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Soil salinity affects various physiological and biochemical processes which result in reduced biomass
production. This adverse effect of salt stress appears on whole plant level at almost all growth stages
including germination, seedling, vegetative and maturity stages. However, tolerance to salt stress at
different plant developmental stages varies from species to species. The plant response to salt stress
consists of numerous processes that must function in coordination to alleviate both cellular
hyperosmolarity and ion disequilibrium. Salt tolerance and yield stability are complex genetic traits that
are difficult to establish in crops since salt stress may occur as a catastrophic episode, be imposed
continuously or intermittently and become gradually more severe at any stage during development. The
objective of this review is to summarize the morphological, physiological and biochemical aspects of
plants under salt stress. It was then concluded that salt stress affects plant physiology at whole plant
as well as cellular levels through osmotic and ionic adjustments that result in reduced biomass
production. This adverse effect of salt stress appears on whole plant level at almost all growth stages
including germination, seedling, vegetative and maturity stages. Despite causing osmotic and ionic
stress, salinity causes ionic imbalances that may impair the selectivity of root membranes and induce
potassium deficiency.
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INTRODUCTION

All plants are subjected to multitude of stresses through-
out their life cycle. The major environmental factor that
currently reduces plant productivity is salinity (Majeed et
al., 2010). The productivity of crops is adversely affected
by high salt content in most of the soils (Munns and
Termaat, 1986). Approximately, 7% of the world’s land
area, 20% of the world’s cultivated land and nearly half of
the irrigated land is affected with high salt contents
(Rhoades and Loveday, 1990; Szabolcs, 1994; Zhu, 2001).
In view of another projection, 2.1% of the global dry land
agriculture is affected by salinity (FAO, 2003). Effects of
salinity are more obvious in arid and semi-arid regions
where limited rainfall, high evapo-transpiration and high
temperature associated with poor water and soil
management practices are the major contributing factors
(Azevedo Neto et al., 2006).
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Earth is a predominantly salty planet, with most of its
water containing about 3% NaCl. This concentration of
salt has rendered the land very salty. It is projected that
about 900 Mha land is affected due to salt which consi-
derably poses a serious threat to agricultural productivity
(Flowers and Yeo, 1995; Munns, 2002) because most
agricultural crops will not grow under conditions of high
salt concentration. Hence, the existing salinity is a great
challenge to food security. Accumulation of water-soluble
salts, especially sodium-chloride (NaCl), sodium
carbonate (Na,COs3) and partially calcium chloride (CaCly)
results in salty soils. Wyn (1981) was of the view that soil
salinity develops due to high amount of chloride or sulfate
salts of sodium.

Naturally occurring salinisation is primarily caused by
capillary water level elevation and subsequent eva-
poration of saline groundwater. However, man-made
salinesation is wide spread. Especially, irrigated land in
arid regions is highly susceptible to salinisation. Irrigation
practices lead to ground water level elevation and a sub-
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sequent increase in evaporation (Supper, 2003).

High salt levels do not only lead to damaging effects on
plants but also increase the pH-level of soil. Most crop
plants do not grow well under high pH-levels. Salt stress
also leads to deterioration of soil structure and hinders
desirable air-water balance essential for biological
processes occurring at plant roots. As a result of all the
detrimental effects of salinisation, crop vyields are
decreasing, while arable land is being lost irreversibly
(Supper, 2003). Salt stress causes various effects on
plant physiology such as increased respiration rate, ion
toxicity, changes in plant growth, mineral distribution, and
membrane instability resulting from calcium displacement
by sodium (Marschner, 1986), membrane permeability
(Gupta et al., 2002), and decreased photosynthetic rate
(Hasegawa et al., 2000; Munns, 2002; Ashraf and Shahbaz,
2003; Kao et al., 2003; Sayed, 2003). Salt stress affects
plant physiology at whole plant as well as cellular levels
through osmotic and ionic stress (Hasegawa et al., 2000;
Muranaka et al.,, 2002a; Ranjbarfordoei et al., 2002;
Murphy and Durako, 2003). Despite causing osmotic and
ionic stress, salinity causes ionic imbalances that may
impair the selectivity of root membranes and induce
potassium deficiency (Gadallah, 2000).

The accumulation of high amounts of toxic salts in the
leaf apoplasm leads to dehydration and turgor loss, and
eventually death of leaf cells and tissues (Marschner,
1995). As a result of these changes, the activities of
various enzymes and plant metabolism are affected
(Lacerda et al., 2003). At high rates of transpiration, the
xylem of all species contains much lower chloride and
sodium concentrations than those in the external saline
medium. Salt stress enhances the accumulation of NaCl
in chloroplasts of higher plants, affects growth rate, and is
often associated with decrease in photosynthetic electron
transport activities (Kirst, 1989). In higher plants, salt
stress inhibits photosystem (PS)-1I activity (Kao et al.,
2003; Parida et al., 2003), although some studies showed
contrary results (Brugnoli and Bjérkman, 1992; Morales et
al.,, 1992). The reduction of plant growth and dry-matter
accumulation under saline conditions has been reported
in several important grain legumes (Tejera et al., 2006).

PLANT GROWTH UNDER SALT STRESS

Salt stress causes reduction in plant growth because
plant may suffer four types of stresses (Greenway and
Munns, 1980)

(1) Osmotically induced water stress

(2) Specific ion toxicity due to high concentration of
sodium and chloride

(8) Nutrient ion imbalance, due to high level of Na* and
CI" which reduce the uptake of K*, NO', PO,* efc.

(4) Increased production of reactive oxygen species
which damage the macromolecules.

OSMOTIC ADJUSTMENT

Salt stress reduces the plant’s ability to take up water,
and this leads to reduction in growth. This is the osmotic
or water-deficit effect of salt stress. Both cellular and
metabolic processes involved in osmotic stress due to
salinity are common to drought. The rate at which new
leaves are produced depends largely on the water
potential of the soil solution, in the same way as for a
drought-stressed plant. Salts themselves do not build up
in the growing tissues at concentrations that inhibit
growth, as the rapidly elongating cells can accommodate
the salt that arrives in the xylem within their expanding
vacuoles. So, the salt taken up by the plant does not
directly inhibit the growth of new leaves (Munns, 2005).
Reductions in the rate of leaf and root growth are
probably due to factors associated with water stress
rather than a salt-specific effect (Munns, 2002). This is
supported by the evidence that Na® and CI are below
toxic concentrations in the growing cells themselves. For
example, in wheat growing in 120 mM NaCl, Na* in the
growing tissues of leaves was at most only 20 mM, and
only 10 mM in the rapidly expanding zones, and CI” only
about 50 mM (Hu et al., 2005). Similarly, Neves-Piestun
and Bernstein (2005) found that Na* and CI” were only 40
mM in the most rapidly growing tissues, and that the
degree of inhibition by salt stress of either the elongation
rate or the total volume expansion rate did not correlate
with the Na* or CI” in the tissues of maize growing in 80
mM NaCl. Fricke et al. (2004) found only 38 and 49 mM
Na® in mesophyll and epidermal cells, respectively, in the
growing cells of barley after 24 h of exposure to 100 mM
NaCl. This Na® was not inhibitory to growth, but was
probably beneficial as it might be taken up into the
expanding vacuole for osmotic adjustment as indicated
by the fact that the growth rate increased with time over 24 h
(after a temporary decline when the salt was applied) while
the cellular Na* increased. The rapid expansion of the
growing cells would help to keep the salt from building up to
high concentrations. Results of experimental manipulation of
shoot water relations suggest that hormonal signals,
probably induced by the osmotic effect of the salt outside
the roots are controlling the rate of cell elongation growth
(Munns et al., 2000). Inhibition of plant growth due to salt
stress largely depends on the severity of the stress. Mild
osmotic stress leads rapidly to growth inhibition of leaves
and stems, whereas roots may continue to grow and
elongate (Hsiao and Xu, 2000). The degree of growth
inhibition due to osmotic stress depends on the time
scale of the response, for the particular tissue and species
in question, and whether the stress treatments are imposed
abruptly or slowly (Ashraf, 1994; Munns et al., 2000).

SPECIFIC ION TOXICITY

Toxicity occurs as a result of uptake and accumulation of



certain toxic ions from the irrigation water within a crop
itself. These toxic constituents include mainly sodium,
chloride and sulphate. They can reduce crop productivity
and eventually cause crop failures. Not all crops are
equally affected but most crops and woody perennial
plants are sensitive (Abrol et al., 1988).

The salt taken up by plant concentrates in the old
leaves; continued transport of salt into transpiring leaves
over a long period of time eventually results in very high
Na® and CI” concentrations, and the leaves die. The
cause of the injury is probably due to the salt load
exceeding the ability of the cells to compartmentalize
salts in the vacuole. Salts then would rapidly build up in
the cytoplasm and inhibit enzyme activity. Alternatively,
they might build up in the cell walls and dehydrate the cell
(Munns, 2005) but Mihling and L&uchli (2002) found no
evidence for this in maize cultivars that differed in salt
tolerance.

Mechanisms for tolerance of the salt-specific effects of
salinity are of two main types: those minimizing the entry
of salt into the plant and those minimizing the
concentration of salt in the cytoplasm. Root cytosolic Na*
concentrations are probably in the order of 10 - 30 m M
(Tester and Davenport, 2003). Leaf Na® cytosolic
concentrations are unknown, but are considered to be
much less than 100 mM (Wyn Jones and Gorham, 2002).
The concentration at which CI” becomes toxic is even
less defined. Roots must exclude most of the Na" and CI”
dissolved in the soil solution, or the salt in the shoot will
gradually build up with time to toxic levels. Plants
transpire about 50 times more water than they retain in
their leaves (Munns, 2005).

Husain et al. (2003) used two durum wheat genotypes
with contrasting rates of Na* transport to leaves to assess
the effects of the Na* exclusion trait on preventing leaf
injury and enhancing yield. They found that older leaves
of the high-Na* lines lost chlorophyll more rapidly and
died earlier than the low-Na" lines. The low-Na* trait
improved yield by greater than 20% in saline soil at
moderate salinity. However, yield was not improved at
high salinity. This indicates that traits other than Na*
exclusion are important at high salinity, where the
osmotic effect of the NaCl outweighs its salt-specific
effect on growth and yield. Na* increment inside plants
had toxic effects on seed germination, mainly by affecting
the plant water relations or through displacement of Ca**
by Na* from critical cell wall binding sites, which could
disrupt cell wall synthesis and hence inhibit plant growth
(Xue et al., 2004).

According to Loreto and Bongi (1987), CI" concentration
more than 80mM in total tissue water alters plant
morphology, stomata become less responsive to
environmental changes and leaf thickness is reduced.
Chloride is not adsorbed by soils but moves readily with
the soil water. It is taken up by roots and moves upward
to accumulate in the leaves. The toxic level of chloride
causes leaf burn or drying of leaf tissues, which occurs
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first at extreme leaf then tips of older leaves and
progresses back along the edges as severity increases.
Marschner (1995) found that extreme leaf burn due to
toxic level of chloride leading to early leaf drop, of which
finally, the whole plant became defoliated.

NUTRITIONAL IMBALANCE

Excessive amount of soluble salts in the root environment
causes osmotic stress, which may result in the
disturbance of the plant water relations in the uptake and
utilization of essential nutrients, and also in toxic ion
accumulation. As a result of these changes, the activities
of various enzymes and the plant metabolism are
affected (Munns, 2002; Lacerda et al., 2003). The intera-
ctions of salts with mineral nutrients may result in
considerable nutrient imbalances and deficiencies
(McCue and Hanson, 1990). lonic imbalance occurs in
the cells due to excessive accumulation of Na* and CI
and reduces uptake of other mineral nutrients, such as
K*, Ca*, and Mn*" (Karimi et al., 2005). High sodium to
potassium ratio due to accumulation of high amounts of
sodium ions inactivates enzymes and affects metabolic
processes in plants (Booth and Beardall, 1991).

Excess Na* and CI inhibits the uptake of K™ and leads
to the appearance of symptoms like those in K
deficiency. The deficiency of K" initially leads to chlorosis
and then necrosis (Gopa and Dube, 2003). The role of K*
is necessary for osmoregulation and protein synthesis,
maintaining cell turgor and stimulating photosynthesis
(Freitas et al., 2001; Ashraf, 2004). Both K* and Ca** are
required to maintain the integrity and functioning of cell
membranes (Wenxue et al., 2003). Maintenance of
adequate K" in plant tissue under salt stress seems to be
dependent upon selective K™ uptake and selective cellular
K* and Na® compartmentation and distribution in the
shoots (Munns et al., 2000; Carden et al., 2003). The
maintenance of calcium acquisition and transport under
salt stress is an important determinant of salinity
tolerance (Soussi et al., 2001; Unno et al., 2002).

Salt stress decreases the Ca®*/Na’ ratio in the root
zone, which affects membrane properties, due to
displacement of membrane-associated Ca®* by Na*,
leading to dissolution of membrane integrity and
selectivity (Kinraide, 1998). The increased levels of Na*
inside the cells change enzyme activity resulting in cell
metabolic alteration, disturbance in K* uptake and
partitioning in the cells and throughout the plant that may
even affect stomatal opening, thus diminishing the ability
of the plant to grow. Externally supplied Ca” has been
shown to ameliorate the adverse effects of salinity on
plants, presumably by facilitating higher K*/Na* selectivity
(Hasegawa et al., 2000). Another key role attributed to
supplemental Ca** addition is its help in osmotic
adjustment and growth via the enhancement of comp-
atible organic solutes accumulation (Girija et al., 2002).
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Ca®* has also been implicated in stress protection by
stabilizing membranes and reducing oxidative damage
(Larkindale and Knight, 2002). High K*/Na® ratio was
observed due to abscissic acid (ABA) treatment given to
common bean plant that seems to limit sodium
translocation to shoot (Khadri et al., 2007).

REACTIVE OXYGEN SPECIES

Exposure of plants to salt stress can up-regulate the
production of reactive oxygen species (ROS) such as
H,O, (hydrogen peroxide), O, superoxide), 102 (singlet
oxygen) and ‘OH (hydroxyl radical). Excess ROS causes
phytotoxic reactions such as lipid peroxidation, protein
degradation and DNA mutation (McCord, 2000, Wang et
al., 2003; Vinocur and Altman, 2005; Pitzschke et al.,
2006). In plant cells, ROS, mainly H,O,, superoxide anion
(O27), and hydroxyl radical (OH) are generated in the
cytosol, chloroplasts, mitochondria, and the apoplastic
space (Bowler and Fluhr, 2000; Mittler, 2002), while ROS
have the potential to cause oxidative damage to cells
during environmental stress. Recent studies have shown
that ROS play a key role in plants as signal transduction
molecules involved in mediating responses to pathogen
infection, environmental stresses, programmed cell death
and developmental stimuli (Mittler et al., 2004; Torres and
Dangl, 2005).

Membrane injury induced by salt stress is related to an
enhanced production of highly toxic ROS (Shalata et al.,
2001). A rise in ROS production may result from stomatal
closure, causing a decrease in CO, concentration inside
the chloroplasts. This in turn causes a decrease in
NADP* concentration with the concomitant generation of

ROS (Foyer and Noctor, 2003). The increased
concentration of ROS damages the D1 protein of PS I
leading to photoinhibition. Stress enhanced

photorespiration and NADPH activity also contributes to
increase in H,O, accumulation, which may inactivate
enzymes by oxidizing their thiol groups. This toxicity of
H.O, is not due to its reactivity alone, but requires the
presence of a metal reductant to form the highly reactive
hydroxyl radical (OH), which has the ability to react with
all biological molecules (Halliwell and Gutteridge, 1989).
Salinity-associated reductions in elongation in the
expansion zone of maize leaves are associated with
reduced ROS levels and could be alleviated by the
addition of ROS (Rodriguez et al., 2004).

PHYSIOLOGICAL AND BIOCHEMICAL PROCESSES

Soil salinity affects various physiological and biochemical
processes which result in reduced biomass production.
This adverse effect of salt stress appears on whole plant
level at almost all growth stages including germination,
seedling, vegetative and reproductive stages. However,

tolerance to salt stress at different plant developmental
stages varies from species to species. For example, it
has been observed that the degree of salt tolerance at
different developmental growth stages varies in rice
(Akbar and Yabuno, 1977), barley (Norlyn, 1980) and
wheat (Ashraf and Khanum, 1997). In contrast, salt
tolerance in some other crops such as Medicago sativa,
Trifolium alexandranium and Trifolium pratense examined
at the seedling stage was also confirmed at the later
growth stages (Ashraf et al., 1986). Similarly, while
working with safflower, Ashraf and Fatima (1995) also
found that salt tolerance does not vary at different plant
growth stages in these plants.

Different scientists have reported that variation in salt
tolerance in a number of crop species depends on the
extent of Na® exclusion at root level or ability to
compartmentalize salts in the vacuole (Munns, 2002,
2005; Ashraf, 2004). For example, Wyn Jones et al.
(1984) found that the higher salt tolerance of Agropyron
junceum to that of Agropyron intermedium was related to
its efficient exclusion of both Na® and CI. In another
study, Carden et al. (2003) found that the salt tolerant
variety maintained a 10-fold lower cytosolic Na* in the
root cortical cells than the more sensitive variety. It is well
established that high accumulation of Na® in shoots
inhibits enzyme activity, and other metabolic processes
such as protein synthesis and photosynthesis (Ashraf,
2004; Munns, 2005) thereby reducing leaf growth or
causing leaf death. Thus, in most plant species,
particularly glycophytes, Na* exclusion from the shoot
and retention in the root is a general trend and hence an
important component of salt tolerance (Ashraf, 2004).
However, Mansour et al. (2005) found that salt induced
increase in Na* accumulation compared with a decrease
in K* and Ca®" was higher in salt tolerant maize cultivar
Giza 2 compared with that in salt sensitive Trihybrid 321.
Furthermore, it was found that high accumulation of
proline and glycinebetaine was associated with salt
tolerance in maize. Although accumulation of toxic ions in
the leaves can cause toxicity, variation in specific ion
toxicity at inter-specific or intra-specific level could be due
to some adaptations to tolerant high levels of toxic ions.

A number of studies have shown that photosynthetic
capacity of different species is reduced due to salinity
(Ashraf, 2004; Dubey, 2005). It is evident that higher
photosynthetic capacity causes increased plant growth
under normal or stress conditions as has earlier been
observed in a number of plant spp, e.g., in cotton
(Pettigrew and Meredith, 1994), Zea mays (Crosbie and
Pearce, 1982), Brassica spp. (Nazir et al., 2001) and
wheat (Raza et al.,, 2007). Furthermore, salt-induced
reduction in photosynthesis could be due to stomatal and
non-stomatal limitations or combination of both. High
accumulation of Na® and CI" in the leaves also reduces
photosynthetic capacity and Na* content in the leaves of
rice (Yeo, 1998), and wheat (James et al., 2002), while
high CI" contents in the citrus (Walker et al., 1981) and in



the chloroplast of Phaseolous vulgaris (Seemann and
Critchley, 1985) were found to be detrimental to
photosynthesis. In view of all these reports, it can be
concluded that growth inhibition may occur due to both
osmotic and toxic effects. However, osmotically induced
reduction in growth occurs at early growth stages under
salt stress. Furthermore, photosynthesis is also one of
the main contributing factors in salt-induced reduction in
plant growth and yield. Tolerance of photosynthetic
system to salinity depends on how effectively plant
excludes or compartmentalizes the toxic ions. However,
the extent of the adverse effects of salt stress on
photosynthesizing tissue or on growth varies with the
type of species, level of stress and duration of stress.

CONCLUSION

It is concluded from the above studies that salt stress
affects plant physiology at whole plant as well as at
cellular levels through osmotic and ionic adjustments that
result in reduced biomass production. The adverse effect
of salt stress appears on whole plant level at almost all
growth stages including germination, seedling, vegetative
and maturity stages. Despite causing osmotic and ionic
stress, salinity causes ionic imbalances that may impair
the selectivity of root membranes and induce potassium
deficiency.
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