequent study has shown 
that this gene induction is organ specific, occurr- 
ing principally in roots and expanded leaves but 
not stems and developing leaves [4]. Presumably, 
these organs require increased H*-electrochemical 
potential gradients in order to maintain ion ho- 
meostasis during salt adaptation. These resear- 
chers concluded that during salt stress, the plasma 
membrane H÷-ATPase is active in the root and 
old leaves which may function as ion sinks. 

Whereas the effect of salt stress on ATPase ac- 
tivity has been investigated in root tissue [5-11], 
little information is available concerning the effect 
of salt stress on the plasma membrane ATPase ac- 
tivity in leaf tissue [9]. However, one of the first 
responses of a non-halophyte to growth under 
saline conditions is a decrease in shoot growth re- 
lative to root growth [12]. Therefore, we initiated 
the present investigation to determine the effect of 
saline stress on the MgATP-dependent ATPase of 
leaf tissue. We examined young, growing leaves as 
well as mature leaves to determine if the stage of 
leaf development affects leaf response to saline 
stress. Our results indicate that salt stress decreas- 
ed the Vma x of the plasma membrane H÷-ATPase 
in mature leaves, while the young, growing leaves 
appeared unaffected. Furthermore, we investig- 
ated the relationship between salt stress and ade- 
nine nucleotide levels. To this end, we examined 
young and mature leaves in order to compare 
growing tissue to fully enlarged tissue. Collective- 
ly, our findings support our earlier hypothesis that 
salt stress affects mature leaves and, as a conse- 
quence, their ability to supply essential metabolites 
for growing regions of both shoot and roots. 

2. Materials and methods 

2.1. Plant material 
Germinated seedlings of cultivated tomato 

(Lycopersicon esculentum Mill. cv Heinz 1350) 
seeds were placed into aerated solution cultures 
and maintained in a controlled-environment 

chamber. The plants were grown at about 250 
ttmol m-2s -l light intensity with a daylength of 16 
h. The day/night temperatures were maintained at 
30°C/25°C. The nutrient solution had the follow- 
ing composition in mM: Ca(NO3)2, 2.5; KNO3, 
3.0; MgSO4, 1.5; KH2PO4, 0.17; Fe (as sodium 
ferric diethylenetriamine pentaacetate), 0.05; 
H3BO3, 0.023; MnSO4, 0.005; ZnSO4; CuSO4, 
0.0002; and H2MoO 4, 0.0001. Salt stress was then 
applied 10 days after transplanting at a rate of 0.1 
MPa/day (15 mM NaC1, 3 mM CaCI2) for 4 con- 
secutive days resulting in a 72 mM applied salt 
stress at a Na:Ca ratio of 5:1. 

2.2. Membrane isolation 

Plasma membrane-enriched vesicles were isola- 
ted using the counter-current aqueous polymer 
two-phase technique described by Larsson [13]; all 
solutions were kept at either 4°C or on ice. Leaves 
of two ages were harvested: young leaves 1 cm or 
less in length, and mature fully-expanded leaves. 
Briefly, 80 g flesh wt. of leaf material was rinsed 
with deionized water, chilled in ice water for 10 
rain, spun and blotted to remove excess water. The 
leaves were homogenized in a commercial Waring 
blender at low speed for 3 × 20 s bursts in 250 ml 
of homogenization buffer. This buffer contained 
250 mM sorbitol, 50 mM Hepes-BTP (pH 8.0), 5 
mM EGTA, 5 mM ascorbic acid, and 10 mM KCI. 
Just before use, 0.6°/,, polyvinylpyrrolidone, 5 mM 
DTT, and 1 mM PMSF (dissolved in 95% 
ethanol), and 0.5% BSA (protease-free) were 
added (final concentrations). The homogenate was 
filtered through four layers of cheesecloth and 
then centrifuged for 15 min at 10 000 × g using a 
Sorvall GSA rotor. The supernatant fraction was 
subsequently centrifuged at 85 000 × g using a 
Beckman 45 Ti rotor for 40 min. The resulting mi- 
crosomal pellet was gently resuspended using a 
ground-glass homogenizer in a medium consisting 
of (final concentrations) 350 mM sorbitol, 5 mM 
DTT, 10 mM KCI, and 5/zg ml -~ chymostatin in- 
itially dissolved in DMSO. Plasma membrane- 
enriched vesicles were obtained from the micro- 
somal vesicles using aqueous two-phase partition- 
ing. Three 36 g phases consisting of 6.2% (w/w) 
dextran T500, 6.2% (w/w) polyethylene glycol 
(average molecular mass 3350), 350 mM sorbitol, 
2.25 mM KCI, and 5 mM K2POa (pH 7.8) were 
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used. The first phase included the microsomal vesi- 
cles which were resuspended using the previously 
described resuspension medium to a final weight 
(vesicles plus medium) of 9 g. The phases were 
separated by centrifugation at 1000 x g for 10 
min at 4°C using a Sorvall SS34 rotor. The final 
upper phase (U3) was diluted about 6-fold in a 
wash buffer of 350 mM sorbitol, 25 mM Hepes 
(pH 7.8 with BTP), 10 mM KC1, and 2.5 mM DTT 
and pelleted at 85 000 x g for 40 min. The 
resulting pellet was resuspended in wash buffer 
and pelleted again as above. The final pellet was 
resuspended in 1 ml of wash buffer containing 5/~g 
ml -l chymostatin. An aliquot was taken for pro- 
tein analysis. The vesicles were stored in liquid ni- 
trogen until used (1-6 days). The colorimetric 
assay of Peterson [141 was used to determine mem- 
brane protein concentrations using BSA as the 
protein standard. 

2.3. Measurement o f  A TPase activity 
ATPase hydrolysis assays were performed in 25 

mM BTP-Mes (pH 6.5) buffer containing 3.75 mM 
MgSO 4, 3.75 mM Tris-ATP, 0.5 mM (NH4)6MoT- 
024, and 0.005% (w/v) lysolecithin [11]. Lysoleci- 
thin was added to disrupt the vesicles to increase 
accessibility of ATP to the ATPase [15]. A titra- 
tion experiment was performed to determine the 
optimal concentration of lysolecithin for tomato. 
Salts (50 raM) were added as indicated. The assay 
temperature was maintained at 38°C. Linearity 
was checked over the time course of the assay (30 
min). Boiled controls were included to determine 
background phosphate. Inorganic phosphate was 
measured by the method of Peterson [16]. Plasma 
membrane-bound ATPase activity was determined 
by the difference in activity between the assays 
supplemented with 50 mM salts or 50 mM salts 
plus 100 #m sodium orthovanadate. 

2.4. Ion content 
Ion content in xylem sap, and young and old 

leaves were determined by chloride titration [17] 
and ion-coupled plasma spectrometry. 

2.5. Nucleotide extraction and determination 
Leaves were harvested, quickly weighed using a 

Mettler AC 100 balance, and immediately frozen 
in liquid nitrogen. The entire procedure from 

Table 1 
Ion concentrations in xylem sap of Lycopersicon esculentum 
Mill, ev. Heinz 1350 from untreated (control) and salt-stressed 
plants 

Ion Treatment (meq .I -l) 

Untreated 
(control) 

Salt-stressed 

Na ÷ 0.3 44.3 
K + 6.2 35.9 
Ca 2+ 8.4 51.9 
CI- 3.1 84.1 

Ion content was determined by ion-coupled plasma spectrome- 
try (Na +, K ÷, Ca 2÷) and chloride titration (CI-). 

harvest to freezing took less than 5 s. Procedures 
have been described previously for the extraction 
of nucleotides from the tissue with cold perchloric 
acid, removal of other compounds and ions by se- 
lective adsorption, and separation and determina- 
tion of individual nucleotides by anion exchange 
high-performance liquid chromatography (HPLC) 
[18,191. In the procedure, cold perchloric acid was 
added to the frozen ground powder and mixed 
with the frozen mass while thawing. Standards 
were added to the leaves during perchloric acid ex- 
traction to determine recoveries. Recoveries were 
as follows: 98% ATP, 98% ADP, and 100% AMP. 

3. Results 

3.1. Ion content 
In a preliminary examination, we measured the 

ion content of the xylem sap of control and salt- 

Table 2 
Concentration of Na ÷, Ca 2÷, and CI- found in young and ma- 
ture leaves of tomato 

Treatment Leaf type (mmol • kg -I fw) 

Young Mature 

Na + Ca 2+ CI- Na + Ca 2+ CI- 
Untreated 0.7 21.2 0.4 0.9 45.5 1.7 
Salt-stressed 5.8 43.5 67.5 46.2 105.4 161.1 

Concentrations were determined by ion-coupled plasma spec- 
trometry (Na +, Ca2+), and chloride titration (CI-). 
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treated plants to determine if there were differ- 
ences in ion content. We decapitated the plants, 
collected the exuded xylem sap and measured 
Na ÷, K ÷, and Ca 2÷ by ion-coupled plasma spec- 
troscopy and C1- by chloride titration (Table 1). 
Our findings revealed a dramatic increase in Na ÷, 
K ÷, Ca 2÷, and CI- in salt-treated plants indicating 
that the apoplastic space in the leaves may be sub- 

ject to large increases in ion content. Measure- 
ments of Na +, Ca 2+, and CI- content of young 
and mature leaves of untreated and salt-stressed 
tomato (Table 2) revealed large increases in the 
level of these ions in both young and mature 
leaves. One particularly noteworthy observation is 
that while the percentage increase in Ca 2+ 
resulting from salt treatment remained constant 
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Fig. I. Michaelis-Menten curves of ATPase specific activity derived from plasma membrane vesicles obtained from untreated (control) 
and salt-stressed (A) mature leaves and (B) young leaves. Specific activity was measured in the presence of 50 ram KCI. Enzyme activ- 
ity was measured in 25 mM BTP-Mes (pH 6.5) buffer containing 50 mM KCI, 3.75 mM MgSO 4, 3.75 mM Tris-ATP, 0.5 mM (NH4)6- 
Mo7024, and 0.005% (w/v) lysolecithin. Kinetic constants were obtained from Hanes-Woolf plots. (C) Hanes-Woolf plots of kinetic 
data from plasma membranes vesicles isolated from mature untreated (control) and salt-stressed leaves. For plasma membranes vesi- 
cles isolated from untreated mature leaves, the Vrnax and apparent K m were 126.7 ~mol Pi (rag protein) -1 h -I and 0.35 raM, respec- 
tively. For plasma membranes vesicles isolated from mature salt-stressed leaves, the lima x and apparent K m were 100.4 ~mol Pi (rag 
protein) -I h -I and 0.52 raM, respectively. (D) Hanes-Woolf plots of kinetic data from plasma membranes vesicles isolated from 
young untreated and salt-stressed leaves. For plasma membranes vesicles isolated from young untreated leaves, the Vma x and appar- 
ent Km were 116.4 pmol Pi (nag protein) -I h -j and 0.43 mM, respectively. For plasma membranes vesicles isolated from young salt- 
stressed leaves, the Vma x and apparent K m were 113.6 pmol Pi (mg protein) -1 b -I and 0.63 mM, respectively. The results are from 
one representative experiment. The experiment was repeated two times for a total sample of three experiments (N = 3). All experiments 
displayed similar kinetic profiles. Averages ± S.D. are presented in Table 3. 
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between the young and mature leaves; Na + con- 
tent increased much more in the mature leaves 
while CI- increased much more in the young 
leaves. 

Of course, in the intact plant the rate of water 
flow would be more equal between treatments 
since it would be driven by transpiration rather 
than ion transport to the xylem. However, as the 
xylem sap was collected just after decapitation, we 
feel that our measurements reflect ion concentra- 
tions in the xylem sap in intact conditions, at least 
to a first approximation. 

3.2. A TPase activity 
Since it appeared that ion levels increased in 

both young and mature leaves when grown under 
saline conditions, we next investigated the influ- 
ence of salt stress on the plasma membrane H +- 
ATPase specific activity. We isolated the plasma 
membrane using the aqueous polymer two-phase 
partitioning technique [13]. This isolation tech- 
nique is effective in obtaining highly pure plasma- 
membrane vesicles from a variety of plant material 
including tomato [20-23]. As in the case of tomato 
roots [10,11], simple Michaelis-Menten kinetics 
were found for ATPase specific activity from plas- 
ma membrane vesicles isolated from both un- 
treated (control) and salt-treated leaves (Fig. 1). 

The values for the kinetic parameters, Vmax and 
apparent Km, were obtained from Hanes-Woolf 
plots. In agreement with data obtained on tomato 
root [10], salt stress decreased the Vmax of the leaf 
plasma membrane H+-ATPase of mature leaves in 
the presence of 50 mM KCI from 127.2 to 99.7 
/~mol. mg protein- l h-  i. In the absence of KCI the 
Vmax was also decreased from 105.7 to 88.2 
tLmol.mg protein-lh -I. The ATPase had a re- 
quirement for Mg 2+, was unaffected by azide and 
nitrate, and was inhibited by vanadate (Table 3). 

Our results, however, with young leaves were 
quite different. In young leaves, salt stress had lit- 
tle effect on the activity of the plasma membrane 
H+-ATPase whether or not KCI was present 
(Table 3). Briiggeman and Janiesch [9] working 
with isolated plasma membranes from Plantago 
roots and leaves also reported little effect of salt 
stress on ATPase activity. 

We characterized the ATPase to determine if 
salt stress may be altering any of its properties. We 
examined the effect of salt stress on monovalent 
and divalent cation stimulation and substrate 
specificity or inhibitor sensitivity of membrane 
preparations. In these experiments, the ATPase ac- 
tivity associated with the plasma membrane from 
leaf tissue exhibited some properties similar to 
those previously reported for the roots. As with 

Table 3 
Effect of  ions and inhibitors on plasma membrane (PM) ATPase specific activity in young and mature leaves cultivated under un- 
treated (control) and salt-stressed conditions 

Ion Specific activity (tzmol • mg protein -I h -1) 

Mature Young 

Control Salt-stressed Control Salt-stressed 
Mg 2+, (+K +) 127.2 ± 7 99.7 ± 5 114.6 ± 5 112.3 ±6  
Mg 2+, ( - K  +) 105.7 ± 5 88.2 ± 4 98.4 ± 6 93.8 ± 6 
K +, ( - M g  2+) 1.9 ± 0.1 1.7 ± 0.1 5.6 ± 1 8.1 ± 1 
Azide 130.3 ± 8 99.2 ± 5 114.7 ± 9 119.6 ± 8 
Nitrate 113.5 ± 9 101.1 ± 5 114.7 ± 7 i16.1 ± 8 
Molybdate 122.9 ± 9 105.1 ± 4 93.5 ± 5 97.8 ± 7 
Vanadate 2.6 ± 0.03 5.9 ± 0.04 4.1 ± 1 3.7 ± 1 

ATPase activity was assayed in 1.0 ml (30 min at 38°C) containing 3 m M  ATP (Tris-salt), 30 mM Tris-MES (pH 6.5), and 0.005% 
lysolecithin. Where appropriate, the following salts were included in the assay (final concentrations): 3 mM MgSO 4, 50 mM KCI, 
1.0 mM NAN3, 50 m M  KNO 3, 0.5 m M  (NH4)6Mo7024 4H20, and 100 ttM Na3VO 4. Data are means 4- S.D. of  three independent 

experiments 
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Table 4 
Influence of divalent cations and the nucleotide specificity of plasma membrane (PM) ATPase activity of tomato leaves grown with 
or without salt 

Cation ATPase activity a Substrate specificity 
(/~mol Pi • mg protein -I • h -l) 

Control Salt-stressed Substrate % Control b % Salt stressed b 

None 8.7 ± 1 7.4 4. 1 
MgSO 4 103.9 4- 7 81.6 4- 5 
CoSO 4 106.9 ± 8 95.3 4. 9 
MnSO4 70.7 ± 8 57.4 4. 3 
NiSO4 37.9 ± 5 31.0 4. 3 
ZnSO 4 21.1 4. 3 16.6 4. 3 
CaSO 4 8.9 4- 1 15.4 ~ 2 

ATP 100 100 
ADP 12 13 
AMP 7 5 
CTP 15 16 
CDP 14 14 
GTP 40 46 
GDP 23 19 
ITP 30 32 
I DP 20 15 
pNPP (pH 5.0) 2 4 
pNPP (pH 6.5) 3 5 
UDP 20 19 

ATPase activity was assayed in 1.0 ml (30 rain at 38°C) containing 3 mM nucleotide (Tris-salt), 30 mM Tris-MES (pH 6.5), 50 mM 
KNO3, 0.5 mM (NI-14)6MoTO24 • 4H20, 0.005% lysolecithin and, when added, 3.0 mM divalent cation. For divalent cation analysis 
ATP served as the nucleotide. 
Walues are means of duplicate samples 4- S.D. 
bValues for control and salt-stressed membranes were 118.9 and 95.1 t~mol Pi.mg protein -l • h -1. 

the  roo t s ,  e x p o s u r e  o f  p l an t s  to  0.4 M P a  o f  sal t  (60 

m M  N a C l  p lus  12 m M  CaCI2) h a d  li t t le e f fec t  on  

m o n o v a l e n t  c a t i on  s t i m u l a t i o n  ( d a t a  n o t  s h o w n ) ,  

d iva len t  c a t i on  ac t i va t i on  or  s u b s t r a t e  speci f ic i ty  

(Table  4), o r  sens i t iv i ty  to  azide ,  n i t ra te ,  a n d  

v a n a d a t e  o f  o u r  m e m b r a n e  p r e p a r a t i o n s .  

Wi th  respec t  to  d iva l en t  c a t i o n  ac t iva t ion ,  we 

o b s e r v e d  m a x i m a l  ac t iv i ty  in the  p r e s e n c e  o f  C o  2÷ 

r a t h e r  t h a n  M g  2+ (Tab le  4). T h e  o r d e r  o f  spec-  

ificity was  C o  2+ > M g  2+ > M n  2+ > Ni  2+ > Z n  2+ > 

Ca  2÷. O t h e r  i nves t iga to r s  have  a lso  s h o w n  C o  2÷ 

to s t imula te  h igh  A T P a s e  ac t iv i ty  in co rn ,  red  beet ,  

Table 5 
Effect of salinity and leaf age on adenine nucleotide levels and ratios in tomato leaves 

Leaf and treat- AMP ADP ATP ~AdN AEC a ATP/ADP K b 

ment 
(mmol g fr. wt. -I) 

Mature 
Control 5.3 + l 10.3 4- 2 3.6 4- I 19.2 4- 2 0.46 4- 0.05 0.35 4. 0.03 
Saline 13.4 4- 2 3.5 4- 1 1.4 4- 0 18.3 4. 2 0.17 4- 0.02 0.40 4- 0.02 

Young 
Control 5.4 4. 0 35.1 4- 3 108.3 4- 7 148.0 4- 4 0.85 4- 0.01 3.09 4- 0.03 
Saline 16.4 4- 3 55.0 4- 4 114.3 ± 5 185.7 4. 6 0.76 4- 0.02 2.08 4. 0.01 

0.18 4. 0.05 
1.53 4. 0.10 

0.47 ± 0.05 
0.62 4- 0.05 

Values are means of duplicate samples ± S.D. 
aAEC = (IATPI + 0.5[ADP])/([ATP] + [ADPI + [AMP]). 
b K = [ATPI[AMP]/[ADPI 2. 
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and bean [24-27]. Although the leaf preparation, 
like its root counterpart, preferentially hydrolyzed 
ATP, it was also able to hydrolyze other nucleo- 
tides, notably GTP (Table 4). 

3.3. Adenine nucleotide levels and ratios 
Since salinity appeared to inhibit the ATPase 

activity in mature leaves, but not young leaves, we 
decided to measure the adenine nucleotide levels in 
these tissues. Our analyses revealed large differ- 
ences between mature and young leaves in the lev- 
els of the adenine nucleotides (Table 5). In mature 
leaves, salt stress reduced ATP and ADP levels 
while AMP increased, however, the sum of AMP, 
ADP, and ATP (I]AdN), was unchanged. Because 
of these changes, adenylate energy charge (AEC) 
was reduced to 37% of control values. In young 
leaves, r~AdN actually increased with salt stress 
with increases in all adenine nucleotides. AEC 
decreased only slightly to 89% of control values. 
Interestingly, K, the adenylate kinase mass action 
ratio, increased dramatically in mature leaves from 
0.18 to 1.53 but only slightly in young leaves. 
Adenylate kinase catalyses the phosphorylation of 
AMP to ADP in the reaction: 
ATP + AMP ,-. 2ADP 
The equilibrium value has been reported to be be- 
tween 0.5 and 1.2 [28-31]. 

4. Discussion 

There exist conflicting reports on the effect of 
salt stress on plasma membrane H+-ATPase activ- 
ity. Erdei et al. [5] found that salinity decreased 
ATPase activity in roots of two halophytic species 
of Plantago. Alternatively, Braun et al. [7] in- 
vestigated the effects of salinity on the root plasma 
membrane of the halophyte, Atriplex nummularia 
and reported that the ATPase activity properties 
such as pH profile, kinetics and K+-stimulated 
ATP formation can be modulated by saline condi- 
tions. More recently, Niu et al. [2] observed in- 
creased levels of plasma membrane H+-ATPase 
mRNA in roots of ,4 triplex following exposure to 
salt. Briiggemann and Janiesh [9] investigated the 
effect of salt treatment on halophytic and 
glycophytic species of Plantago and found no sig- 
nificant differences between the ATPase from salt- 

treated and control plants in either roots or leaves. 
In the case of tomato, Gronwald [10] reported a 
reduction in Vmax in salt-treated roots while 
Suhayda et al. I1 l] reported a difference only in 
the Vmax for K + stimulation. 

Consistent with the work of Gronwald et al. 
[10], we observed a decrease in the Vmax of the 
plasma membrane H+-ATPase in isolated mem- 
brane vesicles. Recently, Snapp and Sherman [32] 
investigated tomato root growth and reported that 
salinity affected root elongation in mature plants. 
Thus, tissue age might account for at least some of 
the discrepancies cited above. One possible ex- 
planation for our findings might be that young 
leaves may contain different isoforms of ATPase 
than the mature leaves. Harper et al. [33], recently 
reported that in Arabidopsis thaliana the plasma 
membrane H+-ATPase is encoded by a multigene 
family encoding l0 isoforms. Further work by 
Dewitt et al. [34] indicates that various isoforms 
may be differently expressed in tissues with unique 
transport functions. Thus, it is conceivable that 
mature source leaves contain a different isoform of 
the H+-ATPase than young, sink leaves and that 
these isoforms may be regulated differently. Alter- 
natively, ATPase specific activity can decrease due 
to changes in the amount of unrelated protein in 
the membrane. 

A major effect of salt stress on adenine nucleo- 
tide levels and ratios in our experiments was a 
large decrease in AEC, but again, only in mature 
leaves. While the AEC for salt-stressed leaves is 
rather low (0.17), the ATP/ADP ratio is slightly 
higher. Thus, we do not believe that this low value 
could be attributed to problems in extraction. 
Rather, the low value is derived mostly from the 
high levels of AMP (Table 5). This finding is not 
unusual and has been reported previously [19]. We 
should point out that for the cultivated tomato, 75 
mM salt stress can reduce yield by 60% at the end 
of 4 weeks and 80% by 14 weeks [35, see Fig. l]. 

One particularly interesting observation involv- 
ed the effect of salt stress on the adenylate kinase 
mass action ratio, K. In mature leaves, K increased 
dramatically from 0.18 to 1.53. Evidently, a large 
fraction of the AMP pool in mature leaves does 
not have access to adenylate kinase. The cellular 
location of this large pool of AMP is unclear. We 
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do not  believe it to be in the cytosol or chloroplast  
as adenylate kinase is present in the chloroplast  
stroma and in the in termembrane  space of  mito- 

chondria  [31], which is accessible to A d N  in the 
cytosol. 

With respect to young leaves, AEC in young 
leaves remained largely unaffected by salinity. In 

fact, ATP  levels a long with I IAdN actually increas- 
ed in young leaves such that salt-stress appears to 
cause an inhibi t ion of uti l ization rather than 
product ion of  adenylate nucleotides. Whatever  the 

case, it seems clear from our  results that salt stress 
did not  reduce the growth of  the young,  growing 
leaves by decreasing the plasma membrane  H +- 
ATPase activity or product ion  of adenylate 

nucleotides. The role of  older leaves funct ioning as 
ion sinks as postulated by Niu  et al. [4] is still 
uncertain.  Whereas mature  tomato leaves do seem 
to sequester large amounts  of  ions compared with 

younger leaves (Table 2), we did not  detect an 
increase in plasma membrane  H+-ATPase activity 
but  rather a decrease. Collectively, these results 
support  our  hypothesis presented in an earlier 

paper  [19] that salt stress affects mature  leaves, 
and perhaps as a consequence,  their ability to sup- 
ply essential metabolites for growing regions of 
both shoot and roots. 
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