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Solute adjustments in leaves of two species of wheat at two
different stages of growth in response to salinity

Ralph Weimberg

Weimberg, R. 1987. Solute adjustments in leaves of two species of wheat at two dif-
ferent stages of growth in response to salinity. - Physiol. Plantarum 70: 381-388.

Changes in leaf solute concentrations in response to salinity were measured at two
growth stages in two species of wheat, Triticum turgidum L. cv. Aldura (Durum
group) and Triticum aestivum L., cv. Probred that differed in their salt tolerances.
Both species at 55 days of age were Na^-excluders, but the concentration of Na^ was
10 times higher in T, turgidum than T. aestivum at low to moderate levels of stress.
The ratio then decreased until it was 2:1 at -1.2 MPa. In T, turgidum, K* concen-
trations decreased with increasing Na* concentrations so that the sum of the two ca-
tions remained constant at all stress levels, but in T, aestivum K^ decreased more ra-
pidly than Na* increased. In both species growing in media at 0 to -0.6 MPa, the
amounts of Mĝ * and Câ -̂  in 55-day-old plants that could be extracted with hot water
were below 0.1 mmol (g dry weight) '. Then, as osmotic potentials of media de-
creased further, hot water-extractable Ca"^ increased greatly until, at -1.2 MPa,
Ca'* concentrations were almost equal to the sum of Na"̂  and K .̂ In the range of 0 to
-1.0 MPa, the ratio of C r to total cationic charge remained constant at 1:6 in T. aes-
tivum and 1:2 in T. turgidum. However, at -1.2 MPa, the ratio in both species had
changed to 2:3. Sucrose and betaine concentrations were 4 and 48 (xmol (g dry
weight)"', respectively, in non-stressed plants of both species. At -1.2 MPa, sucrose
had increased 30-fold but betaine had increased only 2.5-fold. Proline increased ex-
ponentially relative to foliar Na* in T. turgidum. In T. aestivum only plants grown at
-1.2 MPa contained sufficient Na* to stimulate the accumulation of proline. Al-
though the quantities of the solutes in leaves of non-stressed 96-day-old plants dif-
fered from those in non-stressed younger plants, the patterns of change of organic so-
lutes as the older plants were subjected to increasing saline stresses were the same as
in younger plants with the exception of sucrose. Sucrose concentrations were much
higher in leaves of non-stressed older plants and this sugar first increased and then de-
creased with decreasing osmotic potentials of media.

Additional key words - Osmotic adjustment. Salt tolerance, Triticum aestivum, Tri-
ticum turgidum.
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Introduction

"Salt tolerance" is a term invented to semi-quantita-
tively express the ability of plant species to survive and
grow in saline environments. The difficulties involved in
measuring salt tolerance are discussed by Maas and
Hoffman (1977) and Shannon (1984). Maas and Hoff-
man (1977) have divided plants into 4 major salt toler-
ance groups. This grouping, however, is not constant
but may change according to the plant's physiological

age or its stage of growth (Maas and Hoffman 1977).
Thus, in one study (Ayers et al. 1952), wheat was less
tolerant of salinity during emergence and early seedling
growth than during either germination or later stages of
growth. In another study (Francois et al. 1986), two Tri-
ticum species were more salt tolerant after the three-leaf
stage of growth than at germination.

The one distinctive feature of most plants growing in
a saline environment is that they accumulate increased
amounts of low-molecular-weight, water-soluble solutes
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in their cells. This process is called osmotic adjustment.
The compounds utilized for osmotic adjustment and the
patterns by which their concentrations change in saline-
and drought-stressed plants have been exhaustively dis-
cussed in a number of recent reviews (e.g. Greenway
and Munns 1980, Hanson and Hitz 1982, Maas and Nie-
man 1978, Radin 1983, Stewart and Ahmed 1983, Wyn
Jones 1981, Wyn Jones and Gorham 1983). It has been
inferred, but never proven, that there might be a rela-
tionship between salt tolerance and osmotic adjust-
ment.

The present paper is another attempt to show a corre-
lation between salt tolerance and the accumulation of
solutes that are believed to be involved with osmotic ad-
justment.

Materials and methods

Plant growth

The design of the experiment for growing the plants and
subjecting them to saline stresses was essentially the
same as reported in a previous study with sorghum
(Maas et al. 1986), with the entire experiment being
replicated three times. Seeds of Triticum aestivum L.,
cv. Probred, and Triticum turgidum L. (Durum group),
cv. Aldura, were planted in sand tanks inside a green-
house and irrigated 4 times each 24-h period with half-
strength Hoagland's solution (see Maas et al. 1986 for
composition). Seeds of both species were planted in the
same sand tank. The seeds were planted in April. After
10 days, salinization was begun by adding a mixture of
NaCl and CaCU in a 2:1 molar ratio to the irrigation wa-
ter (e.g. 13.2 mmol of NaCl plus 6.6 mmol of CaCU, dis-
solved in 1 I of irrigation water, will lower the osmotic
potential of the solution by 0.1 MPa). The osmotic po-
tentials of the irrigation solutions were decreased by in-
crements of 0.2 MPa at 24-h intervals until the desired
osmotic potential was reached and then held constant
for the remainder of the growth period. The final os-
motic potentials of the media not including that of the
basic half-strength Hoagland's solution ranged from 0 to
-1.2 MPa in 0.2 MPa increments.

When plants were 55 days old, the plants grown in
media at 0, -0.2, -0.4, -0.6 and -0.8 MPa had
formed 6 or 7 leaves; the plants treated with -1.0 and
- 1.2 MPa had formed 4 or 5 leaves. The youngest, ma-
ture leaf from some plants was excised and treated as
described below. The irrigation conditions were now
changed. Those plants that had not been stressed during
the first 55 days were now stressed by the NaCl-CaCU
mixture beginning on day 56. Growth media were sali-
nized as described above and plants were subjected to
stresses in the same range. After another 40 days, the
flag leaf (the youngest, mature leaf on 96-day-old
plants) and an older matured leaf (referred to in the text
as Leaf F-3) that was 3 leaves down from the flag leaf

were excised. Leaf F-3 was chosen for investigation be-
cause it was the leaf most closely corresponding to the
leaf harvested from 55-day-old plants.

Drying leaves

Leaves were harvested in mid-morning hours and dried
in an oven at 60°C for 4 days. After drying, the leaves
were weighed, ground to a moderately coarse powder
and stored at room temperature.

Extraction of leaf powder

Dried leaf powder was suspended in 5 ml HjO at a ratio
of 30 mg powder ml"' and placed in a boiling water bath
for 10 min. The suspension was cooled, the supernatant
decanted and filtered through Miracloth. The process
was repeated 2 more times, the 3 filtrates pooled and di-
luted accurately to 15 ml with water. Some experiments
were done (data not presented) to show that proline and
sucrose are not degraded by this drying and extraction
treatment. It has already been shown that betaine is not
harmed by mild heat (Grieve and Grattan 1983). These
crude extracts were used in all the assays described be-
low.

Solute determinations

K^, Na"̂ , Câ ^ and Mg'^ were assayed by atomic ab-
sorption spectrophotometry. Chemical or colorimetric
methods were used to detect chloride (Cotlove 1963),
proline (Bates et al. 1973) and betaine (Grieve and
Grattan 1983). Sucrose was hydrolyzed with invertase
and assayed as the increased amount of glucose in the
reaction mixture (Slein 1965).

Results

Solutes in leaves of plants subjected to saline stresses from
day 10 to 55 of growth

A. Na^ and K^
The concentrations of Na^ in leaves of non-stressed
plants were 100 and 10 ̂ imol (g dry weight) ' in T. turgi-
dum and r. aestivum, respectively. In plants growing in
media with osmotic potentials ranging from 0 to -0.6
MPa, foliar Na^ concentrations of both cultivars in-
creased by only small amounts as media potentials de-
creased (Fig. 1), and a 10-fold ratio in the concentra-
tions of this ion was maintained between cultivars at all
stress levels. Then, as osmotic potentials of media were
further reduced, there were large increases in the
amounts of Na^ that accumulated in leaves. Also, the
ratio of Na^ in the two cultivars decreased to 2:1 at -1.2
MPa.

K^ was present in approximately equal quantities in
leaves of non-stressed plants of both cultivars (Tab. 1).
As the plants were subjected to increasing saline
stresses, K* concentrations decreased in both cultivars
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Fig. 1. Na* concentrations in leaves of T. turgidum and T. aes-
tivum as a function of osmotic potentials of media. Each data
point is the mean of 3 replicates. Vertical bars are -I- or - SD.

but by different quantities. In T. turgidum, K* de-
creased with increasing Na* such that the sum of Na^
and K^ remained approximately constant. In T. aesti-
vum, at each step change in the osmotic potentials of
media beginning at -0.8 MPa, K"̂  decreased to a lower
amount than its concentration in T. turgidum at the
same stress level. Although Na^ concentrations were in-
creasing at the same time, this concomitant increase in
Na^ was insufficient to keep (Na^ + K"̂ ) constant. (Na"̂
-I- K*) was almost 50% lower in T. aestivum than in T.
turgidum at the severe stress levels of -1.0 and -1.2
MPa. The K'̂ îNâ  ratio in T. turgidum decreased from
10:1 in non-stressed plants to 1:1 in plants grown at
— 1.2 MPa. The K^:Na^ ratio in leaves of T. aestivum
grown at -0.2 to -1.0 MPa was very large due to the
extremely low amounts of Na^. At —1.2 MPa, Na^ con-
centrations had increased by a large amount resulting in
a ratio under this condition of 1:1.

B. Ca'* and
Hot water-extractable Ca~̂  and Mg""̂  concentrations re-
mained at or below 0.1 mmol (g dry weight)"' as long as
osmotic potentials of media were above -0.6 MPa
(Tab. 1 for Câ "̂ ; data for Mg'^ not presented). Mg-̂
concentrations remained at an average steady-state
level of 0.05 mmol (g dry weight)"' as media potentials
were lowered further. Ca-̂ ^ concentrations, on the other
hand, increased with decreasing media potentials
(which also means with increasing Ca^* concentrations
in the media) until at -1.2 MPa the hot water-extrac-
table Ca'^ concentration in T. aestivum was equal to

Tab. 1. Solute concentrations in the youngest, mature leaf of 55-day-old wheat plants subjected to several levels of saline stress.
Osmotic potentials are the potentials due to the addition of salts to the basic medium. All values are the mean ± SD of 3 replicates.
Total cation chg = Na* -I- K* -f- 2(Ca'* + Mg'^). The concentrations of Na* or Ca** in mM at each osmotic potential in the table
can be calculated from the equation: cation concentration = (osmotic potential/—0.1 MPa) (either 113.2 mM NaCIl or [6.6
CaCI,]).

Osmotic
potential
(-MPa)

Triticum
0
0.2
0.4
0.6
0.8
1.0
1.2

Triticum
0
0.2
0.4
0.6
0.8
1.0
1.2

turgidum
1.2010.04
0.8910.04
0.8210.09
0.9410.04
0.8710.01
0.7210.03
0.6910.05

aestivum
1.1210.13
1.0410.12
0.9510.10
1.0010.13
0.6910.01
0.5710.02
0.4510.03

mmol

Na" + K+

1.33
1.07
1.03
1.16
1.13
1.18
1.44

1.13
1.05
0.97
1.02
0.73
0.64
0.78

(g DW) '

Ca^*

0.10+0.01
0.0910.01
0.1010.01
0.10+0.04
0.3810.04
0.5610.10
1.1010.20

0.0810.01
0.0910.01
0.0910.01
0.1010.01
0.2510.01
0.3310.02
0.7610.02

Cl

0.2010.01
0.5310.06
0.6210.09
0.7610.08
1.0610.14
1.5110.27
3.1110.41

0.1810.02
0.2210.04
0.2310.08
0.2110.08
0.2510.05
0.3710.02
1.4810.34

CI7Total
cation chg

0.12
0.39
0.47
0.52
0.53
0.62
0.67

0.13
0.16
0.18
0.16
0.19
0.26
0.62

Proline,
|imol (g DW)"

5.610.7
5.610.6
6.210.6
9.212.0

13.814.1
66.214.5

162 +14.0

5.010.3
6.611.6
4.810.3
4.510.9
3.612.0
3.710.4

25.819.0

U>'xlog[Pro]/
' Na*

5.78
4.28
3.77
4.35
4.38
3.96
2.95

70
82
34.1
32.7
13.9
8.1
4.28
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Media osmotic potential, -MPa
Fig. 2. Sucrose concentrations in leaves of 55-day-old plants of
T. turgidum and T. aestivum as a function of osmotic potentials
of media. # , T. turgidum: O, T. aestivum. Vertical lines are the
same as Fig. 1. Linear regression line, y = 3.6 + 97x, calcu-
lated from the combined data of both cultivars.

(Na+ 4- K+), and in T. turgidum it was % of (Na"' -I-

c. cr
Both species were Cr-excluders, but T. aestivum ap-
peared to be the more efficient cultivar in excluding this
anion. The ratio of Cl" to total cationic charge in leaves
of T. aestivum and T. turgidum were 1:6 and 1:2, re-
spectively, at the levels of osmotic potentials of media
ranging from -0.2 to -1.0 MPa (Tab. 1). At -1.2
MPa, the most severe level of stress studied, Cl" con-
centrations had increased greatly relative to cations so
that the ratio in both species had changed to 2:3.

D. Proline
Proline was found in extracts of saline-stressed T. turgi-
dum plants in concentrations greater than in non-
stressed plants only if osmotic potentials of media were
—0.6 MPa or lower (Tab. 1). Proline concentrations in-
creased exponentially in T. turgidum with increasing
Na^ concentrations. The only deviation from this pat-
tern was in plants exposed to -1.2 MPa where the con-
centration of proline was less than would be expected
from this pattern. However, if proline had continued to
increase exponentially, then the weight of proline in
plants at this level of stress would have exceeded the dry
weight of the tissue.

Proline did not increase in leaves of T. aestivum over
the amounts in non-stressed plants until the growth me-
dium was at an osmotic potential of —1.2 MPa. The ob-
served concentration of proline in leaves of T. aestivum
grown at —1.2 MPa was close to the calculated amount
based on the Na^ in the tissue [0.33 mmol (g dry
weight)"'], assuming that there was the same relation-
ship between proline and Na^ in T. aestivum as in T.
turgidum.

E. Sucrose
Sucrose increased equally in T. turgidum and T. aesti-
vum plants and in a linear relationship to the external
salinity level (Fig. 2). The concentration of sucrose in
the two cultivars increased from 4 |j.mol (g dry weight) '
in non-stressed plants to 120 jimol (g dry weight)"' in
plants subjected to —1.2 MPa.

F. Betaine
Betaine, like sucrose, increased linearly with increas-
ing external stress and by essentially equal amounts in
both cultivars (Fig. 3). However, unlike sucrose which
was almost absent in non-stressed plants, betaine was
present in non-stressed plants in quantities of about
48 [imol (g dry weight) '. Although the concentration of
betaine in plants grown in media with an osmotic poten-
tial of —1.2 MPa was large, it was only 2.5 times higher
than the concentration in non-stressed plants.

Media osmotic potential, -MPa
Fig. 3. Betaine concentrations in leaves of 55-day-old plants of
T. turgidum and T. aestivum as a function of osmotic potentials
of media. Symbols and vertical lines are the same as Fig. 2.
Linear regression line, y = 48.3 + 57x, calculated from the
combined data of both cultivars.
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Tab. 2. Solute concentrations in third and flag leaves of 96-day-old plants. Details are the same as Tab. 1.

Osmotic
potential
(-MPa)

1. Triticum
Leaf F-3
0
0.4
0.8
1.2

Flag leaf
0
0.4
0.8
1.2

11. Triticum
Leaf F-3
0
0.4
0.8
1.2

Flag leaf
0
0.4
0.8
1.2

K*

turgidum

0.82+0.13
0.7710.07
0.7010.06
0.6610.02

0.46+0.05
0.4410.06
0.5210.05
0.5910.02

aestivum

0.92+0.02
0.8510.04
0.7810.04
0.78+0.04

0.3410.02
0.2510.03
0.3010.07
0.3510.02

mmol (g

Na* + K*

0.92
1.10
1.28
1.2

0.49
0.53
0.63
0.79

0.94
0.87
0.81
0.83

0.35
0.26
0.31
0.37

D W ) '

Ca^*

0.36+0.05
0.35+0.05
0.49+0.09
0.1710.02

0.1410.04
0.15+0.01
0.1810.03
0.1610.02

0.3410.04
0.3710.02
0.5710.02
0.3310.04

0.1910.03
0.32+0.06
0.31+0.07
0.2910.01

cr

0.5010.05
1.0610.11
1.5210.68
1.35+0.05

0.2310.03
0.6210.08
0.7010.06
0.9410.09

0.3710.02
0.5510.03
0.6810.02
0.6910.02

0.1710.01
0.1410.04
0.1510.03
0.1910.04

Cl/Total
cation chg

0.29
0.56
0.64
0.82

0.26
0.67
0.64
0.78

0.22
0.33
0.34
0.43

0.17
0.14
0.15
0.19

[xmol (g DW)

Proline

1211
1411
1913
30+6

1013
1415
2513
43+1

1311
1413
1413
1612

1012
1111
911

1311

Sticrose

71127
93+25
441 7
421 6

971 6
100118
103113
1041 6

521 9
88122
70123
53110

931 8
119125
108113
102+10

-1

Betaine

291 9
90+ 8

121+ 8
1931 5

421 6
89+ 6

138110
200120

131 4
541 3

1081 6
142115

191 4
88116

108122
154+10

Solutes in leaves of plants subjected to saline stress during
days 56 to 96 of growth

A. Na* and K*
Plants that were 96 days old and had been stressed for
the preceding 40 days were still efficient in excluding
Na^ from Leaf F-3 and flag leaves (Fig. 1). Also, the
Na^ ratio between the two cultivars was 10-20:1 in favor
of T. turgidum. At this older age, Na^ increased linearly
with increasing stress. The one exception was Leaf F-3
of T. lurgidum. In this leaf there appeared to be a maxi-
mum value of almost 0.6 mmol (g dry weight)"' of Na^.
Although this value is uncertain due to the lack of data
points between —0.8 and -1.2 MPa, one may neverthe-
less have confidence in the pattern shown because of the
correlation of the Na^ concentration at -1.2 MPa with
those for K^ and (Na^ + K*) in the tissue as explained
below.

K *̂  in Leaf F-3 of T. turgidum plants decreased as Na*
increased (Tab. 2), and (Na^ + K"̂ ), though slowly in-
creasing, was roughly equal to (Na* + K*) concen-
trations observed in younger plants. However, the K*
and Na* concentrations at -1.2 MPa did not change sig-
nificantly from their concentrations at —0.8 MPa and,
as a result, (Na* + K*) at -0.8 and -1.2 MPa were es-
sentially equal. The pattern was somewhat different in
the flag leaf. K* increased in the flag leaf with in-
creasing stress and so did Na* so that (Na* + K*) in-
creased, but both K* and (Na* + K*) were lower in the
flag leaf than Leaf F-3,

In T. aestivum, as in T. turgidum, K* decreased in
Leaf F-3 by amounts that would keep (Na* + K*) con-
stant. However (Na* + K*) was, on an average, 25%
lower in T. aestivum than in T. turgidum. K* was also
lower in the flag leaf of T. aestivum than T. turgidum
by about 50%, by otherwise, the pattern of change was
the same as in T. turgidum.

B. Ca^* and
The amounts of Ca'* that were extractable with hot wa-
ter were higher in non-stressed 96-day-old plants
(Tab. 2) than in non-stressed 55-day-old plants (Tab. 1).
However, unlike in younger plants, subjecting the
plants to saline stresses did not appreciably affect Ca-*
concentrations except in plants subjected to -1.2 MPa.
At -1.2 MPa there was a decrease in concentration
compared to other saline conditions of growth. In gen-
eral, there was more Ca'* in Leaf F-3 than in the flag
leaf of both species. Mg-* remained near its steady-state
level of 0.05 mmol (g dry weight)' in both species un-
der all conditions of growth.

c. cr
In T. aestivum the Cl .total cation charge ratio was 1:6
in the flag leaf and 1:3 in the Leaf F-3 (Tab. 2). Chloride
concentrations were higher in T. turgidum than in com-
parable leaves of T. aestivum and the Cl:total cation
charge ratio ranged from 1:4 to almost 1:1,
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D. Proline
Proline was present in both F-3 and flag leaves of non-
stressed plants of both cultivars (Tab. 2). As in the
younger plants, proline increased in leaves only under
conditions in which Na* also increased. Consequently,
proline increased in T. turgidum with increasing stress
but not in T. aestivum. In T. turgidum, instead of pro-
line concentrations increasing exponentially relative to
Na* as in younger plants, proline increased exponen-
tially as a function of (Na* + K*). The log [pro-
line]:(Na* + K*) ratio was lower in the 96-day-old
plants than the log [proline]:Na* ratio in the younger
plants.

E. Sucrose
Considerable amounts of sucrose were present in both
Leaf F-3 and flag leaves of both cultivars that had never
been exposed to salinity (Tab. 2). The sucrose levels in
Leaf F-3 in piants growing at -0.4 MPa were 40-70%
higher than in non-stressed plants. Sucrose concentra-
tions then decreased in Leaf F-3 from plants subjected
to more severe stress conditions but remained almost
constant in the flag leaf.

F. Betaine
Control piants of both cultivars contained betaine
(Tab. 2) but less than the amount in the younger non-
stressed plants (Fig. 3). Betaine increased more in the
older plants than in younger plants as saline stress was
increased, but the pattern of change was the same in
both cultivars at both ages. There was less of betaine in
T. aestivum than in T. turgidum. The equations for the
linear regression lines calculated from the combined
data of Leaf F-3 and the flag leaf of each cultivar were
y = 34.3 + 131x and y = 2L0 -i- 108x for T. turgidum
and T. aestivum, respectively.

Discussion

The technique employed in the present study to deter-
mine whether or not there was a correlation between
salt tolerance and osmotic adjustment was to compare
the effect of increasing levels of salinity on solute con-
centrations in leaves of two species of wheat, Triticum
aestivum, cv. Probred, and Triticum turgidum, cv. Al-
dura, that differ in their salt tolerances. T. aestivum is
the more salt-tolerant species (Francois et al. 1986).
The measurements were made at two stages of growth,
at 55 and 96 days of age, since Francois et al. (1986) also
noted that the salt tolerances of these two species in-
creased with age. In this manner, it was possible to
study changes in solute concentrations in relation to the
salt tolerances of two closely related species and, at the

same time, in relation to a changing salt tolerance
within each species.

55-Day-old plants

There appears to be two mechanisms of osmotic ad-
justment in the cultivars of wheat studied in these ex-
periments. In one mechanism, solute concentrations in
leaves increased linearly in relation to the increasing
levels of salinity in the external environment. Sucrose
and betaine are in this category (Figs 2 and 3), The two
cultivars were indistinguishable in regard to the pattern
and amounts of change in the concentrations of these
two solutes.

Na* and hot-water-soluble Ca-* also fall into this cat-
egory but they are special cases for two reasons. Firstly,
although both cultivars are Na*-excluders, there were
large differences in the amounts of Na* each cultivar ac-
cumulated at any one level of stress (Fig. 1). The same
was true for Ca-* except that the differences in concen-
trations of Ca-* in the two cultivars at any one condition
of growth were not as great as for Na* (Tab. 1). Sec-
ondly, Na* and Ca^* concentrations did not increase lin-
early in relation to osmotic potentials, but in a biphasic
manner.

The pattern for the second mechanism was that solute
concentrations were correlated with foliar cation con-
centrations and, thus, only indirectly with external sali-
nity levels. Proline and chloride are in this category
(Tab. 1). Proline concentrations increased exponentially
in relation to foliar Na* in T. turgidum plants and prob-
ably also in T. aestivum. Data of Chauhan et al. (1980)
also show an exponential increase in proline in relation
to Na* in salt-sensitive and salt-tolerant cultivars of
wheat.

According to current theory, Na* and other excess
cations accumulate in the vacuole under saline stresses,
and proline accumulates in the cytoplasm as an os-
moticum to balance the lowered osmotic potential of
the vacuole (Wyn Jones 1981). Evidence obtained with
sorghum (Weimberg 1982, Weimberg et al. 1984) and
wheatgrass (Weimberg 1986) substantiates this theory
because proline increased linearly in relation to (Na* +
K*) in amounts that were 5-10% those of (Na* + K*).
However, it is difficult to fit an exponential increase in
proline into this theory. It is known that other stimuli
besides salinity affect proline accumulation in plants
(Lange and Losch 1979). Perhaps, then, proline may be
accumulating in the cytoplasm to balance the lower os-
motic potentials of the vacuoles, but there may be pro-
line pools in other compartments that have other func-
tions.

Chloride in leaves of both species increased with in-
creasing stress, but remained at a relatively constant
proportion of the total cationic charge at all stress levels
except the most severe level studied. T. aestivum, the
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more salt-tolerant species of the two, was the more effi-
cient Cr-excluder, but this difference disappeared at
-1.2 MPa.

In T. turgidum, (Na* -I- K*) did not change (or de-
creased only by small amounts) as saline stresses in-
creased. A constant (Na* + K*) has also been reported
in Agropyron elongatum, another member of the Tri-
ticeae tribe, despite large salinity changes in the exter-
nal environment (Weimberg 1986). Thus, it would ap-
pear that wheat does not use monovalent inorganic ions
for osmotic adjustment until the plant is subjected to
very severe levels of stress. Rather, hot-water-extrac-
table Ca-* was the only inorganic cationic solute that in-
creased in quantities sufficient to have a significant ef-
fect on tissue osmotic potentials.

CaCl, was included as part of the salinizing salts along
with NaCl because it is believed that the mixture pro-
duces a "saline" environment (Bernstein 1975). If only
NaCl had been used, the environment would have been
"sodic" rather than "saline", possibly resulting in mem-
brane damage as well as producing a harmful osmotic
effect. At high concentrations of CaCU in the medium
(15 times or more Ca^* added than present in the basic
medium), increased amounts of Ca-* were taken up into
the leaf tissue where it remained in hot-water-extrac-
table form. It is not known if this same pattern would
exist in "sodic"-treated plants or even in plants grown
with less additional Ca^* than in these experiments. The
inorganic ions utilized for osmotic adjustment may de-
pend, among other factors, upon the inorganic ions
available to the plant.

The organic compounds sucrose and betaine very
likely are also used for osmotic adjustment, since they
increased linearly in response to the level of the external
salt concentrations. However, their concentrations in
crude tissue extracts were low compared to inorganic
solutes. Therefore, these compounds would have to be
retained within compartments considerably smaller
than the vacuole in order for their concentrations to be
large enough to lower the osmotic potentials of that
compartment by amounts considered effective for os-
motic adjustment.

96-Day-old plants

Comparisons between 55- and 96-day-old plants should
be made with care because biochemical changes oc-
curred in the plants at the two ages unrelated to any sali-
nity stress. For instance, Ca-*, sucrose and proline were
present in higher concentrations in leaves of 96-day-old
non-stressed plants than in similarly controlled 55-
day-old plants, while betaine and (Na* + K*) were
lower. With the exception of sucrose and Ca^*, the ef-
fects of salinity on solutes were in the same direction in
the older plants as in 55-day-old plants though quantita-
tively different; e.g. (Na* + K*) remained reasonably
constant at all salinity levels, T. aestivum was the more
efficient Na*- and Cl -excluder of the two species, pro-

line increased more in T. turgidum than T. aestivum
with increasing stress, and betaine increased linearly
with increasing stress but by larger amounts than in 55-
day-old plants (Tab. 2). T. aestivum was able to keep a
Cl /total cationic charge ratio of 1:6 in Leaf F-3 and 1:3
in the flag leaf, while in T. turgidum the ratio was be-
tween 1:2 and 1:1 in the same leaves.

Sucrose was the one organic solute whose patterns of
change were qualitatively different in the older plants.
Sucrose concentrations in non-stressed plants were
higher compared to 55-day-old non-stressed plants.

To summarize, at the biochemical level the responses
of these two wheat species to salinity were remarkably
similar. Other than the fact that proline concentrations
in 55-day-old plants increased exponentially in relation
to Na* rather than linearly, there was nothing unusual
in the pattern of osmotic solute accumulation. The de-
veloping concept that salt tolerance in glycophytes is re-
lated to the ability of a plant species to avoid accumula-
ting excess monovalent cations in leaves (Jeschke 1984,
Lauchii 1984, Luttge 1983), seems to apply to the two
cultivars of this investigation. At the same time, though,
salt tolerance also seemed correlated with Cr-exclu-
sion. Perhaps the exclusion of both ions is related.
Growth inhibition may be due to either the absolute
concentration of Na* in tissue or an increased Na*:K*
ratio. Kingsbury et al. (1984) and Chauhan et al. (1980)
have presented data that support this latter idea. Other
than for Ca^* and sucrose, the changes in solute concen-
trations due to the effects of salinity followed similar
patterns at the two ages. The differences that were ob-
served can be considered as quantitative and not quali-
tative, and these quantitative differences seemed re-
lated to the age of the plants and not to the age of the
leaves. Gorham et al. (1986) and Yeo and Flowers
(1986) came to different conclusions, but they were
comparing solute concentrations in young rapidly grow-
ing tissue to those in mature leaves.
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