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Abstract:

Salinity affects plant growth and development in various ways through its impact on
photosynthesis, water relations and nutrient absorption. Additionally, the biochemical
composition of plants is also affected by salinity through changes in the concentration and type
of proteins, amino acids, sugars and other carbohydrates. This paper elucidates with examples
the changes that occur in the plant’s physiological functions and biochemical composition as a
result of increased salinity of the plant’s environment. It is highlighted that the fundamental
mechanism of salinity’s effects on plant function is the increase in the osmotic pressure of the
plant’s environment that inhibits the absorption of water and nutrients. Invariably, salinity
inhibits photosynthesis through its effects on stomatal conductance, water and nutrient uptake
and decrease in the chlorophyll concentration. Subsequently, higher levels of salinity create an
excessive accumulation of salts in plant tissues that causes toxicity. Prolonged salinity will thus
reduce plant growth and yield and with increasing severity of salinity, toxic levels of salts that
build up in plant tissues will further aggravate the stress. Plants exhibit several mechanisms that
can alleviate the deleterious effects of salinity including compartmentalization of ions, synthesis
of compatible solutes, induction of plant hormones and alteration of membrane structure.
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1. Introduction:

Salinity is one of the major abiotic stresses in arid and semi-arid regions but salt-affected
soils have been recorded in practically all the climatic regions where more than 800 million
hectares of land or over 6% of the world surfaces are salt affected. Sodium chloride is the most
soluble, pervasive, and superabundant salt in the world (FAO, 2008; Munns and Tester, 2008).
Rapid population growth and subsequent food shortage especially in Asia and Africa and
advancing salinity in arable land due to climate change have increased the importance of finding
salt tolerant genotypes (Blumwald et al., 2004). In the arid and semiarid regions, high rate of
evapotranspiration and lack of inorganic salts leaching from the soil surface layers have given
rise to increase salinity and sodicity (Shannon et al., 1994). The greatest cause of salinity may be
due to the use of poor quality irrigation water (Sifola and Postiglione, 2002). There is a serious
competition for fresh water so that high quality water is often used for industrial or domestic
purposes and saline and polluted water is allocated for cultivated lands (Bouwer, 2002). Saline
soils can be classified by the electrical conductivity of the soil saturation extract (EC) and by
definition, soils with EC’s of 4 dS/m or more are accounted as saline soils and soils with EC’s
exceeding 15 dS/m are considered strongly saline soils (Omami, 2005).

The factors causing salinization are numerous, including salt composition, climate,
topography of lands and human activities (Blumwald et al., 2004). In terms of salt composition,
various cations and anions are involved in salinization but the most important ion precipitate are
Na" and CI" where Na* particularly causes the soil dispersion while CI” causes high toxicity and
nutrient imbalances in plants (Hasegawa et al., 2000). Excess salt in the soil influences plant
activities including physiological, biochemical and molecular processes and crop production is
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suppressed by salinity in terms of quality and quantity (Delamor et al., 2001; Mer et al., 2000;
Silvera et al., 2001).

Intensity of salinity depends on the amount of salt in irrigation water, chemistry and
physics of soils, type of plants, plant growth stages and irrigation schedules (Oster, 1994,
Shannon et al., 1994; Vicente et al., 2004). One strategy to overcome the problem of salinity is
selecting salt tolerant genotypes. At low intensity of salinity the plant damages are due to
osmotic stress, nutritional imbalances and ion toxicity (Carvajal et al., 1999; Grattan and Grieve,
1998; Wahome et al., 2001). At low salt concentration, shoot dehydration is the primary response
of plants to osmotic stress (Carvajal et al., 1999) and at moderate up to high salt concentration,
nutritional imbalances due to interferences of saline ions and their toxicity caused by
accumulating the ions especially Na* and CI” are the main effects of salinity on physiological and
biochemical activities in plants (De-Pascale et al., 2003a; De-Pascale et al., 2003b). Efforts to
release salt tolerant cultivars require a proper understanding of the effects of salinity on plants,
responses of plants in terms of physiological, biochemical and molecular activities to salinity and
recognition of complex mechanisms of salt tolerance in plants (Apse and Blumwald, 2002; Zhu,
2001).

2. Effects of salinity on plant life - an overview:

Many researchers showed that the growth of plants declined under saline condition but the
degree of reduction depended on level of salt, environmental conditions, type of plants and
stages of growth for sugar beet (Ghoulam et al., 2002), cotton (Ha and Martinez, 2001), tomato
(Romero-Aranda et al., 2006; Romero-Aranda et al., 2001), barley and wheat (Pessarakli et al.,
1991) and sultana vines (Fisarakis et al., 2001). The initial effect of salinity on plants is reduction
or maybe complete halt in plant growth as a result of reduced osmotic potential that inhibits
absorption of water and nutrients by roots. High concentration of salt causes accumulation of salt
ions in cells that frequently create toxicity and this is manifested in plants by chlorosis and
necrosis of the leaf tissues (Hasegawa et al., 2000; Wahome et al., 2001).

The effects of salinity on plants cover a spectrum from mild osmotic effects which are not
easily detected, reduction of shoot and root growth that are more obvious and on the other
extreme, chlorosis, necrosis and senescence of young and old leaves (Munns, 2002). Some plant
species are capable to overcome osmotic stress by accumulating internal solutes at low up to
moderate salinity (Ghoulam et al., 2002). At high concentration of salt, the ions may interfere in
the membrane functions and affect the internal solute balance and nutrient absorption, causing
deficiency of nutrients with symptoms that are exactly like nutrient deficiency (Grattan and
Grieve, 1998).

Reduction of plant growth by salinity differs between species and even between varieties
and cultivars due to variability of salt tolerance among domestic and wild germplasms (Bolarian
et al., 1991; Ghoulam et al., 2002). The environmental factors such as radiation, temperature,
humidity and air pollution contribute towards the intensity of debilitation caused by salinity
(Shannon et al., 1994).

There are differences between tolerant and sensitive varieties in terms of
compartmentalization of salt. The sensitive varieties cannot compartmentalize salt in vacuoles
and the salt accumulate very fast in cytoplasm and subsequently the photosynthesis and
assimilation is reduced but in tolerant varieties the salt is rapidly compartmentalized in vacuoles
and the vital actions change slowly (Munns, 1993; Munns and Tester, 2008). Overall, the factors
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that are relevant to degree of salt stress in plants include physiological, biochemical, molecular
and morphological characteristics.

2.1. Physiological effects of salt stress on crop plants:
2.1.1. Salinity effects on photosynthesis:

The most dramatic and readily measurable whole plant response to salinity is a decrease
in stomatal aperture. Stomatal responses are undoubtedly induced by the osmotic effect of the
salt outside the roots (Munns and Tester, 2008). Salinity affects stomatal conductance
immediately, firstly and transiently owing to perturbed water relations and shortly afterward
owing to the local synthesis of ABA (Munns and Tester, 2008). There is some evidence that the
salinity at moderate or high levels interferes with gas exchanges and subsequently decrease
photosynthesis rate so that the symptoms are exactly similar to those caused by drought stress
(Bongi and Loreto, 1989; Loreto et al., 2003). Decrease in stomatal conductance is followed by
reduction of CO, assimilation and respiration rate as reported for various species and levels of
salinity (Ashraf, 2001; Marler and Zozor, 1996; Romero-Aranda et al., 2001). Previous research
showed that rate of reduction in photosynthesis and translocation of assimilates under saline
condition depends on species and salt concentrations (Parida et al., 2004). Some evidence
showed that at low levels of salinity the photosynthesis rate in some species is stimulated and
consequently the rate of photosynthesis increased (Parida and Das, 2005).

Rates of photosynthesis per unit leaf area in salt-treated plants are often unchanged, even

though stomatal conductance is reduced (James et al., 2002). This paradox is explained by the
changes in cell anatomy that give rise to smaller, thicker leaves and result in a higher chloroplast
density per unit leaf area. When photosynthesis is expressed on a unit chlorophyll basis, rather
than a leaf area basis, a reduction due to salinity can usually be measured. In any case, the
reduction in leaf area due to salinity means photosynthesis per plant is always reduced.
Parida et al., (2004) showed the photosynthesis rate of B. parviflora at low levels of salinity
increased and with further increase in salinity the rate of photosynthesis decreased whereas
stomatal conductance at low levels of salinity remained unchanged and at high levels of salinity
decreased.

In A. pseudoalhagi (a leguminous plant), the leaf CO, assimilation rate increases at low
salinity (5 dS/m NacCl) but is not affected significantly at 10 dS/m NaCl, whereas it is reduced to
about 60% of the control in 20 dS/m NaCl. Also, stomatal conductance behaves similarly with
the CO, assimilation rate and intercellular CO, concentration is lower in the NaCl-treated plants
than in control (Kurban et al., 1999). Agastian et al., (2000) showed that in mulberry, stomatal
conductance, CO, assimilation and respiration rate decreased in response to salinity while
concentration of intercellular CO, increased with salinity. Khavari-Nejad and Chaparzadeh
(1998) found that in alfalfa, chlorophyll content and net photosynthetic rate decreased under
NaCl stress whereas respiration rate increased. They showed that there were no changes in the
carotenoid content. There is some evidence that salt stress inhibits the apparent quantum
efficiency of photosynthesis and suppressed photosystem 11(PSII) activity whereas photosystem |
(PSI) activity was stimulated by salt stress (Lu and Vonshak, 1999a). Two cultivar of wheat
under saline condition exhibited two phases of photosynthetic inhibition so that in the first phase,
photosynthetic reduction was gradual and in the second phase was rapid and accompanied by a
decline of energy conversion efficiency in photosystem Il (Muranaka et al., 2002).

lyengar and Reddy (1996) noted that decreases in photosynthetic rate in saline condition
resulted from a number of factors including:
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e High osmotic potential and reduced water availability to plants result in cell membrane
dehydration and reduction the permeability of CO, and consequently photosynthetic electron
transport decreases via shrinkage of intercellular spaces.

e Due to toxicity of NaCl ions, the CI" ion inhibits photosynthetic rate through its inhibition of
NOs-N uptake by the roots, consequently reduced NOs-N uptake combined with osmotic stress
may explain the inhibitory effect of salinity on photosynthesis (Fisarakis et al., 2001).

e Stomata closure causes reduction in CO supply so that the availability of CO, for carboxylation
reactions restricted.

e Advancing senescence induced by salinity.

e Changes in cytoplasmic structure enzyme activities.

e Reduction in sink activities as a result of negative feedback.

Some evidence showed that growth is reduced more rapidly at lower concentrations of
sodium in the leaf than in photosynthesis. This means that plants can withstand a certain loss in
photosynthetic rate without any effect on growth (Alarc et al., 1993).

2.1.2. Salinity effects on photosynthetic pigments:

Several researchers showed that generally the chlorophyll and total carotenoid contents of
leaves decrease under salinity where the chlorosis start from oldest leaves during the salt stress
(Agastian et al., 2000; Gadallah, 1999; Hernandez et al., 1995). Conversely, Wang and Nil
(2000) indicated that salinity caused chlorophyll content increases in Amaranthus.

Kennedy and De Filippis (1999) showed that concentration of protochlorophyll,
chlorophylls, and carotenoids declined in Grevilleai licifolia and the reduction of
protochlorophyll was greater than Chl-A and carotenoids and further, anthocyanin pigments
significantly increased in this case by salinity. In a study of NaCl effects on photosynthetic
pigments, chloroplast ultrastructure in leaves of tomato cultivars, Khavari-Nejad and Mostofi
(1998) indicated that the contents of total chlorophyll carotene decreased with NaCl stress.
According to Alamgir and Ali (1999) under salt stress, leaf pigments in nine genotypes of rice
were reduced in general, but relatively high pigment levels were found in six genotypes. Lu and
Vonshak (1999b) exhibited that carotenoid/chlorophyll ratio in the Cyanobacterium (Spirulina
platensis) did not change but there was a significant decrease in the phycocyanin/chlorophyll
ratio.

2.1.3. Salinity effects on chlorophyll fluorescence:

During the assimilation process, light absorption by chlorophyll molecules within the
photosynthetic membranes is the initial process after which the absorbed energy is transferred to
photosynthetic system for chemical reactions (Strasser et al., 2000). Less than one percent of
absorbed solar radiation is used for photosynthesis while the rest is discharged as heat (Nobel,
1999). There are several competing processes during de-excitation of excited chlorophyll
molecules in PSIl and fluorescence is one of the effective processes in PSIl. When the
chlorophyll exposed to darkness for several minutes and subsequently brightly illuminated,
fluorescence rapidly rises to a peak and then it decreases to stable state value (Maxwell and
Johnson, 2000; Nobel, 1999). Researchers have used fluorescence induction kinetics as indicator
of stress for detecting stress in salinity, chilling, freezing, drought, and air pollution stresses
(Pospil and Dau, 2000). Chlorophyll fluorescence measurement in leaves is rapid, reproducible,
non-destructive and allowing periodic and repetitive sampling (Percival and Fraser, 2001). The
variable component of chlorophyll fluorescence (FV) is the difference between the maximum
fluorescence signal (Fm) and the background level signal (Fo). The Fv/Fm ratio represents the
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maximum quantum yield of PSII, in turn, is highly correlated with the quantum yield of net
photosynthesis (Maxwell and Johnson, 2000; Nikoleudi, 2003).

Some research showed that salinity caused a decrease in Fv/Fm e.g. in olive (Bongi and
Loreto, 1989), in Ruppia maritima (Murphy et al., 2003), and in celery (Everard et al., 1994).
The results of some research showed that salt stress alone does not affect Fv/Fm ratio (Jimenez et
al., 1997). The results of study on effects of salinity on chlorophyll fluorescence in naked oat
showed that up to 150 mM NaCl the Fv/Fm ratio did not change but when salinity concentration
increased to 200 mM or higher a sharp reduction of Fv/Fm ratio was observed (Zhao et al.,
2007). There is some evidence in sorghum plant that PSII relative to Fv/Fm ratio is highly
resistant to salinity stress but when the plants were faced with both salinity and high temperature,
higher value of Fv/Fm ratio were observed (Lu and Zhang, 1998; Lu et al., 2003). Other
researchers showed that the chlorophyll fluorescence in spinach is not affected by salinity
directly whereas salt stress reduces photosynthesis initially due to reduction of CO2 diffusion to
chloroplast, both by stomatal closure and changes in mesophyll structure (Delfine et al., 1998;
Delfine et al., 1999).

2.1.4. Salinity effects on water relations:

Water status is the major reason of growth reduction in plants under salt stress. Increasing
salt in root zone reduces the water potential of leaf and subsequently, absorption of water and
nutrients by plants are difficult or impossible (Romero-Aranda et al., 2001; Sohan et al., 1999).
At low to moderate salinity and higher soil water potential the plants able to adjust water status
through the accumulation of compatible solutes and maintenance of influx of water and nutrient
by a potential gradient (Koyro, 2006; Shannon, 1997).

Many researchers showed that osmotic potential and water potential became more
negative by increasing salt, whereas turgor pressure increased (Ghoulam et al., 2002; Gulzar et
al., 2003; Romero-Aranda et al., 2001). Lu et al. (2002) in a study on Suaeda salsa known as a
halophyte plant indicated that leaf water potential and evaporation rates declined by increasing
salt concentration. The same results were shown for Brassica genus in which increased salinity
caused decreases in leaf water potential, however there were some significant differences
between Brassica species. B. campestris and B. carinata maintained significantly higher leaf
water potentials than the other species at 200 mM of NaCl so that they were considered more salt
tolerant than the others (Ashraf, 2001). In sunflower water potential became more negative by
increasing salt concentration (Sohan et al., 1999).

According to Song et al. (2005) as a result of osmotic and ionic toxicity there were a
reduction in germination of halophyte Sueda and when salinity alleviated, germination improved.
However, water loss must be limited either by regulation of transpiration or adjusting osmotic
potential. According to Ghoulam et al. (2002) relative water content (RWC) decreased due to salt
application in sugar beet varieties. Katerji et al. (1997) indicated a decrease in RWC and a loss of
turgor resulted in limited water availability for cell extension processes. Based on the results of
these researchers it seems there are two issues:

o In high salt concentration, plants accumulate more Na* and CI in the tissues of the leaves
than normal situation. Subsequently, by increasing Na* and CI within the leaf tissues lower
osmotic potentials occurs and resulted in more negative water potentials.

o Root hydraulic conductance reduction decreases the amount of water flow from the roots
to the leaves, thus, causing water stress in the leaf tissues.
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2.1.5. Salinity effects on ion levels and nutrient contents:

In saline conditions, absorption of Na* and CI" competes with up taking nutritional
elements such as K*, N, P, and Ca”* by plants, which create nutritional disorders result in yield
quantity and quality reduction (Grattan and Grieve, 1998). Several researchers indicated that
increased NaCl concentration in root zone of plants causes accumulation of Na* and CI in shoot
tissues and decline Ca®*, K* and Mg?* levels in a number of plants (Bayuelo-Jimenez et al.,
2003; Khan et al., 2000a; Perez-Alfocea et al., 1996). The movement of cations and anions from
soil solution to the cytoplasm is controlled by permeability of cell membranes which contain
protein transporters that facilitate the passage of ions (Jiménez-Casas, 2009).

Transportation of Na* across the cell membrane is inactive and needs membrane proteins to
make possible the passageway down the electrochemical slope. Studies on roots of monocot
plants subjected to high Na* concentrations exhibited that Na™ influx into roots may be mediated
by voltage-independent protein channels or non-selective cation protein channels (Davenport and
Tester, 2000; Tester and Davenport, 2003). The net delivery of Na* to the xylem can be divided
into four distinct components (Tester and Davenport, 2003):

Influx into cells in the outer half of the root;

Efflux back out from these cells to the soil solution;

Efflux from cells in the inner half of the root to the xylem; and

Influx back into these cells from the xylem before the transpiration stream delivers the Na™ to the
leaf blades.

White and Broadley (2001) showed that CI" influx across cell membrane may be mediated by
both active and passive processes, whereas depending on the external CI" concentration, and
facilitated by non-selective channels and carriers of other ions. Active CI" transport across the
plasma membrane dominates CI influx to root cells at low CI" concentrations in the soil solution.
The participation of a CI/2H symporter in the CI" active transport was confirmed by
electrophysiological studies of root-hair cells, where these CI" channels mediated either influx or
efflux of CI" across the plasma membrane (Munns and Tester, 2008). With increasing NaCl and
accumulation of Na* and CI, the K* content of leaves declines but level of K* in root does not
change in sugar beet (Ghoulam et al., 2002). Parida et al. (2004) indicated that there was an
increase in Na* and CI" in mangrove (B. parviflora) exposed to salinity but the content of K* and
Fe?* in leaves did not change.

Several researchers showed that absorption of nitrogen is affected by saline condition so that
salinity caused reduced N accumulation in plants (Feigin et al., 1991; Pardossi et al., 1999;
Silvera et al., 2001). In eggplant, accumulation of CI" in leaves was accompanied with decreased
concentration of NOj3. (Savvas and Lenz, 2000).

Based on plant species, growth stages, compositions and levels of salinity, the content of
phosphorus will change in saline condition. In most of the plants salinity increasing correlated
with P concentration decreasing in plant tissues (Kaya et al., 2001; Sonneveld and De Kreij,
1999).

2.1.6. Salinity effects on leaf and root growth:

There is some evidence that with increasing salinity, the leaves of plant change
anatomically, for example, in Atriplex sp., cotton and bean increase of spongy cell diameter,
palisade diameter, palisade cell length, mesophyll thickness and epidermal thickness occurred
(Longstreth and Nobel, 1979).

Adversely, Parida et al. (2004) noted that by increasing salinity both epidermal and
mesophyll thickness and intercellular spaces in leaves of Brugueira parviflora decreased, also
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Delfine et al. (1998) showed that intercellular spaces in leaves of spinach declined with
increasing the salinity. Romero-Aranda et al. (2001) in a study on salinity effects on tomato
indicated that in the face of salinity a reduction in stomatal density was observed.

In a study of salt effects on sweet potato Mitsuya et al. (2000) found that salt stress caused:
Vacuolation development and partial swelling of endoplasmic reticulum.

Decreasing in mitochondrial cristase and swelling of mitochondria, with an increase of the
vesicles released from the Golgi stacks.

Vesiculation and fragmentation of tonoplast.

Degradation of cytoplasm by the mixture of cytoplasmic and vacuolar matrices in leaves of
sweet potato.

The root is the first organ of plant affected by salinity. Waisel and Breckle (1987) and Munns
(1993) showed that root influences on ion accumulation and leaf growth, they noted it can be one
of the mechanisms of salt tolerance.

Vaughan et al. (2002) investigated effects of salinity on different alfalfa rooting (low- and
high-fibrous rooting characteristics) of populations under increasing salinity condition and found
that root production in high-fibrous root types was stimulated more than low-fibrous root types at
low and medium salinity. They noted across salinity treatments, final root length density (cm
root length per cm?® soil volume) was 24% higher for high-fibrous root types, and herbage yield
of high- fibrous root types was 14% higher than low-fibrous root types. High fibrous rooting in
alfalfa is a trait with potential usefulness as a salinity stress avoidance mechanism. Root growth
has been used as a standard for screening of alfalfa salinity tolerance (Vaughan et al., 2002).

2.3. Biochemical effects of salt stress on crops:
2.3.1. Salinity effects on protein:

Accumulation of protein under salt condition may play a major role in terms of plants salt
tolerance, where the proteins may serve as a reservoir of energy or may be adjuster of osmotic
potential in plants subjected to salinity (Ingram and Bartels, 1996; Mansour, 2000; Pessarakli
and Tucker, 1985; Pessarakli and Huber, 1991). They may be synthesized de novo in response to
salt stress or may be present constitutively at low concentration (Parvaiz and Satyawati, 2008). It
has been concluded that a number of proteins induced by salinity are cytoplasmic which can
cause alterations in cytoplasmic viscosity of the cells (Hasegawa et al., 2000; Pessarakli and
Tucker, 1985).

Ashraf and Harris (2004) noted that in salt tolerant cultivars of barley, sunflower finger
millet, and rice there were a high content of soluble proteins. Several researches showed that
soluble protein contents of leaves decreased in response to salinity (Agastian et al., 2000;
Alamgir and Ali, 1999; Gadallah, 1999; Muthukumarasamy et al., 2000; Parida et al., 2002;
Pessarakli and Tucker, 1988a; Pessarakli and Tucker, 1988b; Wang and Nil, 2000). Soluble
protein increased at low up to moderate salt stress (Agastian et al., 2000). However the soluble
protein did not change in sensitive accessions of safflower compared to tolerant accessions
(Ashraf and Fatima, 1995).

2.3.2. Salinity effects on amino acids:

According to Mansour (2000) many amino acids including proline, alanine, arginine,
glycine, serine, leucine, and valine and the non-protein amino acids (citrulline and ornithine) and
amides (glutamine and asparagines) accumulate in plants exposed to salt stress. On the other
hand Ashraf and Tufail (1995) reported that total free amino acids in the leaves were higher in
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salt tolerant than in salt sensitive lines of sunflower , safflower (Ashraf and Fatima, 1995), Eruca
sativa (Ashraf, 1994a) and Lens culinaris (Hurkman et al., 1991).

Proline is a major amino acid that accumulates in plant at a higher rate than other amino
acids (Torabi et. al. 2010; Abraham et al., 2003). Ketchum et al. (1991) showed that
accumulation of proline occurred in the cytosol and accomplished osmotic adjustment. Proline
accumulation affects membrane maintenance and also alleviated the effects of NaCl on cell
membrane interruption (Mansour, 1998). Maggio et al. (2002) noted proline as a
signaling/regulatory molecule able to activate multiple responses that are components of the
adaptation process.

There are different reports in terms of effects of salinity on proline in tolerant and
sensitive genotypes among species. Torabi et al. (2010) and Petrusa and Winicov (1997) noted
that salt tolerant alfalfa lines had two times more free proline content in root than sensitive lines
and also increasing the proline in tolerant lines were more rapid than sensitive lines. Fougére et
al. (1991) found the same results in alfalfa but Aziz et al. (1998) and Parida et al. (2004)
demonstrated different and negative results in tomato and Aegiceras corniculatum respectively.
Kaymakanova et al. (2008) indicated that with increasing salinity the amount of proline
increased in bean (Phaseolus vulgaris L.).

It is also known that, as in plants, both ornithine and glutamate are precursors of proline
biosynthesis in microorganisms and mammals (Parvaiz and Satyawati, 2008). In proline
biosynthetic route pyrroline-5-carboxylate synthetase (P5CS) and pyrroline-5-carboxylate
reductase (P5CR) play major roles (Delauney et al., 1993). Hong et al. (2000) demonstrated that
by genetic manipulation of tobacco plant, the proline content increased and subsequently the
tolerance to salinity increased. Some results showed that accumulation of proline in some plants
was a consequence of salt injury and not a prerequisite for salt tolerance as shown in rice (De
Lacerda et al., 2003). Also Lutts et al. (1999) exhibited that concentration of proline in sensitive
rice cultivars was higher than tolerant genotypes.

2.3.3. Salinity effects on carbohydrates:

The accumulation of soluble carbohydrates in plants has been widely reported as a
response to salinity or drought, despite a significant decrease in net CO, assimilation rate
(Murakezy et al., 2003). When glycophytes are exposed to high salinity, the increase in soluble
sugars contributes up to 50% increase in osmotic potential (Parvaiz and Satyawati, 2008). Parida
et al. (2002) reported that carbohydrates such as mono and disaccharides (glucose, fructose,
sucrose, fructans) and polysaccharides like starch accumulate under salt stress and play a major
role in osmoprotection, osmotic adjustment, carbon storage, and radical scavenging. Parida et al.
(2002) found that salinity reduced starch and increased reducing and non-reducing sugars in
leaves of Bruguiera parviflora. In corroboration, Khavari-Nejad and Mostofi (1998) indicated
that the contents of soluble sugars and total saccharides are increased significantly, but the starch
content was not affected in leaves of tomato.

Some evidence showed that there are differences between accessions and cultivars in terms
of amount of sugar in salinity conditions, as shown by Ashraf and Tufail (1995). Singer and
Lindquist (1998) in a study on abiotic stresses found that trehalose as a disaccharide accumulates
in various abiotic stresses and protects membranes and proteins in cells exposed to stress caused
by water deficit and reduced aggregation of denatured proteins. Also trehalose inhibit apoptotic
cell death and there are some proofs that trehalose is present in trace amounts in vascular plants,
but some roles of trehalose are still unknown (YYamada et al., 2003).
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3. SALT TOLERANCE IN PLANTS:

Salt tolerance has been defined as an inherent ability of plants to withstand the effects of
high salt concentrations in the root zone or in the leaves without a significant adverse effect.
Shannon and Grieve (1998) and Sacher and Staples (1985) defined salt tolerance as the ability of
a plant to grow and complete its life cycle on a substrate that contains high concentrations of
soluble salt. Shannon et al. (1994) and Levitt (1980) have classified plants into halophytes and
glycophytes depending on their sensitivity to salinity. Plants that can survive on high
concentrations of salt in the rhizosphere and grow well are called halophytes (Parida and Das,
2005). Depending on their salt-tolerating capacity, halophytes are either obligate or characterized
by low morphological and taxonomical diversity with relative growth rates increasing up to 50%
sea water or facultative and found in less saline habitats along the border between saline and
non-saline upland and characterized by broader physiological diversity which enables them to
cope with saline and nonsaline conditions (Parida and Das, 2005). Almost all major crop species
as well as most wild species are glycophytes. Although individual responses to high salinity may
differ, several lines of evidence suggest that all plants use the same general salt tolerance
regulatory mechanisms, and differences between halophytic and glycophytic species are a
quantitative rather than qualitative nature (Omami, 2005; Zhu, 2001).

3.1. Salt tolerance interactions with environment factors:

Interaction between salt and other environmental factors such as soil, water, and climatic
conditions affect salt tolerance in plant (Shannon, 1985; Shannon et al., 1994). Hoffman et al.
(1983) suggested plants grown under high temperature and water deficit conditions exhibit low
salt tolerance in comparison with plants grown in cool and humid conditions. Under hot and dry
conditions yield will decrease more rapidly with increasing salinity compared to yield reduction
under cool and humid conditions. This is mainly due to decreased ion accumulation and/or
improved plant water relations in the latter conditions (Shannon, 1985). A clear understanding of
these interactions is necessary for a precise assessment of salt tolerance (Omami, 2005).

3.2. Genotype diversity in salt tolerance:

Plant growth generally decreases with increasing salinity but the rate of decrease vary
with genotypes (threshold concentration). There are differences between genus, species and even
cultivars since some cultivars or ecotypes can tolerate much higher salt concentrations than
normal populations (Torabi et al., 2011; Hester et al., 1996; Hester et al., 1998; Hester et al.,
2001).

Chen et al. (2005) screened some genotypes for salt tolerance by measuring K* flux and
indicated that there is very strong negative correlation between the magnitude of K* efflux from
the root and salt tolerance of a particular cultivar of barley. Bayuelo-Jimenez et al. (2002) in a
study on Phaseolus showed that there are intraspecific and interspecific variations in salinity
tolerance. The potential of improving the salt tolerance of white clover (Trifolium repens L.) was
evaluated by Rogers et al. (1997). They showed that there are correlation between chloride ion
exclusion and heritability and resulting in high variation of salt tolerance among the white clover
cultivars, also they proposed that it is possible to increase levels of salt tolerance in white clover
by selecting for low shoot CI" concentrations under saline conditions and this criterion can be
used at very early stages of exposure to NaCl. Smethurst et al. (2009) used excised leaves to
screen alfalfa for salt tolerance and reported that by using excised leaves exposed to salinity it
may enhance PSII and allow the use of Fv/Fm measurements as an efficient screening tool for
salt tolerance. Sabir and Ashraf (2007) screened local accessions of Panicum maliaceum L. for
salt tolerance at seedling stage by using biomass production and ion accumulation and reported a
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great magnitude of variations for salt tolerance observed in this set of germplasms. Saadallah et
al. (2001) in a study on genotypic variability for tolerance to salinity of N,-fixing common bean
(Phaseolus vulgaris) noted that a genotypic variation in tolerance to salt was found , estimation
parameters of growth and symbiotic nitrogen fixation showed that some lines which exhibited
vigorous growth under the control treatment were greatly affected by salt treatment; the relative
tolerance of some lines to salt seems to depend on the ability to maintain an adequate leaf area
and to develop an abundant and efficient nodular system.

3.3. Effect of growth stage on salt tolerance:

Salt tolerance may be influenced by growth stage of plants but there is not enough
information about the salt tolerance of crops at different stages of growth. Garg (2008), Omami
(2005) and Vicente et al. (2004) noted that reaction to salt stress varies with the stage of plant
development so that cultivars may be tolerant at one stage and sensitive at another. Efforts to use
the criteria of salt tolerance during germination and emergence to evaluate salt tolerance at later
growth stages have not generally been successful; tolerance at one growth stage usually is not
related to another (Shannon and Grieve, 1998). The results showed that generally germination
and seedling stages are less tolerant than other stages (Maas and Poss, 1989; Vicente et al.,
2004). The relation between tolerance at germination and adult stage of growth was determined
by Bayuelo-Jimenez et al. (2002), Lovato et al. (1994) and there is some argument that selection
for salinity tolerance at germination, seedling stage or early vegetative growth may not produce
tolerant adult plants (EI-Hendawy et al., 2005; Kingsbury and Epstein, 1984). In some situations,
salt tolerance at only one growth stage may have a significant benefit. For instance, improved
tolerance during germination in sugar beet could remove a limiting step to tolerance throughout
its growth (Shannon and Grieve, 1998). Sometimes salt stress applied at specific growth stages
may be used to advantage. Moderate salinity applied during fruit development can change the
partitioning of photosynthesis and improve soluble solids in melon and tomato (Shannon and
Grieve, 1998).

4. MECHANISMS OF SALT TOLERANCE IN PLANTS:

Plants under salt stress employ biochemical and molecular mechanisms to overcome the
stress for growth and development. Biochemical pathways are found in some processes which
subsequently produces some compounds that improve salt tolerance ability (Iyengar and Reddy,
1996). The following biochemical strategies have been described by Ashraf and Harris (2004),
Flowers et al. (1977) and Yamaguchi and Blumwald (2005):

Selective accumulation or exclusion of ions

Control of ions uptake by roots and transport into leaves
Compartmentalization of ions at the cellular and whole-plant levels
Synthesis of compatible solutes

Change in photosynthetic pathways

Alteration in membrane structure

Induction of antioxidative enzymes

Induction of plant hormones

Salt tolerant mechanisms are either low-complexity or high-complexity mechanisms. Low-
complexity mechanisms appear to involve changes in many biochemical pathways. High-
complexity mechanisms involve changes that protect major processes such as photosynthesis and
respiration (Parida and Das, 2005).
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4.1. Regulation and compartmentalization of ions:

When the plants are exposed to high levels of salinity the salt concentration increases in
leaves gradually up to extreme levels and the salts exert their toxicity in leaves but the
mechanisms is still unknown. Salt may accumulate in the apoplast and dehydrate the cell and
maybe in cytoplasm and restrict enzymes in carbohydrate metabolism or maybe they accumulate
at chloroplast and cause toxic effects on photosynthetic processes (Dajic, 2006). Large amount of
salt in cytoplasm for both glycophytes and halophytes is harmful and to overcome the problem
plants either restrict the excess salts in the vacuole or compartmentalize the ions in different
tissues to facilitate their metabolic functions (Garg, 2008; lyengar and Reddy, 1996; Reddy et al.,
1992; Zhu, 2003). lons uptake and compartmentalization are crucial not only for normal growth
but also for growth under saline conditions (Adams et al., 1992). One of the mechanisms in
glycophytes is limiting sodium uptake or movement of sodium to older tissues so that serve as
storage compartments which are eventually sacrificed (Cheeseman, 1988). Normally at low up to
moderate of salinity levels exclusion of ions is an effective mechanism whereas at high levels of
salinity mainly halophytes make use of compartmentalization mechanism (Bohnert et al., 1995;
Cheeseman, 1988). The compartmentalization act or Na* removal occur in vacuoles by salt-
inducible enzyme Na*/H"antiporter (Apse et al., 1999). Two electrogenic H* pumps, the vacuolar
type H*-ATPase (V-ATPase) and the vacuolar pyrophosphatase (VPPase), coexist at membranes
of the secretory pathway of plants (Dietz et al., 2001). Due to regulation the expression and
activity of K™ and Na" transporters and of H" pumps when plants under salt stress they maintain
high concentrations of K and low concentrations of Na* in the cytosol (Zhu et al., 1993).

One of the important adaptation accepted as osmotic adjustment is inclusion of ions in the
cytoplasm (Halperin and Lynch, 2003). Experimental results indicated that Ca** has special role
in salt adaptation so that Ca** reduces the toxic effects of NaCl, probably by facilitating higher
K*/Na" selectivity (Lauchli and Schubert, 1989; Liu and Zhu, 1997). There is some evidence that
due to high levels of salt, cytosolic Ca** increased so that Ca®" are transported from the apoplast
intracellular compartments (Knight et al., 1997).

Other mechanisms of salt regulation are salt secretion and selective salt accumulation or
exclusion (Dajic, 2006). Salt secretion occurs through development of unique cellular structures
called salt glands (Dajic, 2006). These salt glands secrete salt (especially NaCl) from leaves and
maintain internal ion concentration at lower level (Marcum and Pessarakli, 2006). Salt exclusion
occurs through roots to regulate the salt content of their leaves in many halophytes (Levitt,
1980). Selective accumulation of ions or solutes enables the plants to make osmotic adjustments,
which occur through mass action, and results in increasing water retention and/or sodium
exclusion (Parida and Das, 2005).

4.2. Induced biosynthesis of compatible solutes:

When plants are exposed to salt stress, the cytoplasm tries to accumulate low molecular
mass compounds to adjust the ionic balance in vacuoles. These compounds are called compatible
solutes because they do not interfere with normal biochemical reactions (Ashihara et al., 1997;
Burg et al., 1997; Ford, 1984; Garg, 2008; Hasegawa et al., 2000; Zhifang and Loescher, 2003).
The main compatible solute include proline (Abrahmet. al., 2003; Hong et al., 2000;
Kaymakanova et al., 2008; Khatkar and Kuhad, 2000; Maggio et al., 2002; Mansour, 2000;
Singh et al., 2000), glycine betaine (Khan et al., 2000b; Rhodes and Hanson, 1993; Wang and
Nil, 2000) sugars (Kerepesi and Galiba, 2000; Murakezy et al., 2003; Parida et al., 2002; Pilon-
Smits et al., 1995; Yamada et al., 2003), and polyols (Bohnert and Shen, 1998; Bohnert et al.,
1995; Dopp et al., 1985; Ford, 1984).
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Polyols as one of the major compatible solutes have other roles including as low-
molecular-weight chaperones, and as scavengers of stress-induced oxygen radicals (Bohnert et
al., 1995; Smirnoff, 1998). Basically, polyols serve two functions, namely osmotic adjustment
and osmoprotection. In osmotic adjustment, they act to maintain the osmotic potential of water in
the cytoplasm through isolation of sodium to vacuole or apoplast while for osmoprotection they
interact with membranes, protein complexes, or enzymes (Crowe et al., 1997). The
carbohydrates include sugars (glucose, fructose, sucrose, fructans) and starch as compatible
solute accumulated under salt stress (Parida et al., 2002) and their main roles are osmoprotection,
osmotic adjustment, carbon storage, and radical scavenging (Kerepesi and Galiba, 2000; Khatkar
and Kuhad, 2000; Singh et al., 2000).

When plants are exposed to salinity a few of nitrogen-containing compounds (NCC)
accumulate in plants. The NCC that is known to accumulate in plants are amino acids, amides,
imino acids, proteins, quaternary ammonium compounds, and polyamines. There are variations
among plant species for type and amount of NCC that accumulate in plants under salt stress .The
major roles of NCC include osmotic adjustment, protection of cellular macromolecules, storage
of nitrogen, maintenance of cellular pH, detoxification of the cells, and scavenging of free
radicals under stress conditions (Mansour, 2000). The results obtained from many researchers
indicated that when plants are exposed to salinity, NCC accumulates in plant especially free
amino acid and glycine betaine (Khan et al., 2000b; Khan et al., 1998; Khan et al., 2000b;
Saneoka et al., 1999; Wang and Nil, 2000).

4.3. lons uptake and transport control by roots:

For normal metabolism plants need ionic balance, hence they need to inhibit uptake and
translocation of toxic ions such as Na* and CI" and on the other hand, accelerate uptake of
metabolically required ions such as K" by K* and Na" transporters and H* pumps (Ashraf and
O'leary, 1996; Noble and Rogers, 1992; Zhu et al., 1993). The thermodynamics of a
Na'/H*antiporter is simple because the electroneutral exchange this antiporter catalyzes is
unaffected by membrane potential. Thus, the direction of Na* movement is determined simply by
the differences in free concentrations of Na* and H*. Carden et al. (2003) in a study on salinity
effects on barley indicated that salt tolerant varieties kept up a cytosolic Na* ten times lower than
sensitive varieties. There are some evidence that some tomato cultivars are able to select and
transfer the major nutrients (K*, Ca?*, Mg?* and NOs-) to young leaves under moderate salinity
and when plants are exposed to high levels of salinity they are not able to select and transfer
NOgs- (Perez-Alfocea et al., 1996). Ashraf and Khanum (1997) mentioned that ionic status can be
considered to identify salt tolerance and used as a precise tool for breeding the salt tolerant
cultivars.

4.4. Changes in photosynthetic pathways:

A reduction in photosynthesis rate under salinity is unavoidable and it can be due to
water deficit and reduction in water potential. So the main mechanism to overcome salt stress in
this situation is to build up the water use efficiency under salinity.

In this case some plants can be facultative halophyte like M. crystallinum, so that they
can shift their C3 mode of photosynthesis to CAM (Cushman et al., 1989; Parida and Das, 2005).
There is some evidence that some plants such as Atriplex lentiformis when exposed to salt stress
will shift from the Cj to the C4 pathway in response to salinity (Maricle et al., 2007; Parida and
Das, 2005).
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4.5. Induction of antioxidative enzymes:

Salinity effects and water deficit are similar as osmotic effects so that the osmotic
activities can be due to wide range of environmental stresses (Cheeseman, 1988; Greenway and
Munns, 1980; He et al., 2007; Imlay, 2003).

Increasing osmotic potential in cells causes an increase in reactive oxygen species (ROS)
such as superoxide, hydrogen peroxide, hydroxyl radical and singlet oxygen (Imlay, 2003). He
noted cytotoxic activated oxygen species are seriously able to disrupt normal metabolism
through oxidation that is deleterious to lipids, proteins and nucleic acids (Fridovich, 1986; He et
al., 2007; Imlay, 2003; Wise and Naylor, 1987).

On other hand the increase in O, concentration resulting from photosynthesis that
remains in the chloroplasts also creates activated oxygen species (Asada, 1992; Harir and
Mittler, 2009; Luhua et al., 2008). In plants exposed to abiotic stress such as high light intensity,
temperature extremes, drought, high salinity, herbicide treatment, or mineral deficiencies,
generally cause the imbalance between the production of reactive oxygen species and the
quenching activity of the antioxidants (Imlay, 2003; Mittova et al., 2004; Spychalla and
Desborough, 1990).

Plants have an effective system for scavenging active oxygen species that protect them
from harmful oxidative reactions (Foyer et al., 1994; Mittova et al., 2004). Anioxidative enzymes
such as catalase, glutathione reductase, superoxide dismutase and glutatione-S-transferase are the
main enzymes to protect cells (Garratt et al., 2002; Mittova et al., 2003). Whereas superoxide
dismutase, metabolizes oxygen (O;) radicals to hydrogen peroxide (H20), then protecting cells
from damage and catalase, ascorbate peroxidase, and a variety of peroxidases catalyze the
subsequent breakdown of H,0O, to water and oxygen (Garratt et al., 2002; Gossett et al., 1994;
Mittova et al., 2002; Mittova et al., 2003). Several researchers showed that when plants are
exposed to salinity the activity of antioxidant increase, in rice (Fadzilla et al., 1997; Lee et al.,
2001), wheat (Meneguzzo et al., 1999) and lentil (Bandeolu et al., 2004). There are some
differences between genotypes in terms of oxidative tolerance in plants. Munns and Tester
(2008) mentioned genetic differences in salinity tolerance are not necessarily due to differences
in the ability of detoxify ROS. They noted that “differences in antioxidant activity between
genotypes may be due to genotypic differences in degrees of stomatal closure or in other
responses that alter the rate of CO, fixation, differences that bring into play the processes that
avoid photoinhibition and for which the plant has abundant capacity”

4.6. Induction of plant hormones:

Based on previous research it is clear that with increasing salt stress, content of some
hormones such as ABA and cytokinins increase in leaves of plant (Aldesuquy, 1998; Thomas et
al., 1992; Vaidyanathan et al., 1999). There are some special roles for ABA when plants are
exposed to salt stress such as activate salt-stress-induced genes (De Bruxelles et al., 1996;
Gomez-Cadenas et al., 2003) to alleviate the inhibitory effect of NaCl on photosynthesis, growth
and translocation of assimilates (Popova et al., 1995) to promote switch from Cj to crassulacean
acid metabolism (CAM) (Thomas et al., 1992) and promote stomata closure by rapidly altering
ion fluxes in guard cells. Other hormone called jasmonates also has important roles in salt
tolerance when content of jasmonates in salt-tolerant tomato cultivars was higher than salt-
sensitive cultivars (Pedranzani et al., 2003). The main role of jasmonates is mediate signaling,
such as defense responses, flowering, and senescence (Pedranzani et al., 2003).

5. CONCLUSIONS AND PERSPECTIVES:
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The deleterious salt influences on plant can be along with their physiological and
biochemical processes in plants. The initial and many dramatic responses of plants when exposed
to salt condition is decrease of stomatal conductivity. Stomatal conductance and resistance are
reduced by salinity in rhizosphere. Photosynthesis is influenced by salt stress attributable to
closure of the stomata and a reduction in carbon assimilation owing to reduction in
photosynthetic pigments, chlorophyll fluorescence, and unbalanced in ions and water relation.
Usually the chlorophyll content and chlorophyll fluorescence decreases under salt stress in
leaves. Chlorophyll fluorescence can monitor the function of the photosynthetic machinery to
salt stress. Many studies indicated that osmotic potential and water potential became more
negative by increasing salt. The unbalanced in ions is owing to competes ions salt with up taking
nutritional elements such as K*, N, P, and Ca®* by root plants and accumulation of Na* and CI" in
shoot tissues and decline Ca®*, K* and Mg?* levels. The biochemical responses to salt stress can
be attributable to accumulation of low molecular weight organic solutes or inorganic ions in cell,
whereas each on play major roles to adjust osmotic potential in plant under salt stress. The
protein and amino acids accumulate as a reservoir of energy and adjuster of osmotic potential in
plants subjected to salinity whereas everyone can create tolerance in plants in face to salt stress.
The accumulation of carbohydrates and changing in types of them is another biochemical
response of plants to salt stress whereas each on plays a major role in osmoprotection, osmotic
adjustment, carbon storage, and radical scavenging. Salt tolerance in plant is an inherent ability
of plants to survive the impacts of salt concentrations in the root zone or in the leaves without a
significant adverse effect. Nevertheless diversity among genotypes create different levels of salt
tolerance but on other hand salt tolerance can be influenced by interaction of plants and
environment factors such as soil, water, and climatic conditions. It is concluded that the effects
of salinity on plants is complex and multifaceted and further work is required to understand how
effects of salinity on crops can be overcome or alleviated. Further work is needed to understand
the molecular basis of salinity tolerance of the halophytic plants in order to transfer some of the
traits to the important crops that are now faced with the prospect of having to be grown in
marginal lands where salinity is one of the major limitations.
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