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Abstract

Salinity is one of the most severe environmental problems worldwide and affects 
plant growth, reproduction, and crop yields by inducing physiological and biochemi-
cal changes due to osmotic and ionic shifts in plant cells. One of the principal modifi-
cations caused by osmotic stress is the accumulation of reactive oxygen species (ROS), 
which cause membrane damage and alter proteins, DNA structures, and photosyn-
thetic processes. In response, plants increase their arsenal of antioxidant compounds, 
such as ROS scavenging enzymes and nonenzymatic elements like ascorbate, glutathi-
one, flavonoids, tocopherols, and carotenoids, and their rates of osmolyte synthesis to 
conserve ion homeostasis and manage salt stress. This chapter describes the principal 
biochemical mechanisms that are employed by plants to survive under salt-stress 
conditions, including the most recent research regarding plant tolerance, and suggests 
strategies to produce valuable crops that are able to deal with soil salinity.

Keywords: salinity, ROS, scavenging enzyme, antioxidant compound, osmolyte

1. Introduction

Salt stress in the form of soil salinity restricts plant growth and limits crop yields. 
Globally, soil salinity affects 6–10% of the total land surface (~ 800 million ha), 
20–33% of which is used for agricultural purposes [1–3]. The damages caused by 
soil salinity are more notable in arid and semiarid regions where limited rainfall, 
high evapotranspiration rates, and extreme temperatures coupled with poor water 
and soil management practices exacerbate this problem [4, 5]. Despite the current 
agricultural problems due to soil salinity, world population growth has exerted sub-
stantial pressure for increased crop production to meet the global demand for food. 
Simultaneously, climate change has continued to markedly challenge the growth and 
production of agricultural crops due to variations in temperature, shifts in precipita-
tion, reduced solar radiation, and increased evaporative demand.

Salinization can be the result of natural causes, such as flooding, wind erosion, and the 
redistribution of salts in shallow groundwater systems due to the weathering of minerals 
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and salty rocks that release sodium chloride (NaCl) and other soluble salts like magne-
sium, calcium, sulfates (SO4), and carbonates (CO3) into the environment [6, 7]. Other 
sources of salinity include high evaporation rates in the tropics and the precipitation of 
ocean salt by wind and rain, which increase ion concentrations in soils [8]. However, the 
global increase in salinization is mainly due to anthropogenic activities, such as irrigation, 
land clearing, deforestation, agricultural intensification, the use of imbalanced fertil-
izers, or poor drainage systems [7]. Irrigation practices have also elevated groundwater 
levels, resulting in a subsequent increase in evaporation. Moreover, industrial wastewater 
and effluents enriched in salts can elevate the salinity levels of agricultural soils.

Salinity has drastic consequences in plants at a physiological level because it 
restricts the ability of plants to take up water. In plants under salt-stress conditions, 
the rates of transpiration and photosynthesis decrease while the opening and closing 
of stomata is generally quick; in addition, ion toxicity, membrane instability, and 
mineral limitation are observed along with the inhibition of both enzymes and meta-
bolic pathways [9–11]. Additional problems emerge when excessive amounts of salts 
enter a plant and reach toxic levels, impairing normal germination, plant growth, 
lateral bud development, productivity, and senescence [12]. The overall results of 
salinity stress can be seen in impaired plant growth, physiological functions, and 
crop yields, although these depend on the severity of the stress, the time scale of the 
response, and on whether the stress was abruptly or gradually imposed [11].

Plant damage caused by salinity primarily takes place in two phases. First, increases 
in soil salt content cause an osmotic effect, which reduces the soil water potential and 
consequently plant water absorption. Second, the excessive uptake of ions, mainly 
Na+, Cl-, and SO2, interferes with various metabolic processes in plants, including 
photosynthesis, nitrogen assimilation, malate metabolism, and protein translation 
[13]. This nutrient imbalance reduces the amounts of calcium, magnesium, and 
potassium in the plant [14]. In addition, oxidative damage is generated as a result of an 
increase in ROS due to a reduction in the rate of photosynthesis. The combination of 
these factors negatively affects plant functions, including those related to metabolism, 
and may damage plant structures, which can ultimately lead to plant death [15, 16].

The ability of crops to grow and reproduce in saline soil is dependent on the 
developmental stage of the plant and greatly differs between species, which is mainly 
due to the variability associated with limiting salt uptake from the soil and effectively 
compartmentalizing it at the cellular level [17]. To deal with the adverse effects of 
salinity, plants trigger different physiological and biochemical mechanisms that allow 
them to survive and grow, including salt exclusion, the control of ion uptake and 
translocation, ion compartmentalization within different cells and tissues, nutrient 
ion transport, the synthesis of compatible solutes and osmoprotectants, morphologi-
cal and anatomical modifications, membrane and hormone changes, and antioxida-
tive metabolism responses based on the production of antioxidant enzymes and 
compounds [8, 13, 18]. This chapter is focused on presenting the principal determi-
nants of salt-stress tolerance in plants, which include the antioxidant defense system, 
enzymatic and nonenzymatic compounds, and the most important metabolites 
involved in osmotic adjustments.

2. Antioxidant defense mechanisms

The antioxidant defense system is a vital mechanism by which plants deal with 
oxidative stress under saline conditions [19–21]. Salinization reduces the rate of 
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photosynthesis, which alters the electron flow from central transport chains to 
oxygen-reduction pathways, leading to an overproduction of ROS, such as superoxide 
radicals (O2•−), singlet oxygen (O2), hydrogen peroxide (H2O2), hydroxyl radicals 
(OH•), and alkoxy radicals (RO•). ROS are generated in the cytosol, chloroplasts, 
mitochondria, and apoplastic spaces of cells [22–25]. Although ROS are formed in 
biological systems as by-products of respiration and photosynthesis, in low concen-
trations, they act as signal transduction molecules that are involved in mediating 
programmed cell death, development, and responses to pathogen infections and 
environmental stressors [23, 26]. However, an excess of ROS produces phytotoxic 
reactions, biomolecule oxidation, cell membrane damage, protein degradation, 
enzyme inhibition, and DNA mutations [27–29]. Therefore, fluctuations in the 
properties and functions of ROS will eventually lead to metabolic and physiological 
problems in plants.

The overproduction of ROS imbalances homeostasis at cellular and subcellular 
levels and may ultimately lead to cellular death [30]. The intensity of the oxidative 
stress depends on the types of ROS produced, their concentrations, the sites where 
they are released, interactions with other cellular molecules, and the developmental 
stage and potential of the cell [31]. To avoid damage caused by the overproduction 
of ROS, plants employ an antioxidant defense mechanism that contains several 
enzymatic and nonenzymatic constituents that mitigate potential negative effects 
by converting ROS into less toxic molecules [32]. Given that increases in antioxidant 
levels usually improve plant tolerance, an adjustable control system that balances 
ROS production and scavenging via antioxidant enzyme and nonenzyme activities is 
essential for limiting toxicity levels in plants under adverse conditions [33, 34].

Plants rely on enzymes that are specifically involved in ROS detoxification, namely 
those that act to lower ROS levels or avoid oxidative stress, including superoxide 
dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and other enzymes 
involved in the AsA-GSH cycle, such as glutathione reductase (GR), monodehydro-
ascorbate reductase (MDHAR), and dehydroascorbate reductase (DHAR). These 
antioxidant enzymes are located in different sites within plant cells and work together 
to detoxify ROS [35]. In addition, low molecular mass antioxidant compounds like 
ascorbate, glutathione, flavonoids, tocopherols, and carotenoids are also crucial for 
ROS homeostasis in plants [36–38].

2.1 Enzymatic antioxidants

2.1.1 Superoxide dismutase

Superoxide dismutase, which shows great variation across different plant 
species, is a metalloenzyme that plays an important role in combating oxidative 
stress in all subcellular organelles sensitive to ROS (i.e., chloroplasts, mitochondria, 
peroxisomes). This metalloenzyme catalyzes the dismutation of O2• − into O2 
and H2O2. A particularly interesting property of SODs is that they can only react 
with O2•−) through diffusion and electrostatic guidance at limited rates, yet they 
are highly effective at removing O2•− [39]. SOD enzymes can be classified into 
three types according to their metal cofactors: copper/zinc (Cu/Zn-SOD; found 
in the cytosol or in plastids), manganese (Mn-SOD; found in mitochondria and 
peroxisomes), or iron (Fe-SOD; found in chloroplasts). Of note, it is only plants 
that have all three SOD types [39]. Superoxide dismutases are considered the first 
line of defense against ROS because an increase in SOD activity has been frequently 
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linked to improved plant tolerance in the presence of environmental stress [40]. 
For example, the overproduction of SOD has been found to enhance salt-stress 
tolerance in sweet potatoes [40]. Moreover, SOD activity has been put forth as an 
indirect means to screen for plants that are salinity resistant.

2.1.2 Catalase

Catalase was the first enzyme to be identified with antioxidant capabilities and 
is mainly found in peroxisomes and glyoxysomes. The function of CAT is to convert 
H2O2 into H20 and O2 [41]. H2O2 has been found to be produced in cell organelles 
during photorespiratory oxidation, the β-oxidation of fatty acids, purine catabolism, 
and because of the activities of enzymes, such as xanthine oxidase and SOD [42]. CAT 
plays a dynamic role in eliminating H2O2 by degrading it in an energetically efficient 
manner. For example, one CAT molecule can transform about 6 million H2O2 mol-
ecules into H2O and O2 in roughly one minute [43, 44].

Whereas animals contain a single CAT gene, plants have a multigene family that 
includes multiple isoenzymes (depending on the species) whose expression is regu-
lated according to how they are distributed within tissues or organs and the environ-
mental conditions present [44]. In plants, there are three classes of catalases that are 
determined based on location: class I (photosynthetic tissues), class II (vascular tis-
sues), and class III (seeds and young seedlings) [45]. A concomitant increase in CAT 
activity has been observed as part of the antioxidant defense system in plants. This 
increase may be a manifestation of the adaptive responses of plants to abiotic stress. 
It may also be assumed that without any concomitant increase in CAT activity, plant 
growth is likely to be severely limited. Therefore, different environmental stressors 
constitute major drivers that either enhance or restrict CAT activity, depending on the 
intensity, duration, and type of stress [46].

2.1.3 Enzymes involved in the AsA-GSH cycle

The Asa-GSH cycle, also known as the Halliwell–Asada cycle, is a series of coupled 
redox reactions involving four enzymes: APX, MDHAR, DHAR, and GR [47]. This 
cycle plays a crucial role in the antioxidant protection system in the presence of H2O2, 
which is generated in different cellular compartments like chloroplasts, mitochondria, 
peroxisomes, and the cytosol and apoplast [48, 49]. H2O2 is scavenged by APX via 
the oxidation of ascorbate. This enzyme comprises a family of five APX isoforms that 
are located in several organelles and cellular compartments, including glyoxysomes 
(gmAPX), thylakoids (tAPX), the cytosol (cAPX), mitochondria (mAPX), and 
soluble chloroplast stroma (sAPX) [46]. APX uses two molecules of ascorbate to 
reduce H2O2 to H2O and produces two molecules of monodehydroascorbate (MDHA) 
from the oxidation of ascorbate. MHDA is converted back to ascorbate by MDHAR, 
which is a flavin adenine dinucleotide (FAD) enzyme with high specificity for MHDA. 
Subsequently, MDHA is further rapidly converted to dehydroascorbate (DHA) by the 
monomeric thiol enzyme DHAR. DHAR uses reduced glutathione (GSH) as the reduc-
ing substrate, which is regenerated by GR from its oxidized form glutathione disulfide 
(GSSG), and NADPH molecules act as donors of reducing equivalents [29, 43]. Recent 
studies have shown that these enzymes become active and participate in the ascorbic 
acid-glutathione cycle under salt-stress conditions, indicating that their increased 
activity may improve plant tolerance [50–52]. Figure 1 shows the functions of the 
antioxidant enzymes described above.
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2.2 Nonenzymatic antioxidants

2.2.1 Ascorbic acid

Ascorbic acid (well known as Vitamin C) is the main antioxidant in plants and acts as 
a major redox buffer and cofactor for enzymes. The structure of ascorbic acid is like those 
of hexose sugars and is comprised of a conjugated structure composed of a five-carbon 
lactone ring, containing enediol groups on C2 and C3. Ascorbic acid is considered to be 
the most powerful ROS scavenger due to its ability to donate electrons to a wide range of 
electron receptors in several enzymatic and nonenzymatic reactions [53]. Ascorbic acid 
protects cellular membranes by directly scavenging O2• − and OH while acting as a cofac-
tor for violaxanthin deepoxidase, sustaining the dissipation of excess excitation energy 
in chloroplasts [54]. In addition, ascorbic acid has the redox potential to interact with 
hydroxyl radicals,, superoxides, oxidized glutathione, and tocopherol radicals [53, 55].

Ascorbic acid is involved in many plant pathways related to photosynthesis, 
hormone biosynthesis, antioxidant regeneration, defense responses, signal transduc-
tion, flowering, cell division, and growth and is abundantly found in meristems and 
photosynthetic cells [56, 57]. Under normal physiological conditions, ascorbic acid 
largely remains in a reduced form in leaves and chloroplasts [55] and accumulates in 
photosynthetic organs, although it can be found in high concentrations in non-pho-
tosynthetic tissues with the amounts varying depending on the plant species, variety, 
tissue type, and growth environment [53, 58].

Multiple experiments have been developed to evaluate the roles of antioxidant 
compounds, such as glutathione and ascorbic acid, when they are applied to different 
plant tissues. For example, Aliniaeifard et al. [59] sprayed 2 mM AsA and 3 mM GSH 
on olive plants treated with 100 mM NaCl and reported that plant growth parameters 
significantly improved with the application of AsA when compared with those of the 
plants sprayed with GSH. In addition, the Na + and Cl– concentrations decreased in the 
olive plants sprayed with AsA while the K+ concentration and K/Na ratio increased. 

Figure 1. 
The orange squares show ROS scavenging by the antioxidant enzymes superoxide dismutase (SOD) and 
catalase (CAT) and the enzymes involved in the Asa-GSH cycle, namely ascorbate peroxidase (APX), 
monodehydroascorbate (MDHAR), dehydroascorbate reductase (DHAR), and glutathione reductase (GR). The 
purple circles show the nonenzymatic antioxidant compounds glutathione and ascorbate that are described in 
section 2.2. The diagram was modified from [48].
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Aliniaeifard et al. concluded that the exogenous application of AsA is recommended for 
improving the tolerance of olive plants under saline conditions. Similarly, Sadak [60] 
applied AsA to flax cultivars irrigated with salt water and found that AsA allowed for an 
increase in antioxidant defense via the activation of ROS scavenging enzymes.

2.2.2 Glutathione

Together with ascorbic acid, glutathione is one of the most important nonenzymatic 
antioxidants. Glutathione is a thiol tripeptide composed of γ-glutamyl-cysteinylglycine 
and plays a central role in antioxidant defense by scavenging ROS, thereby maintain-
ing redox homeostasis in plant tissues [61]. The chemical reactivity, relative stability, 
and high water solubility of the thiol group of glutathione makes it ideal for protecting 
plants against oxidative stress or stress due to heavy metals and exogenous or endog-
enous organic chemicals [62]. Glutathione is localized in all cell compartments, such 
as the chloroplasts, cytosol, vacuoles, mitochondria, and endoplasmic reticulum. In 
physiological processes, glutathione plays important roles in xenobiotic detoxification, 
metabolite conjugation, signal transduction, and stress-responsive gene expression 
[61, 63]. Glutathione also participates in tissue growth and development, cell death and 
senescence, and the enzymatic regulation of pathogen resistance [64].

Glutathione also appears to be important in controlling O2•−, •OH, and H2O2 
levels in cells under stressful conditions given the observed changes in the ratio of its 
reduced (GSH) and oxidized (GSSG) forms, which provides information on the cellu-
lar redox balance [65, 66]. GSH is required for GRX-mediated dithiol and monothiol 
reduction mechanisms and is important for the activation of GPX, GST, and glyoxa-
lase functions, particularly recycling GSH from GSSG in the presence of NADPH. 
Therefore, GSH plays a key role in ROS tolerance under oxidative stress in association 
with other ROS-metabolizing enzymes [57]. In addition, the primary reaction in 
plants when they are exposed to progressive salinity is the oxidation of GSH, indicat-
ing that this reaction is an early response to oxidative stress [33, 67].

Studies have demonstrated the benefits associated with the application of GSH 
in modulating salt-stress tolerance and positively influencing yield-contributing 
traits in plants like rice (Oryza sativa L.) [68], while the application of GSH has been 
found to increase the transcript levels and activities of genes and enzymes related to 
GSH synthesis and metabolism in tomato plants (Solanum lycopersicum) [69].

2.2.3 Flavonoids

Flavonoids are largely responsible for the pigmentation of seeds, flowers, stems, 
roots, and fruits. Flavonoids are aromatic compounds that are derived from chalcone, 
which is obtained from phenylalanine and malonyl-coenzyme A. According to their 
chemical structures, flavonoids can be classified into flavones, flavanones, flavonols, 
flavans, flavandiols, isoflavones, anthocyanins, and condensed tannins [70, 71].

Flavonoids act to prevent ROS increase through the inhibition of ROS-generating 
enzymes, including cyclooxygenase, lipoxygenase, monooxygenase, and xanthine oxi-
dase. The ability to chelate metals is essential for impeding the regeneration of radical 
ROS molecules, such as superoxide, hydroxyl radicals, and hydrogen peroxide [72, 73]. 
Given that they contain functional hydroxyl groups, flavonoids constitute a secondary 
antioxidant system, as they support the function of other ROS scavenging systems 
when the activities of antioxidant enzymes are reduced. In addition, flavonoids serve 
as antioxidant barriers that protect cellular components against oxidizing pollutants 
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like ozone (O3) and sulfur dioxide (SO2). Due to their elevated abilities to donate 
electrons or hydrogen atoms, the antioxidant capacities of flavonoids have been found 
to be many times higher than those of either ascorbic acid or a-tocopherol [74, 75].

Interestingly, in Ginkgo biloba seedlings, treatment with 100 mmol/L NaCl was 
found to improve the biosynthesis of flavonoids and flavonol [76]. In addition, the 
upregulated expression of five flavonoid biosynthesis-related genes was also detected. 
The authors indicated that G. biloba seedlings could tolerate low-level soil salinity 
stress via the regulation of flavonoid biosynthesis, which was accelerated in response 
to environmental stress.

2.2.4 Tocopherols

Tocopherols constitute a group of lipophilic compounds that are important anti-
oxidant and nonenzymatic components capable of inhibiting lipid peroxidation. 
Tocopherols are also essential for maintaining membrane integrity. These lipophilic 
compounds are synthesized from homogentisic acid and isopentenyl diphosphate in 
the plastid envelope. Tocopherol exists in four isomeric forms (α-, β-, γ-, and δ-), with 
the predominant forms being α- and γ-tocopherol. The composition of tocopherol 
depends on the genotypic features of the plant, growth conditions, tissue type, and 
stress intensity. Tocopherols are present in seeds, fruits, roots, tubers, cotyledons, 
hypocotyls, stems, leaves, and flowers. In addition, α-tocopherol may regulate the 
concentrations of plant hormones, such as jasmonic acid, which control both growth 
and development [38, 77].

As a component of thylakoid membranes, tocopherol acts as an important scav-
enger of 1O2 and OH while maintaining a stable redox status and the structure and 
function of PSII. Tocopherols have also been found to reduce lipid peroxyl radicals 
(obtained from lipid peroxidation) to their corresponding hydroperoxides [78]. In 
addition, tocopherols participate in cell signaling and they may protect embryos dur-
ing germination from ROS, senescence, and stress [79, 80]. Recent studies have also 
shown that tocopherol plays a positive role under salt-stress conditions by controlling 
Na+/K+ homeostasis and the hormonal balance while minimizing oxidative stress 
[81]. Additionally, it has been demonstrated that the foliar application of a-tocopherol 
in onion plants and Vicia fava improve salt tolerance with an increase in plant growth 
and productivity in this condition [82, 83].

2.2.5 Carotenoids

Carotenoids are hydrophobic pigments derived from isoprene that play essential 
roles in photosynthesis and nutrition and protect against photo-oxidative damage 
in higher plants [37]. Carotenoids are mainly present in the form of 40-carbon 
tetraterpene, which consists of eight isoprene units [84]. In plants, carotenoids 
are synthesized in plastids from isoprenoid precursors. Lycopene is a principal 
carotenoid and is a product of the sequential desaturations of phytoene and may be 
converted into b-carotene by lycopene b-cyclase (Lcy-b) [85, 86]. Carotenoids act 
as light harvesters by dissipating excess energy as heat, and they also protect the 
photosynthetic apparatus from the free radicals produced during photosynthesis 
by stabilizing photosystem I and II and the thylakoid membrane. Furthermore, 
carotenoids are precursors of hormones like abscisic acid and strigolactones [87].

Carotenoids quench the O2 and H2O2 formed under salt stress due to their low 
triplet state energy and in this way, protect lipids from peroxidation while suppressing 
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radical chain reactions [88–90]. Li et al. [91] recently showed that the overexpression 
of three genes associated with carotenoid biosynthesis from Lycium chinenses enhanced 
salt tolerance in tobacco plants and suggested that plants may synthesize and accumu-
late more carotenoids under salt-stress conditions, showing higher resistance to oxida-
tive stress, by an increase of the expression level and activity of antioxidant enzymes.

3. Osmolytes that maintain cell turgor

Salinity decreases the osmotic potential of soil, which in turn limits water absorp-
tion by plants. In addition, the toxicity of Na + and Cl- impedes the uptake of essen-
tial nutrients. In particular, Na + toxicity can disrupt the absorption of K+ and Ca2+, 
favoring the production of ROS and inducing oxidative damage [92].

Plants have developed responses to deal with water loss and the transport and 
accumulation of toxic ions. Given that water loss in plants originates due to the low 

Type of study Species Reference

Amino acids

Proline Exogenous 
application

Solanum lycopersicum, Glycine 

max, Pisum sativum

[102–104]

GABA Natural 
accumulation

Nicotiana tabacum and Sorghum 

bicolor

[105, 106]

Polyamines

Putrescine Natural 
accumulation

Cajanus cajan [107]

Spermidine Exogenous 
application

Oryza sativa [108]

Spermine Natural 
accumulation

O. sativa [109]

Betaines

Glycine betaine Exogenous 
application

O. sativa, Glicine max, and 
Phaseolus vulgaris

[110–112]

Sugars

Glucose and fructose Natural 
accumulation

Vitis vinifera and Lepidium 

crassifolium

[113, 114]

Trehalose Transgenic 
expression

O. sativa [115]

Raffinose Transgenic 
expression

Arabidopsis thaliana [116]

Polyols

Mannitol Transgenic 
expression

N. tabacum [117]

Myo-inositol and pinitol Transgenic 
expression

N. tabacum [118, 119]

GABA = Gamma amino butyric acid

Table 1. 
Studies in plants that directly correlate metabolite accumulation to increased salinity stress tolerance.
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osmotic potential of the soil, plants must employ compensatory mechanisms [93]. 
Plant cells permit higher influxes of Na+, which decrease the water potential and 
cause osmotic stress in cells. Salts are translocated from the roots to shoots to maintain 
ion homeostasis, although this reduces photosynthetic efficiency due to the inhibition 
of photosystem II (PSII) [94]. To cope with osmotic stress and maintain ion homeo-
stasis, plants biosynthesize osmolytes.

Osmolytes or compatible solutes are small molecules with low molecular 
weights that are electrically neutral, highly soluble, and do not affect normal 
biochemical processes [95]. The biosynthesis and accumulation of osmolytes 
constitutes an essential protection strategy for plants under abiotic stress. Multiple 
studies have elucidated the roles that osmolytes play in abiotic stress tolerance due 
to natural accumulation [96, 97], exogenous application [98, 99], or the trans-
genic expression of osmolyte pathway genes [100, 101], which are summarized in 
Table 1.

The primary function of osmolytes is to accumulate inside the cell to maintain 
the osmotic balance between the plant cell and its surroundings [120]. Osmolytes 
can also act as chemical chaperones by stabilizing and protecting proteins and mem-
branes [121] or by acting as ROS scavengers [122]. Some of these compatible solutes 
are highly effective in reducing the extent of K+ loss in response to salt stress [123]. 
Overall, osmolytes are chemically diverse, although they can be broadly grouped 
into amino acids, polyamines, betaines, sugars, and polyols, which are shown in 
Figure 2.

Figure 2. 
Chemical structures of the most common osmolytes observed in salt-stress responses in plants. These structures can 
be grouped into amino acids, polyamines, betaines, sugars, and polyols.
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3.1 Amino acids

Amino acids are the building blocks of proteins, which carry out many biological 
processes and provide structure and support for cells [124]. In addition, many studies 
have reported the accumulation of amino acids in plants exposed to drought and 
salinity conditions [97, 98, 125, 126]. This accumulation may be due to elevated amino 
acid production and/or the stress-induced breakdown of proteins [127]. Some of the 
amino acids that have been found to accumulate are alanine, arginine, glycine, serine, 
leucine, valine, and proline, in addition to non-protein amino acids like citrulline, 
ornithine, and gamma amino butyric acid (GABA) [128, 129].

Proline is the most important osmolyte and signaling molecule and generally 
accumulates in the cytosol. Proline also acts as an ROS scavenger and molecular chap-
erone, stabilizing the structure of proteins and protecting cells from potential damage 
induced by osmotic and oxidative stress [120, 130, 131]. Proline is mainly synthesized 
from glutamate by Δ1-pyrroline-5-carboxylate (P5C) synthetase and P5C reductase 
enzymes, although under nitrogen-limited conditions, proline is synthesized in the 
ornithine pathway and transformed into P5C/GSA (glutamate-1-semialdehyde) via 
ornithine-δ-aminotransferase [132, 133].

Proline has been associated with increased salt tolerance in tomato (Solanum 
 lycopersicum) [102], soybean (Glycine max) [103], groundnut (Arachis hypogaea) 
[134], pea (Pisum sativum) [104], sainfoin (Onobrychis viciaefolia), and mung bean 
(Vigna radiata) plants [100]. Researchers have also reported that the exogenous 
application of proline enhances its endogenous level, thus promoting growth and the 
antioxidant defense system and decreasing the uptake rate of Na + and Cl- [99, 135].

Gamma amino butyric acid is a four-carbon non-protein amino acid with an amino 
group attached to γ-carbon instead of α- carbon. GABA is mainly synthesized from 
glutamate in the cytosol by glutamate decarboxylase and then transported to the 
mitochondria [136]. GABA metabolism has been associated with the carbon/nitrogen 
balance and ROS scavenging [137, 138]. In addition, GABA accumulation and metabo-
lism have been found to be activated by salt exposure in tobacco plants [105]. Moreover, 
GABA-T Arabidopsis mutants have been found to be hypersensitive to ionic stress, show-
ing elevated levels of amino acids (including GABA) [139]. In sorghum, GABA may also 
contribute to CSF20 osmoregulation and signaling to increase salt tolerance [106].

3.2 Polyamines

Polyamines (PAs) are low molecular weight aliphatic nitrogenous bases contain-
ing two or more amino groups [140]. The most common PAs in higher plants are 
putrescine, spermidine, and spermine. Putrescine can be produced from ornithine 
by ornithine decarboxylase or from arginine by arginine decarboxylase. Putrescine is 
then converted to spermidine (spermidine synthase) and spermidine into spermine 
(spermine synthase). Both spermidine and spermine can be converted back to putres-
cine by polyamine-oxidases [36].

PAs regulate diverse cellular functions that are essential for cell growth, including 
senescence, development, cell proliferation, and signal transduction while also regulat-
ing the expression of genes in response to various stressors. However, PA accumulation 
has been detected in plants under abiotic stress [141]. Polyamines act as osmolytes 
due to their ability to block ion channels (cationic structures) and scavenge ROS [36]. 
Exogenous spermidine treatment in both salt-sensitive and salt-tolerant rice cultivars 
has been found to result in plasma membrane recovery after injury induced by salinity 
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[108]. In addition, the exogenous application of spermidine and putrescine was found 
to increase the postharvest shelf-life of Capsicum annuum [142], while improving grain 
filling and drought tolerance in wheat plants [143]. It has also been reported that putres-
cine exhibits salinity tolerance in the pigeon pea (Cajanus cajan) by modulating the 
anabolic and catabolic enzyme activities responsible for putrescine biosynthesis [107].

3.3 Betaines

Glycine betaine (GB) is a quaternary ammonium compound whose distribution 
among plants is restricted to certain species like Arabidopsis, and many crop plants do 
not accumulate it [144]. This organic compound is mainly localized in chloroplasts and 
plays a vital role in chloroplast adjustments and the protection of thylakoid membranes, 
which helps to maintain the photosynthetic efficiency of the plant [145, 146]. At the 
same time, GB encourages water to flow into cells, which helps to maintain intracellular 
osmotic equilibrium and regulates the signaling transduction cascade under stressful 
conditions [147]. GB is synthesized in chloroplasts from serine via ethanolamine, cho-
line, and betaine aldehyde. Choline is converted to betaine aldehyde by choline mono-
oxygenase, which is then converted to GB by betaine aldehyde dehydrogenase [148].

The exogenous application of GB mitigates the adverse effects of salinity stress in 
some plant species. For example, the foliar application of GB was found to result in 
significantly improved salt tolerance in rice plants [110], and the exogenous applica-
tion of GB on tomato plants subjected to salt stress resulted in an increase in fruit 
yield of ~40% compared with that of untreated plants [149]. Salinity tolerance in 
response to GB has also been observed in mung bean (V. radiata) [150], green bean 
(Phaseolus vulgaris) [108], and soybean (G. max) plants [111].

3.4 Sugars

Sugars provide carbon and energy for cellular metabolic processes while regulating 
plant growth and development. However, under stressful conditions, carbohydrate 
metabolism results in an increase in sugar levels. The production and collection of 
soluble sugars directly contributes to ROS scavenging, osmotic adjustments, carbon 
storage, and the stabilization of protein structures like Ribulose-1,5-bisphosphate 
carboxylase–oxygenase [151]. Sugars are also the main osmolytes that participate 
in osmotic adjustments and can contribute up to 50% of the total osmotic potential 
in some plant species [152]. Structurally, all kinds of sugars have been reported in 
response to salinity, including monosaccharides (glucose and fructose), disaccharides 
(trehalose and sucrose), and oligosaccharides (raffinose family) (Table 1).

Studies have shown that plants mobilize starch and fructans from storage organs 
(roots, stems, and amyloplasts in leaves) to increase the accumulation of sugars, such 
as glucose, fructose, and sucrose. Starch hydrolysis by the b-amolytic pathway repre-
sents the primary means of starch degradation in leaves under normal growth condi-
tions and may also be involved in stress-induced starch hydrolysis. Downton [113] 
shows that Vitis vinifera salt-stressed leaves contained decreased amounts of sucrose 
and starch but increased levels of reducing sugars. Rathert [153] showed that salt stress 
induced the restricted utilization of leaf sucrose but not of foliar starch in G. max 
varieties. In addition, Murakeözy et al. [114] found a high accumulation of soluble 
carbohydrates in Lepidium crassifolium (Brassicaceae) leaves in response to salinity.

Similarly, trehalose accumulates in many organisms due to various abiotic stressors 
and has been reported to act as an osmolyte [154]. Trehalose is a disaccharide that is 
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synthesized by a two-step process in which trehalose-6-phosphate is first synthesized 
from glucose-6-phosphate and then dephosphorylated to trehalose by trehalose-
6-phosphate phosphatase [155]. Several studies have evaluated the transgenic expres-
sion of trehalose biosynthesis genes, which have been shown to enhance trehalose 
metabolism and tolerance to abiotic stress. For instance, the overexpression of otsA 
and otsB in transgenic rice plants was found to result in the increased accumulation of 
trehalose content and an overall improved photosynthetic capacity, reducing oxida-
tive damage and improving ion uptake and partitioning under conditions of salt stress 
[115]. Also, the induction of OsTPP1 and OsTPP2 by the exogenous application of 
ABA was found to enhance cold, salinity, and drought tolerance in rice plants [156].

The raffinose family oligosaccharides (RFO), such as raffinose, stachyose, and 
verbascose, are macromolecules that act to protect plants from drought, salt, cold, 
freezing, and oxidative stress [157]. In addition, RFOs have been implicated in 
membrane protection and radical scavenging. Furthermore, Arabidopsis plants 
overexpressing Arabidopsis GolS1 or GolS2 were found to accumulate high levels of 
galactinol and raffinose and were more tolerant to salinity stress [116].

3.5 Polyols

Polyols or sugar alcohols are polyhydric alcohols that are widely distributed in the 
plant kingdom, and they can be grouped into linear and cyclic structures. The most 
common polyols are mannitol, glycerol, sorbitol (linear), and myo-inositol, along with 
the methylated derivatives ononitol and pinitol (cyclic) [158, 159]. Polyols accumulate 
in the cytoplasm and act as osmoprotectants and ROS scavengers, preventing water loss 
and oxidative damage to membranes and enzymes. Polyols originate via the reduction 
of aldoses or their phosphate esters and are generally water soluble in nature [160].

Williamson [161] reported that mannitol, sorbitol, and inositol increase drought and 
salinity tolerance in some plants. Transgenic tobacco plants overexpressing bacterial 
mannitol-1-phosphate dehydrogenase were found to accumulate high concentrations 
of mannitol in their leaves and roots and exhibited a high degree of salt tolerance [101]. 
Moreover, Adams et al. [162] reported that myo-inositol, ononitol, and pinitol accumu-
lated under salt-stress conditions in several halotolerant plant species. Furthermore, the 
over-expression of MIPS and IMT from halotolerant plants was found to increase cyclic 
polyol levels and salt-stress tolerance in tobacco plants [118, 119].

4. Conclusions and perspectives

Salt stress is one of the most important factors that limits the productivity of 
agricultural crops and threatens global food security. Salinity produces osmotic stress 
and ionic toxicity in plants, which alters cell homeostasis and reduces plant water 
absorption, adversely affecting growth and plant productivity. Osmotic imbalances 
have been found to cause an overproduction of ROS that leads to the oxidation of 
biomolecules, cell membrane damage, protein degradation, enzyme inhibition, 
DNA mutations, and cellular death. To limit the damage, cells turn on enzymatic and 
nonenzymatic antioxidant machinery. The ROS detoxification system is very complex 
and controlled at multiple levels because ROS participate in biological processes like 
photosynthesis, signal transduction, development, and programmed cell death. 
Therefore, to evaluate the negative and positive roles of ROS, it is important to 
understand tolerance mechanisms in plants and the ability to control or moderate 
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ROS levels. Recently, it has been proposed that ROS homeostasis may be modulated 
through the use of nanoparticles that activate the expression of antioxidant enzyme 
genes or that have the ability to scavenge ROS [22], thus improving salt tolerance.

Another response to salinity in plants is the induction of osmolyte biosynthesis 
to stave off water loss and the accumulation of toxic ions. The production and 
accumulation of osmolytes inside the cell is essential for the protection and survival 
of plants under salt stress and other forms of environmental stress, although their 
production is taxonomically restricted. It has been shown that the exogenous applica-
tion of osmolytes, such as aminoacids, betaines, or sugars, and the overexpression 
of osmolyte genes constitute viable options to improve plant resistance to salinity. 
Thus, the use and application of osmolytes in agricultural settings should continue 
to expand. Current studies have shown that when taken together, metabolic and 
physiological plant responses can provide valuable information of the possible 
mechanisms required for plants to adapt to stress. Thus, modulating one component 
of the antioxidative defense system or a particular metabolite might be insufficient 
to confer resistance to the entire plant. To generate salt-tolerant species, it is essential 
to use modified plants that incorporate more than one component, such as the use of 
multiple antioxidants or metabolites or a combination of both. In this way, further 
progress in genomics, proteomics, and metabolomics, together with improvements 
in biotechnological tools, will allow for the underlying mechanisms of salt-tolerant 
species to be fully elucidated and understood.

Acknowledgements

We would like to thank Programa para el Desarrollo Profesional Docente 
(PRODEP), University of Guadalajara, Consejo Nacional de Ciencia y Tecnología 
(CONACYT), and Laboratorio Nacional PlanTECC for the use of facilities and the 
support provided via the project 315918.

Author details

Julio Armando Massange-Sánchez1, Carla Vanessa Sánchez-Hernández2,  
Rosalba Mireya Hernández-Herrera2 and Paola Andrea Palmeros-Suárez2*

1 Centro de Investigación y Asistencia en Tecnología y Diseño del Estado de Jalisco 
A.C. Guadalajara, Jalisco, México

2 Centro Universitario de Ciencias Biológicas y Agropecuarias, University of 
Guadalajara, Zapopan, Jalisco, México

*Address all correspondence to: paola.palmeros@academicos.udg.mx

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Plant Stress Physiology - Perspectives in Agriculture

14

[1] Teakle NL, Tyerman SD. Mechanisms 
of Cl- transport contributing to salt 
tolerance. Plant Cell Environ. 
2010;33(4):566-89. DOI:10.1111/j. 
1365-3040.2009.02060.x

[2] García-Caparrós P, Hasanuzzaman M, 
Lao MT. Ion homeostasis and antioxidant 
defense toward salt tolerance in plants. 
In: Hasanuzzaman M, Fujita M, Oku H, 
Nahar K, Hawrylak-Nowak B, editors. 
Plant Nutrients and Abiotic Stress 
Tolerance. 1 st ed. Singapore: Springer; 
2018. p. 415-36. DOI:10.1007/978-981- 
10-9044-8_18

[3] Munns R. Approaches to identifying 
genes for salinity tolerance and the 
importance of timescale. In: Sunkar R, 
editor. Plant Stress Tolerance: Methods 
and Protocols. 1 st ed. Totowa, NJ: 
Humana Press; 2010. p. 25-38. DOI:10. 
1007/978-1-60761-702-0_2

[4] Kaashyap M, Ford R, Kudapa H, 
Jain M, Edwards D, Varshney R, et al. 
Differential regulation of genes involved 
in root morphogenesis and cell wall 
modification is associated with salinity 
tolerance in chickpea. Sci Rep. 
2018;8(1):4855. DOI: 10.1038/s41598- 
018-23116-9

[5] de Azevedo Neto AD, Prisco JT, 
Enéas-Filho J, Abreu CEB de, 
Gomes-Filho E. Effect of salt stress on 
antioxidative enzymes and lipid 
peroxidation in leaves and roots of 
salt-tolerant and salt-sensitive maize 
genotypes. Environ Exp Bot. 
2006;56(1):87-94.

[6] Athar HR, Ashraf M. Strategies for 
crop improvement against salinity and 
drought stress: An Overview. Salinity and 
Water Stress. In: Ashraf M, Ozturk M, 
Athar HR, editors. Improving Crop 

Efficiency. 1 st ed. Dordrecht: Springer; 
2009. p. 1-16. DOI:10. 
1007/978-1-4020-9065-3_1

[7] Shrivastava P, Kumar R. Soil salinity: 
A serious environmental issue and plant 
growth promoting bacteria as one of the 
tools for its alleviation. Saudi J Biol Sci. 
2015;22(2):123-31.

[8] Munns R, Tester M. Mechanisms of 
salinity tolerance. Annu Rev Plant Biol. 
2008;59(1):651-81. DOI:10.1146/annurev.
arplant.59.032607.092911

[9] Khataar M, Mohammadi MH, 
Shabani F. Soil salinity and matric 
potential interaction on water use, water 
use efficiency and yield response factor 
of bean and wheat. Sci Rep. 2018;8(1): 
2679. DOI:10.1038/s41598-018-20968-z

[10] Shahbaz M, Mushtaq Z, Andaz F, 
Masood A. Does proline application 
ameliorate adverse effects of salt stress on 
growth, ions and photosynthetic ability of 
eggplant (Solanum melongena L.). Sci 
Hortic. 2013;164:507-11.

[11] Munns R. Comparative physiology of 
salt and water stress. Plant Cell Environ. 
2002;25(2):239-50. DOI:10. 
1046/j.0016-8025.2001.00808.x

[12] Rahnama A, Poustini K, 
Tavakkol-Afshari R, Ahmadi A, 
Alizadeh H. Growth properties and ion 
distribution in different tissues of bread 
wheat genotypes (Triticum aestivum L.) 
differing in salt tolerance. J Agron Crop 
Sci. 2011;197(1):21-30. DOI:10.1111/j. 
1439-037X.2010.00437.x

[13] Parida AK, Das AB. Salt tolerance and 
salinity effects on plants: a Review. 
Ecotoxicol Environ Saf. 2005;60(3): 
324-49.

References



15

The Biochemical Mechanisms of Salt Tolerance in Plants
DOI: http://dx.doi.org/10.5772/intechopen.101048

[14] Acosta-Motos JR, Ortuño MF, 
Bernal-Vicente A, Diaz-Vivancos P, 
Sanchez-Blanco MJ, Hernandez JA. Plant 
responses to salt stress: Adaptive 
mechanisms. Agronomy. 2017; 7(1):18 
DOI: 10.3390/agronomy7010018

[15] Rasool S, Hameed A, Azooz MM, 
Muneeb-u-Rehman, Siddiqi TO, 
Ahmad P. Salt Stress: Causes, Types and 
Responses of Plants. In: Ahmad P, 
Azooz MM, Prasad MN V, editors. 
Ecophysiology and Responses of Plants 
under Salt Stress. 1 st ed. New York: 
Springer; 2013; p. 1-24.DOI: 10.1007/ 
978-1-4614-4747-4_1

[16] Pandey P, Irulappan V, 
Bagavathiannan M V, Senthil-Kumar M. 
Impact of combined abiotic and biotic 
stresses on plant growth and avenues for 
crop improvement by exploiting physio-
morphological traits. Front Plant Sci. 
2017; 18(8): 537. DOI: 10.3389/
fpls.2017.00537.

[17] Eynard A, Lal R, Wiebe K. Crop 
response in salt-affected soils. J Sustain 
Agric. 2005;27(1):5-50. DOI:10.1300/
J064v27n01_03

[18] García-Caparrós P, 
Hasanuzzaman M, Lao MT. Oxidative 
stress and antioxidant defense in plants 
under salinity. In: Hasanuzzaman M, 
Fotopoulos V, Nahar K, Fujita M editors. 
Reactive oxygen, nitrogen and sulfur 
species in plants. 1 st ed. Chichester: 
Wiley 2019; p. 291-309. 
DOI:10.1002/9781119468677.ch12

[19] Yang Y, Guo Y. Unraveling salt stress 
signaling in plants. J Integr Plant Biol. 
2018;60(9):796-804. DOI:10.1111/
jipb.12689

[20] Ahanger MA, Tomar NS, Tittal M, 
Argal S, Agarwal RM. Plant growth 
under water/salt stress: ROS production; 
antioxidants and significance of added 

potassium under such conditions. Physiol 
Mol Biol Plants.2017;23(4):731-44.

[21] Ismail A, El-Sharkawy I, Sherif S. 
Salt stress signals on demand: Cellular 
events in the right context. Int J Mol Sci. 
2020;21(11):1-22.

[22] Liu J, Fu C, Li G, Nauman Khan M, 
Wu H. Ros homeostasis and plant salt 
tolerance: plant nanobiotechnology 
updates. Sustain. 2021;13(6).

[23] Mittler R, Vanderauwera S, 
Gollery M, Van Breusegem F. Reactive 
oxygen gene network of plants. Trends 
Plant Sci. 2004;9(10):490-8.

[24] Mittler R, Vanderauwera S, Suzuki N, 
Miller G, Tognetti VB, Vandepoele K, et 
al. ROS signaling: the new wave?. Trends 
Plant Sci. 2011;16(6):300-9.

[25] Jacoby RP, Taylor NL, Millar AH. The 
role of mitochondrial respiration in 
salinity tolerance. Trends Plant Sci. 
2011;16(11):614-23.

[26] Torres MA, Jones JDG, Dangl JL. 
Reactive oxygen species signaling in 
response to pathogens. Plant Physiol. 
2006;141(2):373-8. DOI: 10.1104/
pp.106.079467

[27] Abogadallah GM. Insights into the 
significance of antioxidative defense 
under salt stress. Plant Signal Behav. 
2010;5(4):369-74. DOI: 10.4161/
psb.5.4.10873

[28] Hirayama T, Shinozaki K. Research 
on plant abiotic stress responses in the 
post-genome era: past, present and 
future. Plant J. 2010;61(6):1041-52. 
DOI:10.1111/j.1365-313X.2010.04124.x

[29] Hasanuzzaman M, Bhuyan MHMB, 
Anee TI, Parvin K, Nahar K, Mahmud J 
Al, et al. Regulation of ascorbate-
glutathione pathway in mitigating 



Plant Stress Physiology - Perspectives in Agriculture

16

oxidative damage in plants under abiotic 
stress. Antioxidants. 2019;8(9):384.

[30] Hossain MS, Dietz K-J. Tuning of 
Redox Regulatory Mechanisms, Reactive 
Oxygen Species and Redox Homeostasis 
under Salinity Stress. Front Plant Sci. 
2016; 7: 548.

[31] Teotia S, Singh D. Oxidative stress in 
plants and its management. In: Gaur RK, 
Sharma P, editors. Approaches to plant 
stress and their management. 1 st. ed. 
New Delhi: Springer; 2014. p. 227-53. 
DOI:10.1007/978-81-322-1620-9_13

[32] Kibria MG, Hoque MA. A Review on 
plant responses to soil salinity and 
amelioration strategies. Open J Soil Sci. 
2019;09(11):219-31.

[33] Ahmad R, Hussain S, Anjum MA, 
Khalid MF, Saqib M, Zakir I, et al. 
Oxidative stress and antioxidant defense 
mechanisms in plants under salt stress. 
In: Hasanuzzaman M, Hakeem KR, 
Nahar K, Alharby HF, editors. Plant 
abiotic stress tolerance: Agronomic, 
molecular and biotechnological 
Approaches. 1 st ed. Cham: Springer; 
2019. p. 191-205. DOI:10.1007/978-3- 
030-06118-0_8

[34] Bose J, Rodrigo-Moreno A, Shabala S. 
ROS homeostasis in halophytes in the 
context of salinity stress tolerance. J Exp 
Bot. 2014;65(5):1241-57.

[35] Dvořák P, Krasylenko Y, Zeiner A, 
Šamaj J, Takáč T. Signaling toward 
reactive oxygen species-scavenging 
enzymes in plants. Front Plant Sci. 2021; 
11: 2178.

[36] Gill SS, Tuteja N. Polyamines and 
abiotic stress tolerance in plants. Plant 
Signal Behav. 2010;5(1):26-33.

[37] Uarrota VG, Stefen DLV, Leolato LS, 
Gindri DM, Nerling D. Revisiting 

carotenoids and their role in plant stress 
responses. In: Gupta DK, Palma JM, 
Corpas FJ, editors. Biosynthesis to Plant 
Signaling Mechanisms During Stress. 
Antioxidants and antioxidant enzymes in 
higher plants. 1 st ed. Cham: Springer; 
2018. p. 207-32. DOI:10.1007/978-3- 
319-75088-0_10

[38] Štolfa Čamagajevac I, Žuna 
Pfeiffer T, Špoljarić Maronić D. Abiotic 
stress response in plants: The relevance 
of tocopherols. In: Gupta DK, Palma JM, 
Corpas FJ, editors. Antioxidants and 
antioxidant enzymes in higher plants. 1 st 
ed. Cham: Springer; 2018. p. 233-51. 
DOI:10.1007/978-3-319-75088-0_11

[39] Bowler C, Van Camp W, Van 
Montagu M, Inzé D, Asada K. Superoxide 
Dismutase in Plants. CRC Crit Rev Plant 
Sci. 1994;13(3):199-218. 
DOI:10.1080/07352689409701914

[40] Yan H, Li Q, Park S-C, Wang X, 
Liu Y, Zhang Y, et al. Overexpression of 
CuZnSOD and APX enhance salt stress 
tolerance in sweet potato. Plant Physiol 
Biochem. 2016;109:20-7.

[41] Mhamdi A, Noctor G, Baker A. Plant 
catalases: Peroxisomal redox guardia. 
Arch. Biochem. Biophys. 2012; 
525(2):181-194. DOI: 10.1016/j.
abb.2012.04.015

[42] Corpas FJ, Chaki M, Fernández- 
Ocaña A, Valderrama R, Palma JM, 
Carreras A, et al. Metabolism of reactive 
nitrogen species in pea plants under 
abiotic stress conditions. Plant Cell 
Physiol. 2008;49(11):1711-22. DOI: 
10.1093/pcp/pcn144

[43] Hussain S, Rao MJ, Anjum MA, 
Ejaz S, Zakir I, Ali MA, et al. Oxidative 
stress and antioxidant defense in plants 
under drought conditions. In: 
Hasanuzzaman M, Hakeem KR, Nahar K, 
Alharby HF, editors. Plant Abiotic Stress 



17

The Biochemical Mechanisms of Salt Tolerance in Plants
DOI: http://dx.doi.org/10.5772/intechopen.101048

Tolerance: Agronomic, Molecular and 
Biotechnological Approaches. 1 st ed. 
Cham: Springer; 2019. p. 207-19. DOI:10.1007/978-3- 
030-06118-0_9

[44] Gondim FA, Gomes-Filho E, 
Costa JH, Mendes Alencar NL, Prisco JT. 
Catalase plays a key role in salt stress 
acclimation induced by hydrogen 
peroxide pretreatment in maize. Plant 
Physiol Biochem. 2012;56:62-71.

[45] Anjum NA, Sharma P, Gill SS, 
Hasanuzzaman M, Khan EA, Kachhap K, 
et al. Catalase and ascorbate 
peroxidase—representative H2O2-
detoxifying heme enzymes in plants. 
Environ Sci Pollut Res. 2016; 
23(19):19002-29. DOI:10.1007/
s11356-016-7309-6

[46] Rohman MM, Islam MR, Naznin T, 
Omy SH, Begum S, Alam SS, et al. Maize 
Production under salinity and drought 
conditions: Oxidative stress regulation by 
antioxidant defense and glyoxalase 
systems. In: Hasanuzzaman M, 
Hakeem KR, Nahar K, Alharby HF, 
editors. Plant Abiotic Stress Tolerance: 
Agronomic, Molecular and 
Biotechnological Approaches. 1 st ed. 
Cham: Springer; 2019. p. 1-34. DOI: 
10.1007/978-3-030-06118-0_1

[47] Chew O, Whelan J, Millar AH. 
Molecular definition of the ascorbate-
glutathione cycle in Arabidopsis 
mitochondria reveals dual targeting of 
antioxidant defenses in Plants. J Biol 
Chem. 2003;278(47):46869-77.

[48] Latowski D, Surówka E, Strzałka K. 
Regulatory role of components of 
ascorbate–glutathione pathway in Plant 
Stress Tolerance. In: Anjum NA, Chan 
M-T, Umar S, editors. Ascorbate-
Glutathione Pathway and Stress 
Tolerance in Plants. 1 st ed. Dordrecht: 
Springer; 2010. p. 1-53. DOI:10.1007/ 
978-90-481-9404-9_1

[49] Martínez JP, Araya H. Ascorbate–
glutathione cycle: Enzymatic and 
non-enzymatic integrated mechanisms 
and its biomolecular regulation. In: 
Anjum NA, Chan M-T, Umar S, editors. 
Ascorbate-Glutathione Pathway and 
Stress Tolerance in Plants. 1 st ed. 
Dordrecht: Springer; 2010. p. 303-22. 
DOI:10.1007/978-90-481-9404-9_11

[50] Gaafar RM, Seyam MM. Ascorbate-
glutathione cycle confers salt tolerance in 
Egyptian lentil cultivars. Physiol Mol Biol 
Plants. 2018;24(6):1083-92.

[51] Li H, Wang H, Wen W, Yang G. The 
antioxidant system in Suaeda salsa under 
salt stress. Plant Signal Behav. 2020;15(7): 
1771939. DOI:10.1080/15592324.20
20.1771939

[52] Kim YS, Kim IS, Shin SY, Park TH, 
Park HM, Kim YH, et al. Overexpression 
of dehydroascorbate reductase confers 
enhanced tolerance to salt stress in rice 
plants (Oryza sativa L. japonica). J Agron 
Crop Sci. 2014;200(6):444-56. 
DOI:10.1111/jac.12078

[53] Gest N, Gautier H, Stevens R. 
Ascorbate as seen through plant 
evolution: the rise of a successful 
molecule? J Exp Bot. 2013;64(1):33-53. 
DOI:10.1093/jxb/ers297

[54] Smirnoff N. Ascorbate biosynthesis 
and function in photoprotection. Phil. 
Trans. R. Soc. Lond B. 2000;355(1402): 
1455-64.

[55] Yoshimura K, Ishikawa T. Chemistry 
and metabolism of ascorbic acid in plants 
In: Hossain MA, Munné-Bosch S, 
Burritt DJ, Diaz-Vivancos P, Fujita M, 
Lorence A, editors. Ascorbic acid in plant 
growth, Development and Stress 
Tolerance. 1 st ed. Cham: Springer; 2017. 
p. 1-23.DOI: 10.1007/978-3-319-74057-7_1

[56] Gallie DR. The role of l-ascorbic acid 
recycling in responding to environmental 



Plant Stress Physiology - Perspectives in Agriculture

18

stress and in promoting plant growth. J 
Exp Bot. 2013;64(2):433-43. 
DOI:10.1093/jxb/ers330

[57] Hernández JA, Barba-Espín G, 
Clemente-Moreno MJ, Díaz-Vivancos P. 
Plant responses to salinity through an 
antioxidative metabolism and proteomic 
point of view In: Sarwat M, Ahmad A, 
Abdin MZ, Ibrahim MM, editors. Stress 
Signaling in Plants: Genomics and 
Proteomics Perspective, Volume 2. 1 st 
ed. Cham: Springer; 2017. p. 173-200. 
DOI.10.1007/978-3-319-42183-4_8

[58] Bulley S, Laing W. The regulation of 
ascorbate biosynthesis. Curr Opin Plant 
Biol. 2016;33:15-22.

[59] Aliniaeifard S, Hajilou J, 
Tabatabaei SJ, Sifi-Kalhor M. Effects of 
ascorbic acid and reduced glutathione on 
the alleviation of salinity stress in olive 
plants. Int J Fruit Sci. 2016; 
16(4):395-409.

[60] Sadak M. Impacto de las aplicaciones 
foliares de ácido ascórbico y α- tocoferol 
en la actividad antioxidante y algunos 
aspectos bioquímicos de cultivares de 
lino sometidos a estrés por salinidad. 
Acta Biol Colom. 2015; 20(2):209-222.

[61] Noctor G, Mhamdi A, Chaouch S, 
Han YI, Neukermans J, 
Márquez-García B, et al. Glutathione in 
plants: an integrated overview. Plant Cell 
Environ. 2012;35(2):454-84. 
DOI:10.1111/j.1365-3040.2011.02400.x

[62] Mahmood Q, Ahmad R, Kwak S-S, 
Rashid A, Anjum NA. Ascorbate and 
Glutathione: Protectors of plants in 
oxidative stress. In: Anjum NA, Chan 
M-T, Umar S, editors. Ascorbate-
Glutathione Pathway and Stress 
Tolerance in Plants. 1 st ed. Dordrecht: 
Springer; 2010. p. 209-29. DOI: 
10.1007/978-90-481-9404-9_7

[63] Mullineaux PM, Rausch T. 
Glutathione, photosynthesis and the 
redox regulation of stress-responsive 
gene expression. Photosynth Res. 
2005;86(3):459-74. DOI:10.1007/
s11120-005-8811-8

[64] Sharma P, Jha AB, Dubey RS, 
Pessarakli M. Reactive oxygen species, 
oxidative damage, and antioxidative 
defense mechanism in plants under 
stressful conditions. Polle A, editor. J Bot. 
2012;2012:217037. DOI: 
10.1155/2012/217037

[65] Foyer CH, Noctor G. Oxidant and 
antioxidant signalling in plants: a 
re-evaluation of the concept of oxidative 
stress in a physiological context. Plant 
Cell Environ. 2005;28(8):1056-71. 
DOI:10.1111/j.1365-3040.2005.01327.x

[66] Labudda M, Azam FMS. 
Glutathione-dependent responses of 
plants to drought: A review. Acta Soc Bot 
Pol. 2014;83(1):3-12.

[67] Liebthal M, Dietz K-J. The 
fundamental role of reactive oxygen 
species in plant stress response. In: 
Sunkar R, editor. Plant Stress Tolerance: 
Methods and Protocols. 1 st ed. New 
York: Springer; 2017. p. 23-39. 
DOI:10.1007/978-1-4939-7136-7_2

[68] Hussain BM, Akram S, Raffi SA, 
Burritt DJ, Hossain MA. Exogenous 
glutathione improves salinity stress 
tolerance in rice (Oryza sativa L.). Plant 
Gene Trait. 2016; 7(11):1-17 DOI: 
10.5376/pgt.2016.07.0011

[69] Zhou Y, Wen Z, Zhang J, Chen X, 
Cui J, Xu W, Li H. Exogenous glutathione 
alleviates salt-induced oxidative stress in 
tomato seedlings by regulating 
glutathione metabolism, redox status, 
and the antioxidant system. Sci Hortic. 
2017;2020:90-101



19

The Biochemical Mechanisms of Salt Tolerance in Plants
DOI: http://dx.doi.org/10.5772/intechopen.101048

[70] Djoukeng JD, Arbona V, Argamasilla R, 
Gomez-Cadenas A. Flavonoid profiling in 
leaves of citrus genotypes under different 
environmental situations. J Agric Food 
Chem. 2008;56(23):11087-97. DOI:10.1021/
jf802382y

[71] Di Ferdinando M, Brunetti C, Fini A, 
Tattini M. Flavonoids as antioxidants in 
plants under abiotic stresses. In: 
Ahmad P, Prasad MN V, editors. Abiotic 
Stress Responses in Plants: Metabolism, 
Productivity and Sustainability. 1 st ed. 
New York: Springer; 2012. p. 159-79. 
DOI:10.1007/978-1-4614-0634-1_9

[72] Agati G, Azzarello E, Pollastri S, 
Tattini M. Flavonoids as antioxidants in 
plants: Location and functional 
significance. Plant Sci. 2012;196:67-76.

[73] Kumar S, Pandey AK. Chemistry and 
biological activities of flavonoids: An 
overview. Sci World J. 2013;2013:162750. 
DOI:10.1155/2013/162750

[74] Mierziak J, Kostyn K, Kulma A. 
Flavonoids as important molecules of 
plant interactions with the environment. 
Molecules. 2014;19(10):16240-65.

[75] Hernández I, Alegre L, Van 
Breusegem F, Munné-Bosch S. How 
relevant are flavonoids as antioxidants in 
plants? Trends Plant Sci. 2009;14(3): 
125-32.

[76] Xu N, Liu S, Lu Z, Pang S, Wang L, 
Wang L, Li W. Gene expression profiles 
and flavonoid accumulation during salt 
stress in Ginkgo biloba seedlings. Plants 
2020; 9(9):1162. DOI:10.3390/plants 
9091162

[77] Munné-Bosch S, Alegre L. The 
function of tocopherols and tocotrienols 
in plants. CRC Crit Rev Plant Sci. 
2002;21(1):31-57. DOI:10.1080/ 
0735-260291044179

[78] Maeda H, Song W, Sage TL, 
DellaPenna D. Tocopherols play a crucial 
role in low-temperature adaptation and 
phloem loading in Arabidopsis. Plant 
Cell. 2006;18(10):2710-32.

[79] Krieger-Liszkay A, Trebst A. 
Tocopherol is the scavenger of singlet 
oxygen produced by the triplet states of 
chlorophyll in the PSII reaction centre. J 
Exp Bot. 2006;57(8):1677-84. 
DOI:0.1093/jxb/erl002

[80] Bafeel SO, Ibrahim MM. 
Antioxidants and accumulation of 
α-tocopherol induce chilling tolerance in 
Medicago sativa. Int J Agric Biol. 
2008;10(6):593-8.

[81] Ellouzi H, Hamed K Ben, Cela J, 
Müller M, Abdelly C, Munné-Bosch S. 
Increased sensitivity to salt stress in 
tocopherol-deficient Arabidopsis mutants 
growing in a hydroponic system. Plant 
Signal Behav. 2013;8(2):e23136–e23136.

[82] Semida WM, Taha R, 
Abdelhamid MT, Radi MM. Foliar-applied 
α-tocopherol enhances salt-tolerance in 
Vicia faba L. plants grown under saline 
conditions. S Afr J Bot. 2014;95:24-31

[83] Semida WM, El-Mageed, TAA, 
Howladar SM, Radi MM. Foliar-applied 
α-tocopherol enhances salt-tolerance in 
onion plants by improving antioxidant 
defence system. Aust J Crop Sci. 
2016;10(7):1030-1039.

[84] Goodwin TW. Nature and 
distribution of carotenoids. Food Chem. 
1980;5(1):3-13.

[85] Ramos A, Coesel S, Marques A, 
Rodrigues M, Baumgartner A, Noronha J, 
et al. Isolation and characterization of a 
stress-inducible Dunaliella salina Lcy-β 
gene encoding a functional lycopene 
β-cyclase. Appl Microbiol Biotechnol. 
2008;79(5):819-28.



Plant Stress Physiology - Perspectives in Agriculture

20

[86] Paliwal C, Mitra M, Bhayani K, 
Bharadwaj SVV, Ghosh T, Dubey S, et al. 
Abiotic stresses as tools for metabolites in 
microalgae. Bioresour Technol. 
2017;244:1216-26.

[87] Ruiz-Sola MÁ, Rodríguez- 
Concepción M. Carotenoid biosynthesis 
in Arabidopsis: a colorful pathway. Arab 
B.2012;10:e0158–e0158.

[88] Jin, Chao, Ji, Jing, Zhao, Qing, Ma, 
Ran, Guan, Chunfeng, Wang, Gang. 
Characterization of lycopene β-cyclase 
gene from Lycium chinense conferring salt 
tolerance by increasing carotenoids 
synthesis and oxidative stress resistance 
in tobacco. Mol Breed. 2015; 35(12):228.

[89] Berera R, van Stokkum IHM, 
Kennis JTM, Grondelle R van, Dekker JP. 
The light-harvesting function of 
carotenoids in the cyanobacterial stress-
inducible IsiA complex. Chem Phys. 
2010;373(1):65-70.

[90] Kang L, Ji CY, Kim SH, Ke Q, Park 
S-C, Kim HS, et al. Suppression of the 
β-carotene hydroxylase gene increases 
β-carotene content and tolerance to 
abiotic stress in transgenic sweetpotato 
plants. Plant Physiol Biochem. 
2017;117:24-33.

[91] Li C, Ji J, Wang G, Li Z, Wang Y and 
Fan Y. Over-Expression of LcPDS, 
LcZDS, and LcCRTISO, genes from 
wolfberry for carotenoid biosynthesis, 
enhanced carotenoid accumulation, and 
salt tolerance in tobacco. Front Plant Sci. 
2020; 11:119. doi: 10.3389/fpls.2020. 
00119

[92] Tuteja N. Mechanisms of high 
salinity tolerance in plants. Methods 
Enzymol. 2007;428:419-38.

[93] Flowers TJ, Colmer TD. Salinity 
tolerance in halophytes. New Phytol. 
2008;179(4):945-63.

[94] Ghosh UK, Islam MN, Siddiqui MN, 
Khan MAR. Understanding the roles of 
osmolytes for acclimatizing plants to 
changing environment: a review of 
potential mechanism. Plant Signal Behav. 
2021;16(8):1913306.

[95] Kalaji HM, Govindjee, Bosa K, 
Kościelniak J, Żuk-Gołaszewska K. 
Effects of salt stress on photosystem II 
efficiency and CO2 assimilation of two 
Syrian barley landraces. Environ Exp Bot. 
2011;73:64-72.

[96] Ahn C, Park U, Park PB. Increased 
salt and drought tolerance by d-ononitol 
production in transgenic Arabidopsis 
thaliana. Biochem Biophys Res Commun. 
2011;415(4):669-74.

[97] Fougère F, Le Rudulier D, 
Streeter JG. Effects of Salt stress on 
amino acid, organic acid, and 
carbohydrate composition of roots, 
bacteroids, and cytosol of alfalfa 
(Medicago sativa L.). Plant Physiol. 
1991;96(4):1228-36.

[98] Zuther E, Koehl K, Kopka J. 
Comparative metabolome analysis of the 
salt response in breeding cultivars of rice. 
In: Jenks MA, Hasegawa PM, Jain SM. 
editors. Advances in Molecular Breeding 
Toward Drought and Salt Tolerant Crops. 
Dordrecht Springer; !st ed. 2007. 
p. 285-315

[99] Nounjan N, Nghia PT, 
Theerakulpisut P. Exogenous proline and 
trehalose promote recovery of rice 
seedlings from salt-stress and 
differentially modulate antioxidant 
enzymes and expression of related genes. 
J Plant Physiol. 2012;169(6):596-604.

[100] Wu G-Q, Feng R-J, Li S-J, Du Y-Y. 
Exogenous application of proline 
alleviates salt-induced toxicity in sainfoin 
seedlings. J Anim Plant Sci. 
2017;27(1):246-251.



21

The Biochemical Mechanisms of Salt Tolerance in Plants
DOI: http://dx.doi.org/10.5772/intechopen.101048

[101] Tarczynski MC, Jensen RG, 
Bohnert HJ. Expression of a bacterial 
mtlD gene in transgenic tobacco leads to 
production and accumulation of 
mannitol. Proc Natl Acad Sci U S A. 
1992;89(7):2600-4.

[102] Kahlaoui B, Hachicha M, Misle E, 
Fidalgo F, Teixeira J. Physiological and 
biochemical responses to the exogenous 
application of proline of tomato plants 
irrigated with saline water. J Saudi Soc 
Agric Sci. 2018;17(1):17-23.

[103] Sabagh A El, Sorour S, Omar AE, 
Ragab A, Islam MS, Ueda A, et al. 
Alleviation of adverse effects of salt 
stress on soybean (Glycine max L.) by 
using osmoprotectants and organic 
nutrients. Int. J. Agric. Biol. 2015;9(9): 
1014-8.

[104] Shahid MA, Balal RM, Pervez MA, 
Abbas T, Aqeel MA, Javaid MM, et al. 
Exogenous proline and proline-enriched 
Lolium perenne leaf extract protects 
against phytotoxic effects of nickel and 
salinity in Pisum sativum by altering 
polyamine metabolism in leaves. Turk J 
Bot. 2014; 38(5): 914-926.

[105] Zhang J, Zhang Y, Du Y, Chen S, 
Tang H. Dynamic metabonomic 
responses of tobacco (Nicotiana tabacum) 
plants to salt stress. J Proteome Res. 
2011;10(4):1904-14.

[106] de Oliveira DF, Lopes L de S, 
Gomes-Filho E. Metabolic changes 
associated with differential salt tolerance 
in sorghum genotypes. Planta. 
2020;252(3):34.

[107] Garg N, Sharma A. Role of 
putrescine (Put) in imparting salt 
tolerance through modulation of put 
metabolism, mycorrhizal and rhizobial 
symbioses in Cajanus cajan (L.) Millsp. 
Symbiosis. 2019;79(1):59-74. 
DOI:10.1007/s13199-019-00621-7

[108] Roy P, Niyogi K, SenGupta DN, 
Ghosh B. Spermidine treatment to rice 
seedlings recovers salinity stress-induced 
damage of plasma membrane and 
PM-bound H+-ATPase in salt-tolerant 
and salt-sensitive rice cultivars. Plant Sci. 
2005;168(3):583—591. DOI:10.1016/j.
plantsci.2004.08.014

[109] Roy M, Wu R. Arginine 
decarboxylase transgene expression and 
analysis of environmental stress 
tolerance in transgenic rice. Plant Sci. 
2001;160(5):869-75.

[110] Harinasut P, Tsutsui K, Takabe T, 
Nomura M, Takabe T, Kishitani S. 
Exogenous glycinebetaine accumulation 
and increased salt-tolerance in rice 
seedlings. Biosci Biotechnol Biochem. 
1996;60(2):366-8.

[111] Malekzadeh P. Influence of 
exogenous application of glycinebetaine 
on antioxidative system and growth of 
salt-stressed soybean seedlings (Glycine 
max L.). Physiol Mol Biol Plants. 
2015;21(2):225-32.

[112] Abdelmotlb NA, Abdel-All FS, Abd 
EL-Hady SA, EL-Miniawy SM, 
Ghoname AA. Glycine betaine and sugar 
beet extract ameliorated salt stress 
adverse effect on green bean irrigated 
with saline water. Middle East J Appl Sci. 
2019;9(1):142-154.

[113] Downton WJS. Photosynthesis in 
salt-stressed grapevines. Funct Plant 
Biol. 1977;4(2):183-92.

[114] Murakeözy ÉP, Nagy Z, Duhazé C, 
Bouchereau A, Tuba Z. Seasonal changes 
in the levels of compatible osmolytes in 
three halophytic species of inland saline 
vegetation in Hungary. J Plant Physiol. 
2003;160(4):395-401.

[115] Garg AK, Kim J-K, Owens TG, 
Ranwala AP, Choi Y Do, Kochian L V,  



Plant Stress Physiology - Perspectives in Agriculture

22

et al. Trehalose accumulation in rice 
plants confers high tolerance levels to 
different abiotic stresses. Proc Natl Acad 
Sci. 2002;99(25):15898-903.

[116] Nishizawa A, Yabuta Y, Shigeoka S. 
Galactinol and raffinose constitute a 
novel function to protect plants from 
oxidative damage. Plant Physiol. 
2008;147(3):1251-63.

[117] Tarczynski MC, Jensen RG, 
Bohnert HJ. Expression of a bacterial 
mtlD gene in transgenic tobacco leads to 
production and accumulation of 
mannitol. Proc Natl Acad Sci USA. 
1992;89(7):2600-4.

[118] Sheveleva E, Chmara W, Bohnert HJ, 
Jensen RG. Increased salt and drought 
tolerance by D-ononitol production in 
transgenic Nicotiana tabacum L. Plant 
Physiol. 1997;115(3):1211-9.

[119] Majee M, Maitra S, Dastidar KG, 
Pattnaik S, Chatterjee A, Hait NC, et al. 
A novel salt-tolerant L-myo-inositol-1-
phosphate synthase from Porteresia 
coarctata (Roxb.) Tateoka, a halophytic 
wild rice: molecular cloning, bacterial 
overexpression, characterization, and 
functional introgression into tobacco-
conferring salt toleranc. J Biol Chem. 
2004;279(27):28539-52.

[120] Hare PD, Cress WA. Metabolic 
implications of stress-induced proline 
accumulation in plants. Plant Growth 
Regul. 1997;21(2):79-102. 
DOI:10.1023/A:1005703923347

[121] Kumar R. Role of naturally 
occurring osmolytes in protein folding 
and stability. Arch Biochem Biophys. 
2009;491(1-2):1-6.

[122] Sami F, Yusuf M, Faizan M, Faraz A, 
Hayat S. Role of sugars under abiotic 
stress. Plant Physiol Biochem. 
2016;109:54-61.

[123] Cuin TA, Shabala S. Amino acids 
regulate salinity-induced potassium 
efflux in barley root epidermis. Planta. 
2007;225(3):753-61.

[124] Butterworth PJ. Lehninger: 
principles of biochemistry (4th edn) D. 
L. Nelson and M. C. Cox, W. H. Freeman 
& Co., New York, 1119 pp. Cell Biochem 
Funct. 2005;23(4):293-4.

[125] Barnett NM, Naylor AW. Amino 
Acid and protein metabolism in bermuda 
grass during water stress. Plant Physiol. 
1966;41(7):1222-30.

[126] Sanchez DH, Siahpoosh MR, 
Roessner U, Udvardi M, Kopka J. Plant 
metabolomics reveals conserved and 
divergent metabolic responses to salinity. 
Physiol Plant. 2008;132(2):209-19.

[127] Widodo, Patterson JH, Newbigin E, 
Tester M, Bacic A, Roessner U. Metabolic 
responses to salt stress of barley 
(Hordeum vulgare L.) cultivars, Sahara 
and Clipper, which differ in salinity 
tolerance. J Exp Bot. 
2009;60(14):4089-103.

[128] Rare E. Stress physiology: The 
functional significance of the 
accumulation of nitrogen-containing 
compounds. J Hortic Sci. 1990;65(3):231-
43. DOI:10.1080/00221589.1990.11516052

[129] Mansour MMF. Nitrogen containing 
compounds and adaptation of plants to 
salinity stress. Biol Plant. 
2000;43(4):491-500. DOI:10.1023/ 
A:1002873531707

[130] Mattioli R, Costantino P, Trovato M. 
Proline accumulation in plants: not only 
stress. Plant Signal Behav. 
2009;4(11):1016-8.

[131] Szabados L, Savouré A. Proline: a 
multifunctional amino acid. Trends Plant 
Sci. 2010;15(2):89-97.



23

The Biochemical Mechanisms of Salt Tolerance in Plants
DOI: http://dx.doi.org/10.5772/intechopen.101048

[132] Liang X, Zhang L, Natarajan SK, 
Becker DF. Proline mechanisms of stress 
survival. Antioxid Redox Signal. 
2013;19(9):998-1011.

[133] Rai AN, Penna S. Molecular 
evolution of plant P5CS gene involved in 
proline biosynthesis. Mol Biol Rep. 
2013;40(11):6429-35. DOI:10.1007/
s11033-013-2757-2

[134] Hayat S, Hayat Q, Alyemeni MN, 
Wani AS, Pichtel J, Ahmad A. Role of 
proline under changing environments: a 
Review. Plant Signal Behav. 2012;7(11): 
1456-66.

[135] Shahbaz M, Ashraf M. Improving 
Salinity Tolerance in Cereals. CRC Crit 
Rev Plant Sci. 2013 Jul 4;32(4):237-49. 
DOI:10.1080/07352689.2013.758544

[136] Akçay N, Bor M, Karabudak T, 
Özdemir F, Türkan I. Contribution of 
gamma amino butyric acid (GABA) to 
salt stress responses of Nicotiana sylvestris 
CMSII mutant and wild type plants. J 
Plant Physiol. 2012;169(5):452-8.

[137] Bouché N, Fromm H. GABA in 
plants: just a metabolite? Trends Plant 
Sci. 2004;9(3):110-5.

[138] Song H, Xu X, Wang H, Wang H, 
Tao Y. Exogenous gamma-aminobutyric 
acid alleviates oxidative damage caused 
by aluminium and proton stresses on 
barley seedlings. J Sci Food Agric. 
2010;90(9):1410-6.

[139] Renault H, Roussel V, El Amrani A, 
Arzel M, Renault D, Bouchereau A, et al. 
The Arabidopsis pop2-1 mutant reveals 
the involvement of GABA transaminase 
in salt stress tolerance. BMC Plant Biol. 
2010;10:20.

[140] Alet AI, Sánchez DH, Cuevas JC, 
Marina M, Carrasco P, Altabella T, et al. 
New insights into the role of spermine in 

Arabidopsis thaliana under long-term salt 
stress. Plant Sci. 2012;182:94-100.

[141] Alcázar R, Marco F, Cuevas JC, 
Patron M, Ferrando A, Carrasco P, et al. 
Involvement of polyamines in plant 
response to abiotic stress. Biotechnol 
Lett. 2006;28(23):1867-76.

[142] Patel N, Gantait S, Panigrahi J. 
Extension of postharvest shelf-life in 
green bell pepper (Capsicum annuum L.) 
using exogenous application of 
polyamines (spermidine and putrescine). 
Food Chem. 2019;275:681-7.

[143] Liu Y, Liang H, Lv X, Liu D, Wen X, 
Liao Y. Effect of polyamines on the grain 
filling of wheat under drought stress. 
Plant Physiol Biochem PPB. 2016; 
100:113-29.

[144] Krasensky J, Jonak C. Drought, salt, 
and temperature stress-induced metabolic 
rearrangements and regulatory networks. 
J Exp Bot. 2012;63(4):1593-608.

[145] Robinson SP, Jones GP. Accumulation 
of glycinebetaine in chloroplasts provides 
osmotic adjustment during salt stress. 
Funct Plant Biol. 1986;13(5):659-68. 
DOI:10.1071/PP9860659

[146] Genard H, Saos JL, Billard J, 
Trémolières A, Boucaud J. Effect of 
salinity on lipid composition, glycine 
betaine content and photosynthetic 
activity in chloroplasts of Suaeda 
maritima. Plant Physiol Biochem. 
1991;29:421-7.

[147] Ashraf M, Harris PJC. Potential 
biochemical indicators of salinity 
tolerance in plants. Plant Sci. 
2004;166(1):3-16.

[148] Hanson AD, Scott NA. Betaine 
Synthesis from Radioactive Precursors in 
Attached, Water-stressed Barley Leaves. 
Plant Physiol. 1980;66(2):342-8.



Plant Stress Physiology - Perspectives in Agriculture

24

[149] Mäkelä P, Jokinen K, Kontturi M, 
Peltonen-Sainio P, Pehu E, Somersalo S. 
Foliar application of glycinebetaine—a 
novel product from sugar beet—as an 
approach to increase tomato yield. Ind 
Crops Prod. 1998;7(2):139-48.

[150] Hossain MA, Hasanuzzaman M, 
Fujita M. Coordinate induction of 
antioxidant defense and glyoxalase 
system by exogenous proline and 
glycinebetaine is correlated with salt 
tolerance in mung bean. Front Agric 
China. 2011;5:1-14.

[151] Dubey RS, Singh AK. Salinity 
Induces accumulation of soluble sugars 
and alters the activity of sugar 
metabolising enzymes in rice Plants. Biol 
Plant. 1999;42(2):233-9. 
DOI:10.1023/A:1002160618700

[152] Cram WJ. Negative feedback 
regulation of transport in cells. The 
maintenance of turgor, volume and 
nutrient supply. In: Lüttge U, 
Pitman MG, editors. Transport in Plants 
II: Part A Cells. 1 st. ed. Heidelberg: 
Springer; 1976. p. 284-316. 
DOI:10.1007/978-3-642-66227-0_11

[153] Rathert G. The influence of high salt 
stress on starch, sucrose and degradative 
enzymes of two glycine max varieties that 
differ in salt tolerance. J Plant Nutr. 
1985;8(3):199-209.

[154] Crowe JH, Crowe LM, Chapman D. 
Preservation of membranes in 
anhydrobiotic organisms: the role of 
trehalose. Science. 1984;223(4637): 
701-3.

[155] Vandesteene L, Ramon M, Le Roy K, 
Van Dijck P, Rolland F. A single active 
trehalose-6-P synthase (TPS) and a 
family of putative regulatory TPS-like 
proteins in Arabidopsis. Mol Plant. 
2010;3(2):406-19.

[156] Habibur Rahman Pramanik M, 
Imai R. Functional identification of a 
trehalose 6-phosphate phosphatase gene 
that is involved in transient induction of 
trehalose biosynthesis during chilling 
stress in rice. Plant Mol Biol. 
2005;58(6):751-62.

[157] Peterbauer T, Richter A. 
Biochemistry and physiology of raffinose 
family oligosaccharides and galactosyl 
cyclitols in seeds. Seed Sci Res. 
2001;11(3):185-197.

[158] Jefferies RL. The Role of organic 
solutes in osmoregulation in halophytic 
higher plants. In: Rains DW, 
Valentine RC, Hollaender A, editors. 
Genetic Engineering of Osmoregulation: 
Impact on Plant Productivity for Food, 
Chemicals, and Energy. 1 st ed. Boston: 
Springer; 1980. p. 135-54.

[159] Smirnoff N, Cumbes QJ. Hydroxyl 
radical scavenging activity of compatible 
solutes. Phytochemistry. 
1989;28(4):1057-60.

[160] Tari I, Kiss G, Deér AK, Csiszár J, 
Erdei L, Gallé Á, et al. Salicylic acid 
increased aldose reductase activity and 
sorbitol accumulation in tomato plants 
under salt stress. Biol Plant. 
2010;54(4):677-83.

[161] Williamson JD, Jennings DB, Guo 
W-W, Pharr DM, Ehrenshaft M. Sugar 
alcohols, salt stress, and fungal 
resistance: polyols—Multifunctional 
Plant Protection? J Am Soc Hortic Sci. 
2002; 127(4):467-73.

[162] Adams P, Thomas JC, Vernon DM, 
Bohnert HJ, Jensen RG. Distinct cellular 
and organismic responses to salt stress. 
Plant Cell Physiol. 1992;33(8):1215-23. 
DOI:10.1093/oxfordjournals.pcp. 
a078376


