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Abstract.  Although the mechanisms of salt tolerance in plants have received much attention for many years,
genotypic differences influencing salt tolerance still remain uncertain. To investigate the key physiological factors
associated with genotypic differences in salt tolerance of wheat and their relationship to salt stress, 13 wheat
genotypes from Egypt, Australia, India, and Germany, that differ in their salt tolerances, were grown in a greenhouse
in soils of 4 different salinity levels (control, 50, 100, and 150 mM NaCl). Relative growth rate (RGR), net assimilation
rate (NAR), leaf area ratio (LAR), photosynthesis, chlorophyll content (SPAD value), and leaf water relations
were measured at Days 45 and 60 after sowing. Mineral nutrient content in leaves and stems was determined at
Day 45 and final harvest. Salinity reduced RGR, NAR, photosynthetic rate, stomatal conductance, water and osmotic
potentials, and K+ and Ca®* content in stems and leaves at all times, whereas it increased leaf respiration, and Na™
and CI~ content in leaves and stems. LAR was not affected by salinity and the effect of salinity on SPAD value was
genotype-dependent. Growth of salt-tolerant genotypes (Sakha 8, Sakha 93, and Kharchia) was affected by salinity
primarily due to a decline in photosynthetic capacity rather than a reduction in leaf area, whereas NAR was the
more important factor in determining RGR of moderately tolerant and salt-sensitive genotypes. We conclude that
Na™ and CI~ exclusion did not always reflect the salt tolerance, whereas K* in the leaves and Ca®" in the leaves
and stems were closely associated with genotypic differences in salt tolerance among the 13 genotypes even at
Day 45. Calcium content showed a greater difference in salt tolerance among the genotypes than did K* content.
The genotypic variation in salt tolerance was also observed for the parameters involved in photosynthesis, and water
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and osmotic potentials, but not for turgor pressure.
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Introduction

Salinity limits plant production in nearly 40% of agricultural
lands worldwide (Gorham 1992). However, a rapid increase
in demand for food production is inevitable due to the world
population rising to 8.5 billion by the year 2025 (Ghassemi
et al. 1995). Therefore, there is a need to have salt-tolerant
crop genotypes in saline lands for proper cultivation to meet
this increasing demand. Achieving this goal by breeding
requires a better understanding of the role of physiological
parameters in the salt tolerance of different genotypes so that
the traits leading to salt tolerance can be introduced in the
new genotypes.

A key parameter is growth rate. Under saline conditions,
the relative growth rate of plants (RGR) has been considered
to allow more appropriate comparisons of growth among
species or genotypes than absolute growth rate (Cramer ef al.
1994). The RGR is a function of the net assimilation rate
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(NAR), which is an index of the photosynthetic-assimilatory
capacity of the plant per unit leaf area, and of the leaf-area
ratio (LAR), which is an index of the leafiness of the plant
(Hunt 1990). At the level of the whole plant, therefore, these
growth parameters may make it possible to clarify whether
genotypic variation in salt tolerance can be attributed to
morphological changes or photosynthetic response (Ishikawa
etal. 1991).

Salinity inhibits plant growth mainly by water deficit, ion
toxicity, and ion imbalance (Greenway and Munns 1980). In
wheat, genotypic variation in salt tolerance has been found
to be associated with low rates of Na™ uptake and transport,
and high selectivity for K+ or Ca?* over Nat (Schachtman
and Munns 1992; Marschner 1995), whereas there is little
genotypic variation in rates of Cl~ uptake and transport
(Gorham ef al. 1990). By contrast, a negative correlation
between salt tolerance and Na™ exclusion has been found in
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alfalfa (Ashrafet al. 1986), maize (Cramer ef al. 1994), lentil
(Ashrafand Waheed 1993), cotton (Leidi and Saiz 1997), and
rice (Yeo and Flowers 1983). In saline soils, salinity causes
not only high Nat and Cl~ accumulation in plants, but it
can also influence the uptake of essential nutrients such as
K+ and Ca®* due to the effect of ion selectivity (Marschner
1995). The reduced K+ and Ca®* in plants, in turn, affect the
integrity and functioning of the cell membranes under saline
conditions, which has been suggested to be an important
selection criterion for salt tolerance (Gorham et al. 1987).
However, in wheat, variation in ion selectivity (e.g. K¥)
among genotypes was only considered to be a secondary
result of genetic variation in Na™ uptake (Munns and James
2003). Therefore, it is necessary to study the role of tissue
ion content in salt tolerance of plants to identify whether
exclusion of Na™ or CI~, or selectivity of K+ or Ca’* is the
more important trait for salt tolerance of plants, and of wheat
in particular.

The sensitivity of photosynthesis to salinity in different
genotypes is also of interest (Heuer and Plaut 1989), given
that photosynthesis is a major factor in the determination of
growth. A close association was previously found between
growth and photosynthetic rate in 6 Brassica species that
differed in their salt tolerances (Ashraf 2001). Similarly,
in wheat, James et al. (2002) found that differences in
the rate of photosynthesis likely accounted for genotypic
variation in dry matter production. By contrast, other studies
found little or no association between growth and rate
of photosynthesis in species such as Hibiscus cannabinus
(Curtis and Lauchli 1986), Trifolium repens (Rogers and
Noble 1992), and Triticum aestivum (Hawkins and Lewis
1993). Any reductions in the rate of photosynthesis by
salinity could also be due to lower stomatal conductance
(gs) (Seemann and Critchley 1985). Therefore, genotypic
differences in gy under salinity are also of interest. For
instance, Rivelli et al. (2002) observed that g of a low-Na™
durum landrace was reduced to a greater extent than that
of a high-Na' durum landrace when plants were grown
in a short-termexperiment at 150mM NaCl. Thus, we
hypothesise that genotypic differences in salt tolerance
may also be associated with differential responses of the
photosynthetic parameters of the plants.

The presence of salt in soil solution decreases the osmotic
potential of soil, thereby resulting in water stress and making
it difficult for the plant to absorb water necessary for growth.
As such, leaf water potential is also decreased (Munns
1993), although this decrease is accompanied by a decrease
in leaf osmotic potential so as to maintain the leaf turgor
pressure of the salinised plant (Tattini et al. 1995). Leaf water
potential and leaf osmotic potential were always observed to
be less negative in salt-tolerant genotypes of sorghum than
in salt-sensitive forms (Serraj and Sinclair 2002). Generally,
plants are able to tolerate salinity by reducing leaf osmotic
potential via either the synthesis of organic solutes or the
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accumulation of inorganic ions (Hasegawa efal. 2000).
Therefore, genotypic differences in salt tolerance may also
reflect the importance of the leaf water relations of the plant.

It is clear from the preceding that much fragmentary
information exists with regard to the physiological
determinants of salt tolerance in plants, especially with
respect to their association with genotypic differences.
Therefore, the objective of this study was to provide a
more comprehensive understanding of the role of numerous
physiological parameters in determining the salt tolerance
among 13 wheat genotypes grown in soil under saline
conditions within the same experiment.

Materials and methods
Plant material

Thirteen varieties of spring wheat (7riticum aestivum L.) from different
countries were used in this study. Eight varieties (Sakha 8, Sakha 93,
Sakha 61, Sakha 69, Giza 168, Sids 1, Sahel 1, and Gemmeza 7) were
obtained from the Agricultural Research Centre, Giza, Egypt. Sakha 8
and Sakha 93 are usually cultivated in saline areas in Egypt. Additionally,
Thasos and Triso were obtained from Germany, Westonia and Drysdale
from Australia, and Kharchia was from India. Kharchia is the most
salt-tolerant of all wheat genotypes, and is used as a standard for salt
tolerance tests of wheat worldwide.

Growth conditions

This study was carried out in the greenhouse from the middle of March
to the middle of August 2002. The air temperature ranged from 23 to
28°C in the daytime and from 15 to 18°C at night. Relative humidity
fluctuated between 45 and 85% between day and night.

Loamy soil was collected from the soil surface (0—15cm). The
soil was air-dried, ground, passed through a 5-mm mesh screen, and
thoroughly mixed. The soil consisted of 23% clay, 48% silt, and 29%
sand, and the organic matter content was 1.66%. The air-dried soil, which
had a gravimetric water content of 9%, was filled layer-wise in 4 layers
in 7-L pots.

Four salt levels (control (no added NaCl), 50, 100, and 150 mm
NaCl) in the soil were applied. The final water content (25% on
dry soil basis) was achieved by adding tap water or salt solution
(50, 100, and 150 mm NaCl) to each layer. To avoid an osmotic shock
for seedling emergence, however, the topmost soil layer was not
salinised until 10 days after sowing. Twenty-five seeds were sown
in each pot. One week after sowing, the seedlings were thinned to
20 per pot.

Nitrogen, and P and K were initially applied as 0.2 gNH4NO; and
as 0.2gKH,PO4 per pot, respectively. The same amounts of N, P,
and K were applied another 3 times at 20, 40, and 60 days after sowing.
During the experiment, the pots were weighed daily and the water
loss was replaced by adding tap water as needed. All treatments were
replicated 4 times.

Three plants at 45 days after sowing and 5 plants at grain maturity
were randomly sampled from each pot. Plants were harvested and
separated into leaves and stems. Samples were dried at 65°C for 48 h.
Dried samples were stored for ion analysis.

Growth analysis

Three plants at 45 and 60 days after sowing were randomly sampled
from each pot. Plants were harvested and separated into leaves and
stems. Leaf area was measured using a LI-3000 Area Metre (LI-COR,
Walz Co., OR, USA). After the leaf area was determined, the samples
were dried at 65°C for 48 h and then their dry weights were determined.
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RGR (g/g.day), NAR (g/m?.day), and LAR (m?/g) were derived using
the following equations (Hunt 1990):
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where W, T, and L, are plant dry weight (g), time (day), and leaf area
(m?), respectively.

Analysis of ion concentrations

Oven-dried samples of leaves and stems of plants at 45 days after
sowing and at final harvest were ground into a fine powder by passing
them through a 0.5-mm-diam. sieve. For the determination of Na™,
K*, and Ca?* content, 300 mg of ground dry material of the stems or
leaves was digested by adding 3 mL concentrated HNO;3 (65%) and
2mL H,0; (30%) for 30 min at 2600 kPa (80 psi) in a MDS-2100
microwave oven (CEM Corp., Matthews, NC, USA). After digestion,
each sample was brought up to a 50-mL final volume with distilled-
deionised water. The concentration of Na™ was determined with an
Inductively Coupled Plasma Emission Spectrometer (ICP model Liberty
200, Varian Australia Pty Ltd, Mulgrave, Vic., Australia). The K™ and
Ca?* contents were determined with a flame photometer (ELEX 6361,
Eppendorf, Netheler-Hinz GmbH., Germany).

For Cl17, 100mg of ground sample was extracted with 100 mL
distilled water and was shaken for 1h and then filtered. Chloride was
determined using an ion chromatography analyser (Model LC20-1,
Dionex, Sunnyvale, CA 94086, USA).

Photosynthetic parameters

Photosynthetic rate (4), stomatal conductance (g;), respiration rate (R),
and transpiration rate (£) were determined on the second-youngest leaf
that was fully expanded at 45 and 60 days after sowing. Measurements
were made with a LI-COR 6400 portable gas exchange system
(Analytical Development Co., England). Because the leaf did not
fill the leaf chamber, the leaf area was determined independently
and photosynthetic parameters were estimated with a re-computation
program (LI-COR, Lincoln, NE, USA). Measurements were conducted
in a growth chamber during the light period. Plants were transferred into
the growth chamber (with an air temperature of 25°C, a photosynthetic
photon flux density of 750 wmol/m?.s, and a CO; level of 400 pmol/mol)
1 day before the measurements were performed.

Leaf chlorophyll measurement

Leaf chlorophyll content was determined using a hand-held
SPAD 502m (Minolta, Osaka, Japan). Average SPAD chlorophyll
readings were calculated from 5 measurements from the leaf tip
to the leaf base. The measurements were made at 45 and 60 days
after sowing.

Water relation measurements

Leaf water potential (V) and osmotic potential (V) from the middle of
the second-youngest leaf with a fully developed blade were measured
2 times each at 45 and 60 days after sowing. ¥ was measured with
a pressure bomb (PMS Instrument Co., model 1002, Corvalis Co.,
OR, USA) according to the technique of Scholander et al. (1965).
Immediately after ¥ was determined, the leaf material was frozen in
dry ice. The leaf samples were then thawed at room temperature, placed
in a syringe, and the leaf sap was expressed under pressure; W, was then
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determined with a vapour pressure osmometer (Wescor 5100C, Wescor
Inc., Logan, USA). Turgor pressure (T,) was estimated as the difference
between W, and W.

Statistical analysis of data

A factorial experimental design with 13 genotypes and 4 salinity levels
was arranged in a completely randomised design with 4 replications.
Data were analysed by ANOVAs using COSTAT Version 3.03 (software,
Berkeley, CA 94701, USA). Relationships between the scores of grain
yield and the scores of different physiological parameters were analysed
by simple linear regression using JMP (SAS Institute 2000).

Results

The 13 genotypes used in this study were classified
into 3 groups: salt-tolerant (Kharchia, Sakha 93, and
Sakha 8), moderately tolerant (Drysdale and Sakha 69),
and salt-sensitive genotypes (Westonia, Giza 168, Sakha 61,
Gemmeza 7, Sids 1, Thasos, Triso, and Sahel 1) based on
the rankings of these genotypes in terms of grain yield and
agronomic parameters (El-Hendawy er al. 2004). Thus, in
Figs 1-5, the salt tolerance of the genotypes increases in
going to the right.

Genotypic variation in growth

RGR and NAR decreased significantly with increasing
salinity (Fig. 1). Both parameters were reduced by about 20%
at 50 mM NaCl, 37% at 100 mM NaCl, and 43% at 150 mM
NaCl as compared with the control. However, there was no
significant effect of salinity on LAR (Fig. 1).

At a given salinity level, both RGR and NAR increased
with the increasing salt tolerance of the wheat genotype
(Fig. 1). For example, RGR and NAR for salt-tolerant,
moderately tolerant, and salt-sensitive groups were decreased
by an average of 8, 17, and 21% at 50mm NaCl; 10, 30,
and 42% at 100 mM NaCl; and 7, 27, and 55% at 150 mm
NaCl, respectively; compared with the control. However, no
genotypic variation was observed for LAR (Fig. 1).

Genotypic variation in ion content

Sodium and CI~ contents in the leaves and stems were
increased at both Day 45 and final harvest with increasing
salinity (Fig. 2). For example, compared with the control,
Na™ content in the leaves and stems was increased by about
2-, 4-, and 7-fold at Day 45, and by 8-, 18-, and 39-fold at
final harvest at 50, 100, and 150 mM NaCl, respectively. The
analogous values for C1~ were about 9-, 12-, and 14-fold at
Day 45, and 17-,21-, and 28-fold at final harvest, respectively.

Differences among the 3 genotypic groups were greater
for Na™ and CI~ content in the leaves than in the stems, and
also at final harvest than at Day 45 (Fig. 2). For example, at
150 mM NaCl, Nat and C1~ contents in the leaves of the salt-
tolerant group were increased by an average of 4- and 11-fold
at Day 45, and 26- and 16-fold at final harvest, respectively, as
compared with the control. However, Na™ and Cl~ contents
in the leaves of the salt-sensitive group were increased by an
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Fig. 1. Effect of different salinity levels on RGR, NAR, and LAR of

different wheat genotypes 45 and 60 days after sowing. Error bars, which
fit within the plot symbol if not shown, represent standard deviations.

average of 9- and 18-fold at Day 45, and 48- and 36-fold at
final harvest, respectively. The contents of Na™ and C1~ in
the stems were increased by an average of 4- and 10-fold
at Day 45, and 31- and 29-fold at final harvest for the
salt-tolerant group, and by 9- and 13-fold at Day 45,
and 47- and 29-fold at final harvest for the salt-sensitive
group, respectively, when comparing 150 mM NaCl with
the control. The patterns of Na™ and Cl~ contents in
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the leaves and stems for the moderately tolerant group
were much more similar to those of the salt-tolerant
group than to those of the salt-sensitive group (Fig. 2).
Surprisingly, Westonia displayed a low Na™ content even
though it was the most sensitive genotype examined.
In contrast to Na* content, however, Westonia had a higher
CI™ content in the leaves than did genotypes in the salt-
tolerant group.

Salinity reduced Kt and especially Ca?* content in the
leaves and stems. Furthermore, the decrease in K™ content in
the leaves was greater than that in stems, whereas the decrease
in Ca** content in the leaves and stems was similar. The
decrease in K and Ca?* content in the leaves and stems was
similar at both harvest times (Fig. 3).

Fig. 3 shows obvious differences among the 3 genotypic
groups in Kt and Ca®* content in the leaves. The salt-tolerant
group had higher K* and Ca?* contents in the leaves than
did the moderately tolerant and salt-sensitive groups. For
example, at moderate and high salinity levels, K+ and Ca®*
contents in the leaves for the salt-tolerant genotypes were
about 19 and 32% higher at Day 45 and 15 and 19% higher
at final harvest than the values in the moderately tolerant
genotypes, and about 36 and 49% higher at Day 45 and 42
and 55% higher at final harvest than the values in the salt-
sensitive genotypes. Compared with the genotypic variation
in Nat and K* content in the stems, the Ca?t content in
the stems demonstrated a greater genotypic difference. At
the moderate and high salinity levels, Ca?>* content in the
stems for the salt-tolerant group was about 54 and 69% higher
at Day 45 and 44 and 57% higher at final harvest than the
values in the moderately tolerant and salt-sensitive groups,
respectively (Fig. 3).

Genotypic variation in photosynthetic parameters

Data of photosynthetic rate (4), stomatal conductance (gs),
and respiration rate (R) at Day 45 after sowing are presented
in Fig. 4. However, the results at Day 60 were only given in
the text. Compared with the control, 4 at 50, 100, and 150 mm
NaCl was reduced by 15, 23, and 28% at Day 45 and by 19,
37, and 40% at Day 60, respectively, whereas gz was reduced
by 31, 43, and 49% at Day 45 and by 29, 53, and 56% at
Day 60, respectively. At both time points, R was increased by
approximately 1.8, 2.1, and 2.6 times at 50, 100, and 150 mm
NacCl, respectively, compared with the control.

There were also genotypic differences in 4 at Day 60, and
in g and R at both measurement times. The photosynthetic
rate of the salt-tolerant genotypes at low salinity was
increased, but at high salinity it was decreased by about 14%
at both times. By contrast, 4 of the moderately tolerant and
salt-sensitive groups at low salinity decreased by an average
of 4 and 28% at Day 45, and by 15 and 28% at Day 60
compared with the control; at high salinity it decreased by
an average of 14 and 36% at Day 45 and by 28 and 50%
at Day 60, respectively. The reduction in g for all 3 groups
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Fig. 2. Effect of different salinity levels on sodium and chloride content in the leaves and stems at Day 45 after
sowing and at final harvest for different wheat genotypes. Error bars, which fit within the plot symbol if not shown,

represent standard deviation.

was greater than that for 4. At both measurement times, g; at
150 mMm NaCl was reduced by an average of 35% for the salt-
tolerant, 40% for the moderately tolerant, and 60% for the
salt-sensitive genotypes, as compared with the control. The

increase in R for the salt-sensitive genotypes was higher than
that in the salt-tolerant and moderately tolerant genotypes. At
both measurement times, R was reduced by about 1.2 times at
low salinity and 1.7 times at high salinity for the salt-tolerant



128

K* (mmol/kg DW)

Ca?* (mmol/kg DW)

1800

1500

1200

900

600

300

1800 |

1500 |

1200 |

900 |

600 |

300 |

700 |
600 |
500 |
400 [

300 |

Australian Journal of Agricultural Research

At day 45

S. E. El-Hendawy ef al.

At final harvest

Control

50 mM NaCl
100 mM NaCl
150 mM NacCl

200 [ F

100 |

250 [

200 [

150 |

N Q) Ao 52 Y P 0 (b{b N

d R @

$®°}013’ N 6\%“ < (3* Oﬂ b% \[S‘ $e°’
Gen

Ste

(\\'0 RSk N /\66 %o«‘\e \ ‘4':)‘5,<> 'b%gfb‘(\\?’

>
‘(‘ \(\'b

> K\Q’ BN
1,%\66\6\ N\ ‘l~

o
0(*

otypes

Fig. 3. Effect of different salinity levels on potassium and calcium content in the leaves and stems at Day 45 after
sowing and at final harvest for different wheat genotypes. Error bars, which fit within the plot symbol if not shown,
represent standard deviation.
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Fig. 4. Effect of different salinity levels on photosynthetic parameters
and chlorophyll content (SPAD value) at 45 days after sowing for
different wheat genotypes. Error bars, which fit within the plot symbol
if not shown, represent standard deviations.
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and moderately tolerant groups as compared with the control,
whereas it was decreased by about 2.2 times at low salinity
and 3.2 times at high salinity for the salt-sensitive group.

Genotypic variation in chlorophyll content (SPAD value)

The effect of salinity on SPAD values varied according to the
salt tolerance of the genotypes (data at Day 45 only presented
in Fig. 4). SPAD values in the salt-tolerant group increased
slightly with salinity at Days 45 and 60, whereas the opposite
was found in the salt-sensitive group. For instance, SPAD
values decreased by about 6 and 8% at Day 45 and by about 19
and 28% at Day 60 at low and high salinity levels, respectively,
as compared with the control. The effect of salinity on SPAD
values in the moderately tolerant group also differed with
measurement time. It was slightly increased with increasing
salinity at Day 45, whereas it was decreased by about 7% at
high salinity at Day 60.

Genotypic variation in leaf water relations

Salinity significantly affected both leaf water potential (W)
and osmotic potential (V) at Day 45 (Fig.5). Data at
Day 60 are similar to those at Day 45 and are not presented.
Leaf W was decreased by 0.45, 0.71, and 0.81 MPa at
Day 45. Leaf W; was decreased by 0.62, 0.92, and
1.05 MPa at Day 45. Leaf turgor pressure (T},) was increased
by 0.20, 0.24, and 0.28MPa at Day 45 when salinity
increased from the control to 50, 100, and 150 mM NaCl,
respectively (Fig. 5).

The salt-tolerant genotypes had significantly higher leaf
W compared with other genotypes. A difference in leaf Wy
among the 3 groups was observed only at low salinity at
Day 45. There was almost no genotypic difference in leaf Tj,
regardless of salinity level.

Discussion

Role of growth in determining the salt tolerance of wheat
genotypes

At the whole-plant level, the decreases observed in RGR
could be attributed to a photosynthetic response (NAR)
and/or morphological changes (LAR), depending on the
genotype (Hunt 1990; Ishikawa ef al. 1991). The results
from the present study demonstrate that the decrease in
RGR for the salt-tolerant genotypes Sakha 8, Sakha 93,
and Kharchia was related to NAR, but not to LAR (Fig. 1),
indicating that the reduced growth in these genotypes under
salinity was primarily a result of a decline in the rate
of photosynthesis. These results are in agreement with
the reports by Cramer ef al. (1994). A similar trend was
found in the salt-sensitive genotypes Sids 1, Sahel 1, and
Gemmeza 7. However, the reduction in RGR of both the
other salt-sensitive genotypes (Sakha 61, Giza 168, Thasos,
Triso, and Westonia) and the moderately tolerant genotypes
Sakha 69 and Drysdale was associated with both NAR and
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Fig. 5. Effect of different salinity levels on leaf water potential (W),
osmotic potential (W) and turgor pressure (T},) at 45 days after sowing
for different wheat genotypes. Error bars, which fit within the plot
symbol if not shown, represent standard deviations.

LAR (Fig. 1). This suggests that both leaf expansion and
photosynthetic rate are the growth-limiting factors in these
genotypes (Morales et al. 1998).
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Role of exclusion of Na™ and CI™ in determining the salt
tolerance of wheat genotypes

The exclusion of harmful ions (Na* and C17™) from the shoots
has been found to be associated with genotypic variation
in salt tolerance (Greenway and Munns 1980). For those
genotypes that cannot exclude toxic ions from the shoots, salt
builds up to toxic levels in the leaves, becoming the major
cause of reduced growth (Munns 1993). The results from
the present study found that the salt-tolerant genotypes had
among the lowest Na™ and CI~ content in the leaves and
stems at both Day 45 and final harvest (Fig. 2), suggesting
that these genotypes had a better ability to exclude harmful
ions from the shoots, which in turn contributed to their salt
tolerance. However, this study also showed that the salt-
sensitive genotypes did not necessarily have the highest Na*
and CI™ content in the plant tissues. For example, Westonia
had the lowest Na™ content in the leaves and stems at
both sampling times regardless of levels of salinity (Fig. 2).
However, another mechanism in plants to combat salinity is
to sequester the toxic ions Na™ or C1™ into vacuoles, which
would result in the higher tissue Na™ or C1~content observed
in salt-tolerant plants. Munns and James (2003) reported that
several salt-tolerant wheat genotypes do indeed demonstrate
very high leaf Na™ levels. Similarly, other studies have
demonstrated that salt tolerance is not necessarily correlated
with the content of leafNa™ in several plant species, including
rice (Yeo and Flowers 1983), maize (Cramer ef al. 1994), and
cotton (Leidi and Saiz 1997).

The results in Fig. 2 show that there was no difference
in ClI~ content in the stem between salt-tolerant and
salt-sensitive genotypes for both sampling times, which is
consistent with the finding of little genotypic variation within
the wheat genus 7riticum in CI~ accumulation by Gorham
etal. (1990). A review by Ashraf (2004) summarised
that glycophytes can use both ion exclusion and inclusion
mechanisms in response to saline substrates. The mechanism
that is used depends on the pattern of ion distribution
between the leaves and on ion compartmentation within the
cell (Greenway and Munns 1980; Cheeseman 1988; Munns
et al. 2002). Given this complexity, it is only with a full
understanding of the ion response mechanisms of a
particular species that ion content measurements per se
would serve as selection indicators for salt tolerance
(Ashraf 2004).

Role of KT and Ca?* in determining the salt tolerance
of wheat genotypes

In saline soils, salinity not only causes high Na* and CI~
accumulation in plants, it also influences the uptake of
essential nutrients such as K* and Ca?* through the effects of
ion selectivity (Marschner 1995). Therefore, the maintenance
of higher KT and Ca?" contents in salt-tolerant genotypes
may be one of the mechanisms underlying their superior salt
tolerance. However, Munns and James (2003) suggested that
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variation in ion selectivity (e.g. KT) among genotypes of
wheat is probably a secondary result of genetic variation
in Na™ uptake. In the present study, significant genotypic
variation in K* and Ca®* contents in the leaves and stems
existed compared with the exclusion of Na™ and C1~ (Fig. 2).
Both K* and Ca®* contents were highest in the salt-tolerant
genotypes and lowest in the salt-sensitive genotypes. For K™,
the variation among genotypes was greater in the leaves
than in the stems for all salinised treatments. Calcium
content showed a greater variation among the genotypes
than that of K.

We can speculate that the lower K™ and Ca’*
contents observed the in salt-sensitive genotypes may
explain their higher sensitivity to salinity, given that
under saline conditions, both ions play an important role
in essential physiological processes. At the cellular and
whole-plant level, K* is involved in the maintenance of
tissue rigidity, leaf stomatal movement, turgor maintenance,
and osmoregulation, and is one of the most prominent
inorganic solutes in charge balance, protein synthesis, and
homeostasis (Chow ef al. 1990). Maathuis and Amtmann
(1999) emphasised that one of the key elements in salinity
tolerance is capacity to maintain a high cytosolic K*/Na™t
ratio because cytoplasmic Na™ competes for KT binding
sites and hence inhibits metabolic processes that crucially
depend on K.

Calcium is important in preserving the integrity of the
cell membrane during salt stress (Rengel 1992), influencing
K*/Na*t selectivity (Cramer 2002), and is also used as a
secondary messenger in many signal transduction pathways
within the cell (Knight 2000). Shabala efal. (2003)
reported that high Ca?t caused almost complete recovery
of membrane potential in root cells, which may be able to
prevent KT leakage from the cell. As a result, the K*/Na™
ratio will be restored and cell metabolic functions will be
preserved. Because high Ca’t prevented net KT efflux
and activity of the plasma membrane H*-pumb, plasma
membrane K™ and H™ transporters play the key role in the
amelioration of negative salt effects by Ca>* (Shabala 2000).
Non-selective cation channels are generally considered to
constitute the major pathway for Na™ influx, which may be
inhibited by Ca?* (Demidchik and Tester 2002; Essah et al.
2003). The ameliorative effects of Ca>* on Na™ toxicity in
plants have been reported since as far back as 1902 (LaHaye
and Epstein 1971). In the past 2 decades, however, there has
been a very large number of papers published on Nat—Ca®*
interactions in plants (Cramer 2002). However, because
Ca’*t does not always completely ameliorate the inhibition
of growth by Na™ for most plants, and because salinity can
disturb normal functions without disturbing overall Ca®*
tissue concentrations, especially in the early growth stages
(Cramer 2002), Ca’T content in the plant has not typically
been proposed as a useful trait for the screening of salt
tolerance of wheat genotypes. Compared with the traits of
Na™ and CI~ exclusion, however, the far greater genotypic
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variation that we observed in the Ca’t content of wheat
plants (even at 45 days) in the present study strongly suggests
the potential utility of Ca>* content for the screening of salt
tolerance of wheat genotypes. Similarly, it has been found
that plant Ca®T content was highly correlated with relative
salt-tolerance of 6 Brassica species (He and Cramer 1993a)
and also in Cicer arietinum (Soussi et al. 2001). However,
He and Cramer (1993a, 1993b) reported that the salt
tolerance of Brassica napus was associated with a
reduction in Ca?t content at a cellular level, but not in
whole plants.

Role of leaf photosynthesis in determining the salt
tolerance of wheat genotypes

The reduction in leaf photosynthesis for salinised treatments
derives from the integrated effects of salinity on NAR (Hunt
1990; Ishikawa et al. 1991) and on the Nat and C1~ contents
in the leaves (James et al. 2002), with the Na™ and CI™
contents in the leaves being negatively correlated with the
photosynthesis rate (4) (Table 1). A4 of salt-tolerant genotypes
was slightly affected by increasing salinity, whereas in salt-
sensitive genotypes, A was lower by about 1.4 times at low
salinity and by about 1.6 times at moderate and high salinity
(Fig. 4). Tattini ef al. (1995) reported that, under saline
conditions, decreases in 4 and increases in R may slow down
growth or stop it entirely. In the salt-sensitive genotypes, R
was about 2.1 times higher at low salinity and about 2.3 times
higher at moderate and high salinities than in the salt-tolerant
genotypes. In their study of Xanthium, Schwarz and Gale
(1981) found that 80% of the reduced carbon assimilation
could be accounted for by a reduction in 4, with 20-25%
being the result of an increase in R. However, the distributions
contributing to reduced carbon assimilations probably vary
among species and their salt tolerances. Additionally,

Table 1. Correlation coefficients between photosynthesis rate (4)
and Nat and CI~ contents in leaves, and between 4 and stomatal
conductance (g;) and chlorophyll content (SPAD value), respectively
Correlation analysis was performed using the replicates of each
treatment with data combined across salt levels

Genotypes Na't Cl- g5 Chl.

Westonia —0.79%** —0.76%** 0.64%* 0.06 n.s.
Giza 168 —0.88%** —0.98*** 0.96%** 0.84%**
Sakha 61 —0.88*** —0.94%** 0.93%** 0.84%**
Gemmeza 7 —(0.93%** —0.93%%* 0.96%** -0.19 n.s.
Sids 1 —0.90%** —0.8]#** 0.90%** 0.13 n.s.
Thassos —0.87%** —0.94%** 0.97%** 0.89%**
Triso —0.88*** —0.97%** 0.98%** 0.87%**
Sahel 1 —0.77%** —.93%%* 0.89%** -0.07 n.s.
Sakha 69 -0.44 n.s. —0.50* 0.80%** -0.04 n.s.
Drysdale —0.63%* —0.68%* 0.66** —0.37 n.s.
Sakha 8 —0.40 n.s. —0.49 n.s. 0.72%** —0.46 n.s.
Sakha 93 -0.48 n.s. -0.47 n.s. 0.72%** -0.36 n.s.
Kharchia —0.43 n.s. -0.42 n.s. 0.69%* -0.33 n.s.

n.s., Not significant; *P < 0.05; **P < 0.01; ***P < 0.001.
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Semikhatova ef al. (1993) found that increased R derives
mainly from the additional energy cost for the salt economy
of the cell (i.e. pumping ions from the cytoplasm into the
vacuole). Therefore, increases in R in salt-sensitive genotypes
may be related to accumulation of harmful ions in cytoplasm
that could reduce the efficiency of RuBP carboxylase and
other enzymes that are related to photosynthetic capacity
(Seemann and Critchley 1985).

The reduction in A4 by salinity can be due to either stomatal
or non-stomatal factors (Heuer and Plaut 1989). The data
presented here show that salinity significantly decreased g
for all genotypes. Furthermore, 4 was significantly correlated
with g; in all genotypes (Table 1). It is also noteworthy that
the reduction in g, for the salt-tolerant genotypes was greater
than that for 4. This indicates that the reduction in 4 for these
genotypes is largely due to the reduction in gg. Similarly,
Robinson ef al. (1983) found that although g, of salt-tolerant
spinach genotypes was decreased by 350 mM NaCl, the
significant decrease in 4 was observed. The reduction in
A of the moderately tolerant and salt-sensitive genotypes
was associated with a combination of stomatal and non-
stomatal factors (Heuer and Plaut 1989). This conclusion is
supported by the significant correlation between 4 and g and
Nat and CI~ contents in the leaves at Day 45 in both
genotypes (Table 1).

The reduction in photosynthesis under salinity can also be
attributed to a decrease in chlorophyll content (Delfine et al.
1999). Here, the results of analyses of chlorophyll content
(SPAD value) showed a varying pattern among genotypes.
In the salt-tolerant genotypes, chlorophyll content increased
with salinity and was not correlated with 4 (Fig. 4, Table 1).
However, in the salt-sensitive genotypes Sakha 61, Giza 168,
Thasos, and Triso, chlorophyll content was decreased by an
average of 15% at Day 45 and 33% at Day 60 at moderate
and high salinities. In the moderately tolerant genotypes
and the salt-sensitive genotypes Gemmeza 7, Sids 1, and
Sahel 1, chlorophyll content was decreased by salinity and
was significantly associated with 4 at Day 60, but not at
Day 45. Altogether, this indicates that the responses of
chlorophyll content to salt stress depended on differences
in salt tolerance among the wheat genotypes. Similar to
findings in alfalfa (Winicov and Seemann 1990), sunflower
(Ashraf 1999), and cowpea (Murillo-Amador ef al. 2002),
therefore, responses of chlorophyll content in wheat to
salinity depended on both salinity level and the degree
of salt tolerance of genotypes. In cowpea, for example,
Murillo-Amador ef al. (2002) found that the chlorophyll
content of the salt-tolerant genotypes was increased under
salinity, whereas in salt-sensitive genotypes, it was different.

Roles of leaf water relations in determining the salt
tolerance of wheat genotypes

Salinity in the growth medium causes areduction in leaf water
potential (W), leading to a decline in leaf turgor pressure (Tp)

S. E. El-Hendawy ef al.

of the salinised plant (Tattini e al. 1995). A review by Ashraf
(2004) summarised that salt-sensitive cultivars had higher
leaf turgor than salt-tolerant ones, and also a greater increase
in leaf turgor pressure in response to salinity. However, results
from the present study did not show genotypic variation in leaf
turgor at either of the 2 harvesting times. Genotypic variation
was only observed for leaf water potential and for osmotic
potential at Day 60, which is in agreement with the findings
for sorghum by Serraj and Sinclair (2002).

In conclusion, growth of the salt-tolerant genotypes
(Sakha 8, Sakha 93, and Kharchia) was reduced by salinity
primarily due to a decline in photosynthetic capacity rather
than a reduction in leaf area, whereas NAR was the important
factor in determining RGR of the moderately tolerant and
salt-sensitive genotypes. Sodium and Cl~ exclusion did
not always reflect salt tolerance, whereas levels of K™
in the leaves and Ca’t in the leaves and stems were
closely associated with differences in salt tolerance among
13 genotypes even at Day 45. Calcium content showed a
greater difference among genotypes than K™ content. The
genotypic variation in salt tolerance was also observed for
the parameters of photosynthesis, and water and osmotic
potentials, but not for turgor pressure.
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