
Journal of Experimental Botany, Vol. 39, No. 200, pp. 301-309, March 1988

Effects of Salt Stress on Adenine and Uridine Nucleotide
Pools, Sugar and Acid-Soluble Phosphate in Shoots of
Pepper and Safflower

R. H. NIEMAN, R. A. CLARK, D. PAP, G. OGATA
AND E. V. MAAS

USDA, ARS, U.S. Salinity Laboratory, Riverside, California, U.S.A.

Received 7 September 1987

A B S T R A C T

Nieman, R. H., Clark, R. A., Pap, D., Ogata, G. and Maas, E. V. 1988. Effects of salt stress on
adenine and uridine nucleotide pools, sugar and acid-soluble phosphate in shoots of pepper and
safflower.—J. exp. Bot. 39: 301-309.

Pepper (Capsicum annuum cv. Yolo wonder) and safflower (Carthamus tmctonus L. cv. Gila) were
grown hydroponically and subjected to a salt stress (51 mol m"3 NaCl plus 25-5 mol m"3 CaCl2).
Mature photosynthetic source leaves and shoot meristematic sinks (young pepper leaves and
safflower buds) were analyzed for nucleotides by high performance liquid chromatography and
for hexose and acid-soluble P—pepper was still vegetative whereas safflower had switched to flower
bud formation—the salt stress reduced the fresh shoot yield of pepper by nearly two-thirds and
of safflower by half. It reduced the ATP pool and ATP/ADP ratio in the source leaves of both
species and also in the young pepper leaves. It had little or no effect on ATP or other nucleotide
pools in safflower buds. The UDPG pool was not affected in source leaves or safflower buds, but
in the young pepper leaves it was reduced by half, along with UTP. These reductions were
accompanied by over a 3-fold increase in hexose and a large decrease in ester phosphate. In
safflower, on the other hand, salt stress had little or no effect on UDPG, hexose, or ester phosphate
in either source leaves or buds. The results suggest that salt stress reduced the growth of pepper
because it reduced assimilation of photosynthate, possibly a consequence of reduced UDPG, UTP,
and ATP pools in the growing leaves. Salt stress did not so markedly affect assimilation of
photosynthate in the more tolerant safflower.
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INTRODUCTION
Plants require some salts for growth but the optimum concentration in the root medium
is rather low for most crop plants, of the order of 10 mol m~3 or less. Concentrations
much above this, even of essential salts, cause a salt stress that reduces growth and yield.
The processes and/or metabolites that salt stress causes to become limiting for plant
growth are not known. The stress affects many species osmotically, inducing a water deficit
(Bernstein, 1975; Jennings, 1976; Greenway and Munns, 1980), but some species also
indicate ionic effects. One early hypothesis (Bernstein, 1961) proposed that the solute
accumulation required for the osmotic adjustment of enlarging cells was the growth
limiting process in salt-stressed plants. Within limits, plants do adjust osmotically to a
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302 Nieman et al.—Salt Stress in Pepper and Safflower

saline root medium—they must in order to survive. Mature cells adjust only once, but
growing cells adjust continually because their enlargement and water uptake dilute the cell
solutes. Increasing the solute content of enlarging cells was proposed as the growth limiting
process. Greenway and Munns (1983) and Yeo (1983) have suggested that growth is
limited by the capacity of enlarging cells to accumulate solutes and/or by the capacity of
respiration to supply the energy needed to take up and sequester solutes.

The presence of salts in the root medium increases respiration in the roots (Beevers,
1961) and in the shoots (Nieman, 1962; Livne and Levin, 1967) of many crop species. The
increase is not a transient osmotic shock phenomenon but persists in plants grown for
weeks on saline root media. Salts are believed to increase respiration because they increase
the expenditure of energy, derived from the oxidation of carbohydrates, for salt pumping.
This belief is supported by the correlation between respiration and ion uptake (Beevers,
1961) and by the reduced levels of ATP observed in salt-stressed corn roots (Roberts,
Linker, Benoit, Jardetzky, and Nieman, 1984; Peterson, Nieman, and Clark, 1987) and
pea roots (Hasson-Porath and Poljakoff-Mayber, 1971). Even with increased respiration,
salt-stressed roots seemed unable to maintain normal levels of ATP. These results tend to
support the postulate that respiratory capacity could limit growth of some salt-stressed
plants.

Because salt stress usually reduces shoot growth more than root growth (Bernstein,
1975; Munns and Termaat, 1986), it might be expected to reduce nucleotide pools at least
as much in shoots as in roots. But we were not aware of any data indicating salt effects
on nucleotide pools of shoots. Here we show that salt stress affected the pools of adenine
nucleotides (AdN) and undine nucleotides (UdN) of pepper and safflower shoots, but the
effects differed between species and between different tissues of the same species. Effects
were generally more severe in pepper than in the more salt tolerant safflower.

MATERIALS AND METHODS
Plant material
Pepper (Capsicum annuum L. cv. Yolo wonder) and safflower (Carthamus tinctorius L. cv. Gila)
were grown on 15 dm3 nutrient solution cultures. There were two control and two saline cultures
of each species with four plants per culture. Six times a day solution was circulated through the
cultures from 200 dm3 reservoirs, one reservoir of control solution, one of saline solution. The
composition of the base nutrient in mol rrr3 was: Ca(NO3)2, 2-5; KN03, 2-5; MgSO«, 10; KH2PO4,
0-2; Fe (as sodium ferric diethylenetriamine pentaacetate), 005; H3BO3, 0023; MnSO4, 0005;
ZnSO4, 00004; CuSO4, 00002; H2MoO4,0-0001. The phosphate concentration was low to decrease
the chance of toxic salinity-phosphate interactions (Nieman and Clark, 1976; Grattan and Maas,
1984).

The salt stress (51 mol m~3 NaG plus 25-5 mol m~3 CaCl2) was initiated after the plants had
become established. The salts were added to the solution reservoir in three equal increments one
day apart. The osmotic potentials (*/*„) of the control and saline solutions, respectively, were —005
and —0-45 MPa. The solution volume was maintained with deionized water, its pH was kept
between 5-5 and 6-5 with HNO3 or KOH. The solution phosphate was determined five times a week
and KH2PO4 was added as needed to adjust the concentration to 0-2 mol m~3.

The cultures were maintained in a growth chamber at 25 °C under cool white fluorescent plus
tungsten lamps. The light intensity at the plant tops was 58 W m~2, the photoperiod was 16 h. The
relative humidity was not controlled and ranged between 30% and 60%. Air movement was vigorous
enough to agitate the plant shoots.

The plant age at harvest and the time on full salt treatment in days were: pepper, 46, 24; safflower,
31, 19. Pepper was still growing vegetatively at the time of harvest whereas safflower had terminated
leaf production and begun to produce flower buds. Duplicate samples of exposed, recently matured
source leaves and of shoot meristems (sinks) were harvested in the light after 4 h of illumination,
quickly weighed, and frozen in liquid N2. Shoot meristems consisted of young pepper leaves less
than 1-0 cm long and of safflower buds. Mature leaf samples contained at least 15 g of fresh leaves.
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TABLE 1. The effect of salt stress on the fresh yield of pepper and safflower

Values are means of eight plants ± standard deviations.

Species and
treatment

Pepper
Control
Saline

Safflower
Control
Saline

Fresh weight yield per plant (g)

Shoot

130±9
59 + 4

103 + 3
51±1

Root

49±3
3O±3

30±2
31±1

Meristem samples contained at least 20 g of young pepper leaves and 50 g of safflower buds. The
remainder of the shoot and the root were harvested for fresh yield data.

Analysis
The frozen plant tissue was pulverized with a mortar and pestle in the presence of liquid N2 and

extracted twice, by trituration and centrifugation, with two volumes of cold perchloric acid, 500
mol m~3 for the first extraction, 250 mol m~3 for the second. Nucleotides in the combined extracts
were separated from other compounds and ions by selective adsorption and determined by anion
exchange high performance liquid chromatography (Nieman and Clark, 1984). Each extract was
chromatographed at least twice.

The perchloric acid extracts were also analyzed for total hexose plus sucrose by the anthrone
reaction (Halhoul and Kleinberg, 1972) and for Pi and total acid soluble P (Bartlett, 1959). Acid
soluble ester P (Pe) was estimated as the difference between these two.

R E S U L T S
Plant growth

Reduced growth was the only visible plant response to salt stress. Neither species showed
injury signs that would indicate ion toxicity. Shoot weight of safflower was reduced by
half and that of pepper by nearly two-thirds (Table 1). Roots were less affected; those of
pepper were reduced by one-third, those of safflower were not reduced at all.

Nucleotide pools

The adenine nucleotide (AdN) concentrations on a tissue weight basis (Table 2) were
generally lower in safflower than in pepper, partly because of the woody nature of safflower
whose tissues, even buds, contain a high percentage of cell wall material. Similarly, AdN
concentrations were lower in petioles than in blades of pepper leaves because of the greater
mass of wall material in petioles. The leaves of safflower have no petioles. The highest
AdN concentrations, ATP/ADP ratio, and adenylate energy charge,

AEC = ([ATP] + 0-5[ADP])/([ATP] + [ADP] + [AMP]),

occurred in the young pepper leaves. The uridine nucleotides (UdN) showed a slightly
different pattern (Table 3). Their levels were fully as high in mature leaves of safflower as
in those of pepper. UMP and UTP levels were higher in petioles than in the mature pepper
blades. But like the AdN pools, UdN and UDPG pools were largest in the young pepper
leaves.

Salt stress did not affect all nucleotide pools uniformly. For example, it had no effect
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T A B L E 2. The effect of salt stress on the adenine nucleotide pools, ATP/ADP ratio and
adenylate energy charge (A EC) of source leaves and shoot meristems of pepper and safflower

Values are means of duplicate samples ± standard deviation.

Species, tissue
and treatment

Pepper
Mature leaf blade

Control
Saline

Mature leaf petiole
Control
Saline

Young leaf
Control
Saline

Safflower
Mature leaf blade

Control
Saline

Buds
Control
Saline

nmol g~

AMP

11 ±2
15±1

5±0
8±2

19±2
17±2

3±1
7±2

4±1
6±1

1 fr. wt.

ADP

34 + 3
37±4

17±1
19±2

74 + 3
76±4

16±1
12±1

29±2
27±3

ATP

30+1
23±1

26+1
25 + 2

160±3
134±12

11±2
3 ± 1

43±3
5O±8

£AdN

79±9
75±4

48 + 1
52±4

253 ±7
226 ± 11

29 + 2
22±2

76±3
78 + 5

ATP/ADP

0-85 ±004
0-63 ±006

l-5±0-l
l-3±0-2

2-2±01
l-7±0-3

0-68 ±017
0-26 ±002

1-5 + 01
l-9±0-l

AEC

0-60 ±004
0-55±0-01

0-72±001
0-66±002

0-78±001
0-75 ±002

0-64±0-04
0-43 ±005

0-75 + 002
0-77±0-01

0-35±0-13
0-27 + 007

0-42±0-01
0-63 + 0-3

0-56±0-02
0-43 ±006

011 ±003
016±006

0-20 ±006
0-44 ±003

» [ATP]-[AMP]/[ADP]2.

T A B L E 3. The effect of salt stress on the uridine nucleotide and UDPG pools and the
UTP/UDP ratio of source leaves and shoot meristems of pepper and safflower

Values are means of duplicate samples± standard deviation.

Species, tissue
and treatment

Pepper
Mature leaf blade

Control
Saline

Mature leaf petiole
Control
Saline

Young leaf
Control
Saline

Safflower
Mature leaf blade

Control
Saline

Buds
Control
Saline

nmol g"1

UDPG

29±8
20±2

19±1
34±9

183±13
94±11

13±1
11 ±3

51 ±7
65±5

fr. wt.

UMP

13 + 2
32±6

31±1
35 + 5

62±1
58±6

17±4
23±1

28±10
28±7

UDP

7±1
8±1

5±1
9±0

34±2
30 + 2

5±1
4 ± 2

13±2
12±4

UTP

8±1
6±4

13±1
16±2

82±5
47±7

10±2
3 ± 1

30±4
29±7

ZUdN

28±1
47 ±10

48±3
60 + 7

177±2
134±7

29 ±4
31 ± 1

80±12
77± 12

UTP/UDP

l-4±0-l
0-8 + 0-3

2-6±0-4
l-8±0-2

2-4 ±0-3
1-6 ±0-3

2 0 ± 11
0-6 ±01

20 + 01
2-3± 13
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TABLE 4. The effect of salt stress on the orthophosphate (Pi), acid-soluble ester phosphate
(Pe), and hexose pools in source leaves and shoot meristems of pepper and safflower

Values are means of duplicate samples ± standard deviation.

Species, tissue
and treatment

Pepper
Mature leaf blade

Control
Saline

Mature leaf petiole
Control
Saline

Young leaf
Control
Saline

Safflower
Mature leaf blade

Control
Saline

Buds
Control
Saline

/imol g-1

Pi

6-2±0-3
6-9 ±0-4

5-8±0-6
9-6±0-2

7-1+0-2
ll-8±0-3

2-4 + 0-3
0-8±0-4

111 ±0-2
ll-2±0-4

fr. wt.

Pe

1-8 ±00
1-5 + 0-4

5-2±0-3
1-1 ±0-1

9-9 ±10
2-3±0-5

1-5 + 0-2
l-l±0-2

60±0-6
5-5±0-3

Hexose

25-7 ±2-3
49-8 + 2-8

15 3± 1-4
36-3 + 2-2

40-4±3-6
141-2 + 5-7

31-0±2-l
29-6 ±01

61-5 + 7-0
73-9 + 2-8

on either AdN or UdN pools of safflower buds and little or no effect on AMP, ADP or
UDP pools in any tissue of either species. On the other hand, salt stress appreciably
reduced ATP in mature leaf blades of both species and also in the young pepper leaves,
the largest salt effects were the reductions by nearly half of UTP and UDPG in young
pepper leaves. The only salt effect on UdN pools of safflower seemed to be the reduced
UTP of mature leaves.

Hexose and acid-soluble ester phosphate (Pe)

The two species differed with respect to salt effects on hexose and Pe (Table 4). In
pepper, salt stress increased hexose and decreased Pe, especially in young leaves. The
decrease of Pe was accompanied by a comparable increase of Pi. In safflower, on the other
hand, there was little or no effect of salt on either hexose or Pe. There was, however, a
substantial reduction of Pi in mature safflower leaves.

DISCUSSION
The objective of this study was to ascertain whether salt stress caused changes in nucleotide
pool sizes in shoots of pepper and the more salt tolerant safflower that showed a relation
with growth suppression. Changes in nucleotide pools have been observed in corn roots
that were in direct contact with saline solution (Roberts et al., 1984; Peterson et al., 1987).
The results presented here (Tables 2, 3) show that salt stress selectively affected some, but
not all, nucleotide pools in the shoots of both species. They also point to differences
between the two species and between young and mature tissues in their nucleotide response
to salt stress. The values of the adenylate kinase mass action ratio (Table 2, K = [ATP] •
[AMP]/[ADP]2) were generally in the range expected for adenylate kinase equilibrium,
indicating that there were no large metabolically inert AdN pools.
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Nucleotide concentrations on a leaf weight basis decrease as leaves expand and mature
because very little nucleotide synthesis occurs during the cell enlargement stage of growth
(Meyer and Wagner, 1985, 1986) while weight increases substantially. We suggest that one
reason for the low ATP/ADP ratio and low AEC in illuminated, mature leaves of
both species was the expenditure of ATP for light-dependent reductive synthesis. The
photosynthetic carbon reduction cycle consumes nine molecules of ATP in the formation
of one triose P. A light-induced decrease in ATP has been observed in leaf cells of several
species (Bown and Nicholls, 1985, and papers cited therein). Light may also decrease the
level of ATP in leaves by increasing transpiration and decreasing leaf water potential (</<w).
Turner and Wellburn (1985), for example, reported that pepper leaf ATP decreased with
leaf i/«w. When the latter decreased by 01 MPa there was no detectable reduction in turgor,
because leaf ipa also decreased, but there was a 20% reduction in ATP. The capacity for
ATP synthesis did not seem diminished so increased ATP expenditure was indicated. A
similar decrease in ATP with decreased leaf 0W was observed also in the elongation zone
of corn leaves (Barlow, Ching, and Boersma, 1976).

The lower AEC of mature pepper leaf blades compared to petioles was partly due to
the larger AMP pool (Table 2). There are several reports of a light-induced increase in
AMP of leaves and chloroplasts, for example, Santarius and Heber (1965); Kobayashi,
Inoue, Furuya, Shibata, and Heber (1979); Eschrich and Frormn (1985). The increase may
be due to light-dependent AMP synthesis. We know of no reaction in the photosynthetic
carbon cycle that generates AMP.

Salt stress reduced the ATP pools, the ATP/ADP ratio and AEC of mature leaf blades
of both species without appreciably reducing total AdN. We suggest that these reductions
are caused by increased ATP expenditure for solute pumping. Salt stress reduces the tfiw

of mature leaves (Hoffman and Rawlins, 1971; Munns and Termaat, 1986). To maintain
turgor, cells must also reduce i/rs by increasing their solute content. The greater the
reduction in leaf </iw, the greater the amount of solute pumping needed. With beet, onion
and radish, yield on saline cultures decreased linearly with the tpw of mature leaves
(Hoffman and Rawlins, 1971). These authors concluded that it is the 'water status' of
mature leaves that controls plant growth. Leaf I/IW, ATP concentration and yield are no
doubt closely related.

The reduced level of ATP in leaves of salt-stressed plants suggests that leaf respiration
could be limiting for growth even though it may be increased by the stress (Nieman, 1962).
There is growing evidence that mitochondrial respiration generates most, perhaps all, of
the cytoplasmic ATP in leaf mesophyll cells and drives the H+ efflux from these cells that
is needed for solute uptake (Goller, Hampp, and Ziegler, 1982; Kelly, 1983; Bown and
Nicholls, 1985). The stimulation by light of H+ efflux and solute uptake by leaf mesophyll
cells seems at least partly due to increased photosynthetically generated O2 that allows
increased respiration (Kelly, 1983). If cytoplasmic ATP is generated entirely or predomi-
nantly by respiration, then ion pumping and sequestering and osmotic regulation and all
of the biosynthetic processes of growth that occur in the cytoplasm are dependent on
respiration and all compete for ATP generated by respiration. Such dependence of growth
on respiration could explain why carbohydrates often accumulate in non-halophytes when
they are subjected to salt stress (Rathert, 1984; Munns and Termaat, 1986). Chloroplast
ATP pools may not at first be affected by salt stress so that photosynthetic carbon
reduction continues while growth is reduced by a depletion of cytoplasmic ATP pools
and/or a reduction of cytoplasmic phosphate potential.

Salt stress had little or no effect on the level of ATP or on the ATP/ADP ratio of
petioles. It reduced petiole AEC only because it increased AMP, a consequence, perhaps,
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of impaired transport. The ATP/ADP ratio and the AEC were higher in the petiole than
in the blades in both the presence and absence of a salt stress. Petioles would be expected
to expend less ATP for synthesis than blades. Apparently they also expend less coping
with salt stress, possibly because they transpire less than the blades and accumulate less
salt.

Salt stress affected nucleotide pools of pepper and safflower shoot meristems quite
differently. It caused little or no change in those of safflower buds, but rather large changes
in some of those of young pepper leaves. There it reduced ATP and total AdN and, most
of all, UTP and UDPG. These latter two were reduced to such an extent that they may
have become limiting for growth. Recent evidence indicates that UDPG could often be a
limiting factor for cell wall synthesis and growth (Takeuchi and Amino, 1984; Amino,
Takeuchi, and Komamine, 1985; Inouhe, Yamamoto, and Masuda, 1987).

The UdN values of young pepper leaves indicate that salt stress reduced either the
synthesis or import of uridine nucleotides by these leaves, and their production of UTP
and UDPG. All of these processes require ATP and could be limited by the reduced ATP
pool, or a reduced phosphate potential, [ATP]/[ADP] • [Pi]. The latter has been shown to
be an important regulator of cell metabolism (Erecinska, Stubbs, Miyata, Ditre, and
Wilson, 1977; Erecinska and Wilson, 1978; Foreman and Wilson, 1983; Roberts, Lane,
Clark, and Nieman, 1985). A decrease in the phosphate potential results in a decrease in
the Gibbs free energy for hydrolysis of ATP and, hence, in the useful work that can be
done by hydrolysis of ATP. Salt stress can reduce [ATP]/[ADP] • [Pi] two ways, by reducing
the ratio of ATP/ADP, as in the present experiments, and by increasing cytoplasmic Pi
(Roberts et al., 1984). Salt stress increased Pi in the young pepper leaves, but we do not
know how much of this Pi was in the cytoplasm. To some extent, cells can regulate [ATP]/
[ADP]-[Pi] by regulating the cytoplasmic Pi concentration (Erecinska et al., 1977), but
salt stress perturbs the regulation of cytoplasmic Pi (Roberts et al., 1984).

Hexose would not seem to be in short supply in young leaves of salt-stressed pepper
because its concentration there was more than three times the concentration in control
leaves. But we do not know how much of the total hexose was inside cells. In most sinks,
sucrose unloads in the apoplastic space (Wyse, Briskin, and Aloni, 1985). If sugar
accumulated there because its transport into cells was limited, by ATP, for example, cells
could become sugar deficient and also osmotically stressed because of the high apoplastic
sugar concentration. Sugar that was taken up by the cells would have limited conversion
to cell material because of the reduced pools of ATP, UTP, and UDPG. The acid soluble
ester phosphate (Pe) that is located mainly in the cytoplasm was reduced by salt stress,
probably a consequence of the reduced ATP and phosphate potential. Glucose-6-P, the
most .abundant phosphate ester in corn root tips, was reduced by salt stress, along with
ATP and UDPG (Roberts et al., 1984).

In conclusion, the results of the experiments supported the hypothesis posed: a salt
stress that reduced growth of pepper and safflower, reduced nucleotide pools in shoots of
both species and the reductions were most extensive in the more salt-sensitive pepper. In
both species, the ATP pool was reduced in mature source leaf blades where major synthesis
and transpiration occurred. It was not reduced in the petioles of pepper source leaves or
in safflower buds. Young pepper leaves indicated a small reduction in ATP, but large
reductions in UTP and UDPG. Pepper also showed a large excess accumulation of sugar
in both source leaves and young leaves. Apparently photosynthetic carbon reduction
greatly exceeded the conversion of sugar into plant. This conversion could be limited by
the reduced pools of ATP, UTP, and UDPG in young, growing leaves. There was no
increased accumulation of sugar in safflower shoots. Photosynthate apparently was
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converted to cellular material as fast as it was produced. Production might have been
limited by the low ATP in source leaves. The absence of salt effects on nucleotide pools
and hexose in safflower buds seems significant in view of the fact that safflower is regarded
as salt tolerant because moderate salt stress had little effect on seed yield (Francois and
Bernstein, 1964). These experiments show that vegetative shoot growth was appreciably
reduced, but even so, roots and buds continued to grow and function as active sinks. The
maintenance of sink activity no doubt is an important property in determining salt
tolerance.
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